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Abstract

This project falls under the overarching goal of developing next-generation environmental control sys-
tems for aircraft using electrically powered vapour compression cycles, a core research topic for the
Power & Propulsion group. One of the most critical components of such systems is the high-speed
centrifugal compressor. To that end, an in-house reduced-order model was developed to optimise
the design process. Unsurprisingly, it was found that different slip factor models affected the resulting
pressure ratio predictions. Thus, this study aims to investigate the effect of slip on centrifugal compres-
sor performance and determine the most accurate method for estimating slip during the preliminary
design stage.

To accomplish this task, the reduced-order model was tested with three established slip factor
models: Wiesner, von Backstrom, and Qiu. The results of these tests were compared to data ob-
tained from published experiments and computational fluid dynamics simulations conducted during
this project. Two main test cases were chosen for this study: the TU Delft IRIS compressor and the
Radiver compressor, openly released by researchers at RWTH Aachen University. High-resolution CFD
simulations using Ansys CFX were conducted on both compressors. Further reduced-order model vali-
dation was performed on the EPFL Schiffmann compressor and the Eckardt series of compressors.

The Qiu model proved to be the most accurate slip factor model, among those tested, for almost
all test cases. This is noted especially for high-speed compressors such as the IRIS compressor, which
runs at speeds of 68-95 krpm. The Qiu model achieved an average error percentage of 2% when
tested on the Radiver and IRIS compressors. In contrast, the Wiesner and von Backstrom models
exhibited average errors of 10% and 5%, respectively. This high accuracy shown by the Qiu model is
attributed to its second “turning” term. This term allows the model to adapt to changing flow conditions,
unlike the other models, which are constant at all conditions and strictly geometry-dependent. The
second important finding of this study is the comparison between the reduced-order model and CFD
simulations. For the Radiver compressor, the reduced-order model using the Qiu slip factor model
achieved an average error of 3%. For the same machine, CFD simulations exhibited a larger error of
8%. Accordingly, it is proven that the reduced-order model using the Qiu model is the most accurate
method for slip factor estimation in the preliminary design phase compared to CFD simulations.
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Glossary

Nomenclature
𝜎 Slip factor: a measure of the deviation between the mean flow angle and the blade metal angle. [-]

𝑉 Absolute fluid velocity. [m/s]

𝑈 Blade linear velocity. [m/s]

𝑊 Relative fluid velocity. [m/s]

𝛽 Relative flow angle: the angle between the relative fluid velocity W and the radial direction. [rad]

𝛼 Absolute flow angle: the angle between the absolute fluid velocity V and the radial direction. [rad]

𝑍 Number of blades. [-]

𝑠 Blade spacing (or pitch): the distance between consecutive blades. [m]

𝑐 Blade chord length. [m]
𝑐
𝑠2

Solidity: the ratio of blade chord length to spacing. [-]

𝐹𝑣 Solidity influence coefficient: a factor in the von Backstrom slip model that depends on the blade
angle and solidity

𝐹 Shape factor: a factor in the Qiu slip model that depends on the compressor geometry. [-]

𝜙 Flow coefficient: 𝑉𝑚
𝑈 a nondimensional measure of the flow through a turbomachine. [-]

𝑑𝛽
𝑑𝑚 Blade turning rate: a derivative measuring the rate of change of the blade angle over meridional

length. [rad/m]

𝑡 Blade thickness. [m]

𝜙𝑡1 Swallowing capacity: a different non-dimensional measure of flow similar to 𝜙. They are related
by 𝜙𝑡1 =

𝜌2
𝜌𝑡1
𝜙2. [-]

𝜓 Work coefficient: a nondimensional measure of the work done in a turbomachine. [-]

𝛾𝑃𝑣 Isentropic pressure-volume exponent: a measure of the fluid’s departure from ideal gas behaviour.
Equal to the ratio of specific heats. [-]

𝑅𝑒 Reynolds number: the ratio between inertial and viscous forces in a flow. [-]

Subscripts
1 Value at the impeller inlet.

2 Value at the impeller exit / diffuser inlet.

𝑡 Tangential component of velocity. Also, the total quantity of temperature or pressure.

𝑡𝑡 Total-to-Total: used in pressure ratio and efficiency values to signify the measurement between total
quantities at inlet and outlet.

𝑚 Meridional component of velocity.

𝑏 Theoretical value (based on blade metal angle)

ix



Acronyms x

Acronyms
ECS Environmental Control System: the system that controls the air supply, temperature, and pressure

of the aircraft cabin.

ACM Air Cycle Machines: a type of ECS that does not use a refrigerant but relies on bleed air from the
aircraft engines.

VCC Vapour Compression Cycle: a cycle that includes a compressor, condenser, expansion valve, and
evaporator. Used to remove heat from a space and reject it to a heat sink.

ROM Reduced-Order Model: a simplification of high-fidelity, complex models.

SFM Slip Factor Model: a model used to estimate the value of slip factor depending on other known
quantities.

IRIS Inverse organic Rankine cycle Integrated System: a test setup at TU Delft made for the perfor-
mance analysis and validation of VCC systems for aircraft ECS.

CFD Computational Fluid Dynamics: methods that use numerical analysis to analyse fluid flows. Gen-
erally used through computer software.



1
Introduction

This first chapter of this report will set up the background needed to contextualise the work done in
this thesis project. First, we will explain how this project was envisioned and what made it a necessary
exploration. Then, a brief explanation of the slip effect and its historical models will be presented.
Finally, a more modern slip factor model will be described as a basis for much of this work.

1.1. Project Context
The Power & Propulsion group at TU Delft is investigating novel designs for aircraft Environment Control
Systems (ECS). The ECS is responsible for 3-5% of the total fuel consumed by an aircraft, making it
the leading consumer of non-propulsive power. To optimise the ECS, the aim is to replace the current
Air Cycle Machines (ACM) technology with electrical Vapor Compression Cycle (VCC) systems, such as
that shown in Figure 1.1. The main driving components determining the VCC performance are its heat
exchangers and high-speed centrifugal compressors [4]. Thus, the development of highly efficient
compressors becomes paramount.

Figure 1.1: A flowchart of an aircraft ECS running on a Vapour Compression Cycle. [4]

A significant part of this development is the in-house compressor design software ”TurboSim” and,
more importantly, the reduced-order model it is built on. TurboSim is built on Python code that allows
users to complete the preliminary design phase of centrifugal compressors[5]. During development, an

1
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important question was raised: ”What is the impact of slip factor models on the pressure ratio prediction
of this reduced-order model?” Thus this project began to study the slip effect on multiple test cases and
produce quantitative answers to the previous question. For clarity in the rest of this paper, TurboSim will
be referred to as the Reduced-Order Model (ROM). Slip factor models, also considered reduced-order
models, will be referred to exclusively as Slip Factor Models (SFMs).

Briefly, slip is an inviscid effect that occurs in compressors where the mean fluid flow does not follow
the blade angle of the compressor, creating a slip angle between the two. This can significantly impact
the velocity triangles at the impeller exit, directly influencing the pressure ratio. Due to the difficulty of
calculating slip directly, SFMs have been developed that approximate its effect using a variety of other
compressor parameters. The slip effect will be explained more thoroughly in Section 1.2.

The ROM this study is based on was created to achieve fast and accurate compressor designs
according to the design requirements. A validation mode can be used to compare the ROM results with
other sources, such as experiments and CFD simulations. This mode was the most important for this
study and presented an ideal environment to test different SFMs on multiple test cases. Before the
start of this project, the ROM used the slip factor models developed by Wiesner (1967) [6] and von
Backstrom (2006) [7].

Also part of the investigation of novel ECS designs by the Power & Propulsion group is the Inverse
organic Rankine cycle Integrated System (IRIS) [8]. This test rig is currently in development at TU Delft
for performance analysis and validation of the VCC-based ECS that the P&P group is working towards.
The process and instrumentation diagram is shown in Figure 1.2, and the isometric view is shown in
Figure 1.3.

The IRIS test rig is relevant to our project due to the high-speed centrifugal compressor designed for
use in this cycle, which will be referred to as the IRIS compressor. The final version of this compressor
shown in 1.2 is a twin-stage machine, but a single-stage prototype of the same compressor will be
considered in this study as one of our test cases.

Figure 1.2: A simplified Process & Instrumentation Diagram (PID) of the IRIS setup. [8]

1.2. The Slip Effect
The slip effect is a phenomenon that occurs in all compressors, but it is much more pronounced in
centrifugal compressors than in axial ones. Slip occurs when the mean fluid flow does not follow the
blade direction causing a slip angle between the fluid flow and the metal blade. This causes a reduction
in the compressor’s pressure ratio, but it does not affect efficiency as it is an inviscid effect which
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Figure 1.3: An isometric view of the IRIS setup render. [8]

does not result in higher losses. Figure 1.4 presents the velocity triangles at the exit of a centrifugal
compressor which shows the slip effect. The velocity triangles are altered in this case. With this change
in velocities, the work done by the compressor is lowered. This is why it is critical to account for slip in
any centrifugal compressor design, as that allows for a more accurate prediction of actual compressor
performance for the given boundary conditions. The basic formula for slip factor calculation using the
velocity triangles is presented in Equation 1.1. However, since the actual 𝑉2 is not known a priori,
many different modelling approaches have been adopted to estimate the slip factor value. These will
be explored further in Section 2.4.

Figure 1.4: A diagram of the exit velocity triangles for a centrifugal compressor showing the slip effect.

𝜎 = 1 − Δ𝑉2𝑡𝑈2
(1.1)

Furthermore, it has been found that the error in slip prediction generally scales with the square
of the compressor Mach number, making it harder to accurately predict pressure ratios for high-speed
compressors [9].

This thesis is primarily concerned with modelling and accurately predicting slip factors such that
designers may correct for its effect. The goal is to offer designers precise predictions of pressure
ratio as early as possible in the design process. This is important because multiple iterations can
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significantly increase the cost and time required, particularly when a specific pressure ratio is necessary.
Consequently, improving the slip factor estimation in the ROM may save significant resources in the
overall design process.

1.3. Research Questions
This project aims to answer the major questions from the preceding work explained in Section 1.1.
These questions are presented as follows:

• What causes the slip factor discrepancy between the reduced-order model and CFD?

– Which is the correct prediction, if any?

• What is the most accurate method to predict slip factor during the preliminary design process?

1.3.1. The Slip Factor Discrepancy
The first line of research lies in the discrepancy between the results of the ROM and CFD. There can
be an underlying assumption of accuracy with CFD simulations, but that is not guaranteed. This brings
forward the question of which of these predictions is accurate in the first place, as modifying the ROM
to be more similar to the CFD results when they are inaccurate is a dead end. Thus, a three-pronged
approach was adopted, using the ROM, CFD, and experimental results where available. Applying this
approach to the case studies presented later in this thesis should lead to satisfactory answers to this
first question.

However, that alone would not yield clear takeaways. Therefore, it is necessary to analyse the slip
factor expressions to understand why the ROM may over or under-predict pressure ratios.

1.3.2. Accurate Slip Factor Prediction
The second consideration is to find an accurate method of predicting the slip factor during the pre-
liminary design phase. Obtaining sufficiently accurate predictions early on dramatically increases the
efficiency of the design process and helps reach the optimal design for a given application more reliably.

This can be achieved in several different ways. A new SFM could be used from published literature
to bolster the accuracy of the ROM, a first-order model could be developed using empirical or CFD data,
or an entirely new SFM should be developed. Of these, using an existing model is the most feasible.

1.4. Original Contribution
This study aims to provide several original contributions. This comes in three aspects:

• Studying high-speed centrifugal compressors and the effect of slip on them.

• Testing the in-house IRIS compressor, which has not yet been tested experimentally.

• Analysing CFD simulations and their reliability in predicting slip.
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1.5. Adopted Methodology
After defining the research questions of this study, a plan is made to answer them. The first objective
was to perform a literature review and study the history of slip factor models, up to the most modern
ones. Thus, creating an overall picture of the general state of slip factor modelling as it currently stands.
After this, a study of the current slip prediction methods implemented into the ROM was conducted to
find its deficiencies. What follows is the development phase. Changes are to be made to the ROM to
improve its capabilities for slip factor prediction.

Following this was the bulk of the work, the validation phase. For this part of the project, two
test case compressors were chosen. The first is the well-documented Radiver test case [1]. This
compressor uses air as its working fluid and is a good test case as its experimental performance results
have been published and are readily available. The second case is the in-house IRIS compressor which
uses the refrigerant R1233zd(E) [10]. There is no experimental data for this machine as of writing.
The choice of these two test cases was well-informed as they each provide a different context that can
help test the slip model predictions. They use different fluids, run at different rotational speeds, and
have different ranges of mass flow and pressure ratios. This should allow ample testing opportunities
for the presented SFMs.

Upon the completion of the validation phase, the analysis can begin. This analysis has two goals.
Firstly, to study the different slip factor estimations used in the ROM and compare their results both to
each other and to experimental data for several compressors. The CFD data, however, will be available
for the two test cases and will be compared with the ROM results. This informs the analysis further
and potentially allows for the modification or further development of the presented slip models. With
this, the cause of the slip factor discrepancy would be found, and an accurate prediction can be made
based on the available information, answering both of the research questions.

1.6. Report Structure
This thesis report will be divided into six main chapters, of which this introduction is the first. In this
chapter, we have presented the context of the project, a brief overview of the slip effect (the main
focus of this study), the research questions that underpin this project, the adopted methodology to
answer the research questions, and finally, the original contributions that are made in this study. The
second chapter will be a literature review of the most important publications that influenced this work,
presenting a brief history of high-speed centrifugal compressors and the most common SFMs, followed
by an overview of a more modern slip model that could be important for centrifugal compressors.
Following that will be a chapter describing the methodology used to study the slip phenomenon in
more depth divided into two main sections; the first describes the ROM and its working principles, and
the second covers the process used for the CFD simulations discussing both the geometrical concerns
and the simulation setups for both of the two test cases. The fourth chapter will cover the results and
subsequent analysis based on those results. Again, it is split into two main sections, one dedicated to
the ROM and the other to CFD. The final two chapters will present the conclusions and recommendations
reached after the completion of this research study.



2
Literature Review

This chapter contains a review of previous work relevant to this study. This will be in 2 main directions,
high-speed centrifugal compressors and slip factor models. High-speed centrifugal compressors are a
unique subset of centrifugal compressors, so it is crucial to form a basis of knowledge for the rest of
the study. SFMs, on the other hand, form the bulk of the work in this thesis, and the literature sources
presented in this chapter were essential.

2.1. High-Speed Centrifugal Compressors
High-speed centrifugal compressors are characterised by speeds over 200 krpm. This has only become
possible in recent years due to advancements in high-speed permanent magnetic, electric motors [11].
A compressor rotating at such speeds can replace a larger, slower compressor [12]. The size and
weight reductions are one of the main goals of such compressors, along with gains in coefficient of
performance. This can be inherently useful in applications such as aircraft Environmental Control Sys-
tems (ECS), where weight and size are crucial. Still, they can also be used in applications such as
automobile turbochargers and industrial compressors. This smaller size can reduce the cost of manu-
facturing the machine and its supporting structures and positively affect the overall natural frequencies
of the system. However, a balance must be found as smaller compressors can struggle with efficiency,
pressure ratio requirements, and impeller material limitations [13]. Furthermore, relative quantities
such as surface roughness and blade tip clearance are magnified due to the smaller size, enlarging
friction and clearance losses, respectively [5]. Thus, a balance must be maintained to extract the best
performance from high-speed centrifugal compressors.

This remains a nascent field that is actively being developed. Indeed, a paper published at TU Delft
found relevant applications for high-speed centrifugal compressors using different refrigerants than the
typical R134a implemented in a vapour compression cycle [14]. However, this was explicitly used in
rotorcraft (i.e. helicopter) ECS. Thus, the current study explores high-speed compressors and the slip
effect in such machines.

2.2. The IRIS Compressor
Developed at the Delft University of Technology, the Inverse Rankine Integrated System (IRIS) is a
new experimental environment that can be used for different testing purposes, but the relevant part
for this project is its intended use as a testbed for electrically powered Vapour Compression Cycles
(VCC) for use in novel aircraft ECS [10]. Part of this experimental system is a miniature centrifugal
high-speed compressor named the IRIS compressor. This compressor, designed at TU Delft, represents
a significant part of this project. As described in Section 1.4, testing this compressor is a primary goal
of this study. An important consideration is that the final design of the IRIS compressor is a twin-stage
machine. However, initially, a single-stage compressor was designed. This will be used in this report
as it simplifies the testing process and focuses the analysis on the slip factor specifically. To design this
compressor, the ROM described in Section 2.3 was developed and validated [5].

6
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2.3. The Reduced-Order Model
Section 3.1 describes the workflow details of this model. However, a general overview of this model
will be presented here. This ROM was developed to use scaling principles and was made to suit high-
speed centrifugal compressors with vaneless diffusers and arbitrary fluid choices. This widens the
design space in the preliminary phase, which helps reach optimal solutions given the constraints of the
design problem. For this to be feasible, compressor size and fluid thermodynamic behaviour must be
considered as early as possible [5].

In the case of designing miniature high-speed centrifugal compressors, manufacturability con-
straints are a significant consideration. Due to the small size of these compressors, the machine
tolerances during manufacturing become very tight and unforgiving. Another effect of this small scale
is that relative values such as surface roughness and tip gap become even more important than they
usually are, as their effects are magnified at such sizes. This ROM seeks to manage all these constraints
while optimising the solution space.

The ROM was validated using experimental values from some well-documented centrifugal com-
pressor test cases and CFD simulations conducted on the IRIS compressor described in Section 2.2.
These validation studies produced promising results and showed good agreement with the experimen-
tal values. However, tying into the objectives of this current study, there were systematic discrepancies
found that must be explored further and diagnosed.

2.4. Slip Factor Models
The phenomenon of slip occurring in turbomachinery has been discovered and studied extensively
for almost a century. However, we cannot calculate slip using the formula in Equation 1.1, as that
information is generally unavailable in the early stages of the compressor design process. So, models
were defined to estimate the effect of slip, mainly felt through its lowering of the pressure ratio,
reducing the work done by the machine. It is necessary to note that no single model makes all others
obsolete. Brennen presents a brief history of the phenomenon [15]. He discusses the first published
work that explores slip by Stodola in 1927 [16]. Stodola recognised that the flow through a rotating
turbomachine can be split into two components, an irrotational and a rotational term. The rotational
component has no through flow and consists exclusively of rotation within the blade passage. This
rotational component proved crucial to the machine’s pressure ratio and flow characteristics. The
Stodola slip equation is presented in Equation 2.1. Busemann continued this work on what he called
”displacement flow” [17] as he was the first to calculate its effect on flow characteristics for infinitely
thin, logarithmic spiral blades. This assumption has proven significant in developing SFMs, as discussed
in Section 2.5.2.

𝜎 = 1 − 2𝜋 cos𝛽2𝑏𝑍𝑠 (2.1)

The development of SFMs continued further with the work of Stanitz [18] (Equation 2.2) and then
Wiesner [6] (Equation 2.3), who performed a review of many of the available slip factors at that time
and presented a modified model that still sees extensive use today. In 2006, von Backstrom (Equation
2.4) presented a unified slip factor model that combines elements from many of the older models
mentioned in this section [7]. The von Backstrom model is widely used and proved to be sufficiently
reliable.

𝜎 = 1 − 0.63𝜋𝑍 (2.2)

𝜎 = 1 − √cos𝛽2𝑏𝑍0.7 (2.3)

1 − 1
1 + 𝐹𝑣 (

𝑐
𝑠2
)

(2.4)

As can be seen from the preceding equations, most SFMs are very similar. Nearly all are heavily
dependent on the number of blades 𝑍 and the exit blade metal angle 𝛽2𝑏. So, the main components of
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slip factor modelling are well considered. The differences then lie in the details between these models.
But, as discussed in Section 2.5, some effects are not considered with these models.

Limitations of Common Slip Factor Models
An important consideration in terms of slip factor is that many of the most popular models are quite
old but continue to be used extensively, including the Stodola (1927), Stanitz (1952), and Wiesner
(1967) models. Where they may be perfectly usable for some compressors, they are unreliable for
others, making it difficult to decide which model to use when designing a new compressor without
prior knowledge of the accuracy of each SFM for that specific compressor architecture. Thus, a more
recent model that may apply to a broader range of cases was explored.

2.5. An Updated Slip Factor Model
Qiu et al. present their new SFM, which can be considered a modification of Stodola’s model [19].
This model aims to overcome the weaknesses of previous models, which mainly lie in their feasibility
when applied to different impellers going so far as being applicable to centrifugal, axial, and mixed-flow
impellers. In this thesis, we will only study centrifugal impellers. The equation for the Qiu SFM as it
applies to centrifugal compressors is shown in Equation 2.5.

𝜎 = 1 − 𝐹𝜋 cos𝛽2𝑏𝑍 − 𝐹𝑠2𝜙2
4 cos𝛽2𝑏

( 𝑑𝛽𝑑𝑚)2
(2.5)

Where 𝐹 is the shape factor, 𝛽2𝑏 is the exit blade metal angle, 𝑍 is the number of blades, 𝑠2 is the
pitch at blade exit, 𝜙2 is the exit flow coefficient, and ( 𝑑𝛽𝑑𝑚)2 is the exit blade turning rate.

The model consists of two main terms; The radial term and the turning term. The paper also
presents a third term, but it was found not to have a significant effect and will be assumed zero in all
the following analyses.

2.5.1. The Radial Term
The first term of the model is named the radial term and is shown in Equation 2.6.

𝐹𝜋 cos𝛽2𝑏
𝑍 (2.6)

The radial term is the dominant and more conventional of the two. Excluding the shape factor F
(setting it at 1), this resembles Stodola’s slip factor model, which consisted of just one term. This term
mainly covers the effects of the Coriolis force, which is considered a primary driver of the slip effect in
centrifugal compressors. Adding the shape factor F helps account for Stodola’s model underpredicting
slip, as F is always less than one. Equation 2.7 presents the shape factor formula.

𝐹 = 1 − 2 sin (𝜋𝑍) sin (
𝜋
𝑍 + 𝛽2𝑏) cos (𝛽2𝑏) −

𝑡2
𝑠2 cos𝛽2𝑏

(2.7)

Where 𝑡2 is the blade thickness at the trailing edge. All other terms are defined in Section 2.5.
The shape factor then depends on the compressor geometry, number of blades, blade metal angle,

pitch, and thickness, all at the impeller exit.

2.5.2. The Turning Term
The second term is the turning term and is shown in Equation 2.8.

𝐹𝑠2𝜙2
4 cos𝛽2𝑏

( 𝑑𝛽𝑑𝑚)2
(2.8)

This is the more novel term. It has less effect on the overall slip factor value but is essential in
considering the impact of flow conditions and leading to more accurate predictions. The two main
contributing parts of this term are the blade turning rate ( 𝑑𝛽𝑑𝑚) and the exit flow coefficient 𝜙2.
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In their paper, Qiu et al. claim that a large proportion of the work done on SFMs was done on
logarithmic spiral blade impellers, which have a zero blade-turning rate, as this is where Busemann
began his work. Many authors since then have followed the same assumption (see Section 2.4).
Consequently, this parameter and its effect on slip have not been explored enough. In essence, the
blade turning rate measures the change in the blade angle 𝛽 along the meridional length 𝑚. Thus, it is
critical to note that the exit blade angle is separate from the turning rate. A compressor with a positive
or negative exit blade angle can have a positive, negative, or zero blade-turning rate.

(a) Forward Sweep 𝛽2 is positive. (b) Straight Radial 𝛽2 is zero (c) Back Sweep 𝛽2 is negative

Figure 2.1: Impeller diagrams according to their exit blade angles. Dotted lines represent the radial axis

To take the diagrams in Figure 2.1 as an example, the ”straight radial” impeller in 2.1b has both
a zero exit blade angle and a zero blade turning rate because the blade angle is not changing as the
meridional path approaches the impeller exit. On the other hand, the other two impellers in 2.1a and
2.1c have non-zero exit blade angles, but they may have zero blade turning rates if their angle is
not changing. Finally, it is important to consider that the blade turning rate in the turning term is a
derivative taken at the impeller exit. Thus, the blade turning rate may change along the meridional
path, but the significant parameter for this formula is the rate at or near the impeller exit.

In addition to the turning rate, this term also considers the exit flow coefficient, a parameter seldom
used in SFMs. Thus, most SFMs are constant with changing flow conditions which may be accurate in
some cases but is not for many compressors, especially at higher rotation speeds. This gives the Qiu
model a marked advantage as it adapts its prediction depending on flow rate and compressor rotational
speed.

2.6. The Impact of Slip Factor on Compressor Performance
The slip effect is characterised by the amount of work done on the fluid flow being lowered because the
mean flow at the impeller exit does not follow the blade trailing edge [7]. The specific work equation
for centrifugal compressors is shown in Equation 2.9. Slip causes the velocities at exit (subscript 2) to
be lower than their theoretical values, which lowers the amount of work the compressor does. Thus,
reducing the achieved pressure ratio.

𝑤 = 𝑉22 − 𝑉12
2 + 𝑈2

2 − 𝑈12
2 − 𝑊2

2 −𝑊12
2 (2.9)

During the preliminary design phase, the choice of slip factor model significantly impacts the pre-
dicted compressor performance [20]. Whitfield argues that a substantial part of this effect is due to
flow rate variation. Many of the most prominent slip factor models were built around predicting design
point performance. Off-design performance and the impact of flow conditions were rarely considered.
In his work, Whitfield derives a “jet slip factor” which can be used to modify the Stanitz SFM produc-
ing a slip factor that varies with flow rate, unlike the original Stanitz formula. Figure 2.2 shows the
performance map of a compressor when using a constant slip factor compared to one that varies with
flow rate. The choice of the slip factor model and the parameters considered in its calculation have a
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tangible impact on the performance prediction. The effect of slip factor on compressor performance is
extensively investigated in Chapter 4.

Figure 2.2: Performance map of a compressor using experimental data, constant slip factor (Stanitz SFM), and variable slip
factor. Sourced from: [20]

2.7. The Slip Factor in CFD Simulations
Various studies have been conducted on slip factors in CFD. Waesker et al. performed an analysis
of several SFMs using CFD simulations of 598 different centrifugal compressor impellers [21]. Of the
models they tested, the Wiesner and Qiu SFMs were the closest matching to the CFD results. The
methodology chosen for this study was to use low-fidelity simulations first. Then, high-fidelity runs
could be initialised using the low-fidelity results. This was found to be faster and more robust than only
using high-fidelity runs. The same method was employed in our study as described in Section 3.2.3.

Obtaining the velocity triangle at the impeller exit is necessary to estimate the slip factor using
CFD. Stuart et al. explain their version of this procedure as shown in Figure 2.3 [22]. The calculation
they employed is more complex than the scope of this study as it divides the active flow region at the
impeller exit into jet and wake components. This method will not be employed as it is not feasible
for the ROM used in this work. However, the basic approach outlined in Figure 2.3 is relevant. An
isoSurface is placed at the blade trailing edge, and the actual average velocities passing through this
surface can be extracted. The theoretical velocities are then obtained using knowledge of the impeller
geometry and rotation speed. The theoretical and actual velocity triangles can be constructed as shown
in Figure 1.4. Finally, Equation 2.10 can be used to calculate slip as obtained from CFD.

Figure 2.3: Postprocessing procedure for jet and wake slip factor evaluation. Adapted from: [22]

𝜎 = 1 − Δ𝑉2𝑡𝑈2
(2.10)
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2.8. Summary
The previous sections of this chapter provide a brief overview of the principal published works that
influenced this study. The testing, validation, and analysis performed in the following chapters will all
be informed by these preceding studies and based on their findings. Finally, an overview of some of the
most significant SFMs currently in use is presented in Table 2.1. This includes the year of publishing,
the formula, and brief remarks to illustrate their historical context.

Table 2.1: A table summarising the details of the most widely used slip factor models.

Year Model Name Formula Remarks

1927 Stodola 1 − 2𝜋 cos𝛽2𝑏
𝑍𝜆∞

The oldest widely used model.

1967 Wiesner 1 − √cos𝛽2𝑏
𝑍0.7

One of the most used models to
this day.

2006 von Backstrom 1 − 1
1+𝐹𝑣(

𝑐
𝑠2
)

A more modern approach that
aims to combine several older
models.

2011 Qiu 1 − 𝐹𝜋 cos𝛽2𝑏
𝑍 − 𝐹𝑠2𝜙2

4 cos𝛽2𝑏
( 𝑑𝛽𝑑𝑚)2

The newest model covered in
this paper and the main focus of
the study.



3
Methodology

This third chapter covers the implementation of the work outlined in the introduction. This will be done
in two parts, mirroring the flow of the project itself. First, the new slip factor model was implemented
into the reduced-order model and tested against Wiesner and von Backstrom’s existing SFMs. Then,
some of the compressors tested in the ROM will be built for CFD simulations in Ansys CFX. This chapter
details the work done to test and validate the ROM.

3.1. Reduced-Order Model
As explained in section 1.1, an ROM was used for the preliminary compressor design employed in this
project. It will be described in this section. Note that while the ROM can handle multi-stage compressor
designs, for simplicity, it will be used in its single-stage format throughout this work.

3.1.1. ROM Overview
The ROM used in this study was first published by Giuffré et al. [5] Figure 3.1 shows the design flow
of the model. First of all, the performance of a centrifugal compressor is considered a function of the
parameters in Equation 3.1.

𝑦 = 𝑓(𝜙𝑡1, 𝜓, 𝛼2, 𝛽, 𝛾𝑃𝑣 , 𝑅𝑒, 𝜎) (3.1)

The first three parameters, the swallowing capacity 𝜙𝑡1, which replaces the flow coefficient, the work
coefficient 𝜓, and the absolute flow angle at the diffuser inlet 𝛼2, are used to determine the impeller
flow angles. The impeller work can then be determined by the pressure ratio 𝛽 and the isentropic
pressure-volume exponent 𝛾𝑃𝑣, which measures the flow’s departure from ideal gas behaviour. Finally,
the viscous effects in the machine are quantified by the Reynolds number 𝑅𝑒, while the geometric
parameters are represented by 𝜎.

12
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Figure 3.1: Flowchart of the reduced-order model: design, off-design, and optimisation. 𝜖 refers to the tolerance prescribed in
the algorithm. [5]
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Design Point
The inlet is assumed to have no guide vanes, and the diffuser is vaneless. This is also why the vaneless
case was chosen for the Radiver compressor described in Section 3.2. This means that flow at the inlet
is axial and uniform. However, inlet flow quantities are calculated at five spanwise locations (blade
root, tip, midspan, and two intermediate points) to capture the free-vortex distribution. Considerations
are in place for manufacturability, where the total number of blades is divided into main and splitter
blades depending on throat length and variable thresholds set by the designer. Importantly, slip is
calculated as part of the design-point computations. At the start of this project, two slip models were
implemented, the Wiesner [6] and von Backstrom [7] models, with the choice being at the user’s
discretion. Fluid properties are referenced from the NIST REFPROP library [23]. The loss modelling
used in the ROM is outside the scope of this study, which focuses on the inviscid slip effect. However,
it is extensively detailed in the work of Giuffré [5].

Off-Design Performance
After setting the compressor design point and estimating the machine’s performance, the off-design
performance is evaluated, producing the full compressor map at different speedlines. This starts with
calculating the compressor’s choking mass flow rate. To do this, it is assumed that choking always
occurs at the throat of the main blade passage. Thus, evaluating the Mach number at the throat as
mass flow is incrementally increased results in a reasonable estimation of the choking point. Following
this, the low end of the mass flow is found by estimating where surge occurs. Due to the difficulty
of estimating the complex flow phenomena that result in surge, a semi-empirical correlation is used
[5]. Similarly to the choke estimation, the mass flow rate is incrementally decreased until one of three
phenomena occurs; surge as described above, rotating stall, or the efficiency drops below 60%.

Validation
The ROM includes a validation run mode which uses a similar process as described with the added
input of experimental (or CFD) results enabling a comparative analysis.

As an example, Figure 3.2 presents a compressor operating map generated using the ROM for a
well-known compressor, the Eckardt A and the widely used von Backstrom slip model. This shows that
the ROM offers a good prediction of experimental results as the pressure ratio results are all within the
±5% uncertainty bands.

Figure 3.2: Compressor operating map as obtained from a ROM validation run. Compressor: Eckardt A, Slip Model: von
Backstrom. Solid lines represent ROM predictions. Dashed lines and shaded regions represent ±5% uncertainty bands. Dots

represent experimental data [24].

The primary motivation for the project came from ROM results regarding the in-house IRIS com-
pressor, which ran at significantly higher speeds and resulted in unreliable predictions for pressure ratio
when using both the von Backstrom and Wiesner slip models as shown in Figure 3.3.

Figure 3.3a shows a significant overprediction of the pressure ratio, reaching a discrepancy of around
20% at its highest. Notably, the highest differences occur at the fastest rotational speeds. While the
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results using the von Backstrom model from 3.3b are more promising, they remain outside the defined
uncertainty bands at higher speeds. In this case, the ”experimental” results were the results of CFD
simulations. It was further noted that while a discrepancy is evident in the pressure ratio estimations,
the efficiency estimates were mostly accurate to the CFD results, as evident in Figure 3.4. This is a
strong indicator that the model’s weakness lies in the slip models used, as slip affects pressure ratios
but not necessarily efficiencies.

(a) Wiesner slip model (b) von Backstrom slip model

Figure 3.3: Compressor operating maps obtained from the ROM for the in-house IRIS compressor using two slip models. Solid
lines represent ROM predictions. Dashed lines and shaded regions represent ±5% uncertainty bands. Dots represent

computational fluid dynamics data [10].

Figure 3.4: Total-to-total isentropic efficiency of the IRIS compressor at the 85krpm speedline as obtained from the
reduced-order model using the Wiesner slip model. Dashed lines and shaded regions represent ±5% uncertainty bands. Dots

represent computational fluid dynamics data [10].

3.1.2. Implementing the Qiu Model
The data flow is the main obstacle to implementing a new slip factor model in the ROM. This reduced-
order model was designed with slip models such as Wiesner in mind. Comparing the Wiesner model
in Equation 3.2 and the centrifugal Qiu model in Equation 3.3, it is evident that the Qiu model requires
several more parameters that are not needed in the Wiesner model. These include the exit flow
coefficient 𝜙2, the pitch at blade exit 𝑠2, and the blade turning rate ( 𝑑𝛽𝑑𝑚 )2.

𝜎 = 1 − √cos𝛽2𝑏𝑍0.7 (3.2)
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𝜎 = 1 − 𝐹𝜋 cos𝛽2𝑏𝑍 − 𝐹𝑠2𝜙2
4 cos𝛽2𝑏

( 𝑑𝛽𝑑𝑚)2
(3.3)

This means several new variables must be routed to the slip-calculating module. A new variable
was created for the blade turning, which was not tracked during the run previously. This required
constantly updating the meridional path coordinates 𝑚, as well as the blade angle 𝛽. Then, a finite
difference was taken between the last two stations of the meridional and blade angle vectors. To do
this, the entire length of the impeller is divided into one hundred stations, with station 1 being the
impeller inlet and 100 being the impeller exit. This produced a value for the blade turning rate at the

impeller exit (𝑑𝑚𝑑𝛽 )2
.

Also, it was necessary to calculate the shape factor 𝐹 at every stage where the slip is estimated.
Shape factor can be calculated through Equation 3.4. This is the term where the specific geometry
of an impeller is taken into account, which is claimed to be a defining parameter of the slip factor
estimation [19].

𝐹 = 1 − 2 sin (𝜋𝑍) sin (
𝜋
𝑍 + 𝛽2𝑏) cos (𝛽2𝑏) −

𝑡2
𝑠2 cos𝛽2𝑏

(3.4)

In the first iteration of the ROM, blade-turning rate data is not yet available, necessitating a simplified
version of the Qiu SFM. So, the formula presented in Equation 3.5 was used when the ROM had no
data on the meridional coordinates. This version included only the first radial term and excluded the
turning term entirely.

1 − 𝐹𝜋 cos𝛽2𝑏𝑍 (3.5)

Both the full and simplified versions of the Qiu model were then implemented into several modules
of the ROM, where the slip factor is estimated. Namely, the main slip estimation, choking mass flow,
and off-design isentropic flow modules. As can be inferred from Figure 3.1, the slip factor is calculated
multiple times even if not explicitly stated in the flowchart. For example, a slip prediction is needed to
calculate the meridional Mach number at the impeller outlet when computing the choking mass flow
rate in the off-design section. However, the most critical use for the slip calculation is updating the
compressor velocity triangles, which are heavily affected by slip and essential to the compressor design
process. A sample of the code used for this implementation is presented in Appendix A. The results of
this implementation will be presented in section 4.1.

3.2. CFD Simulations
As a basis of comparison with the results of the ROM and experimental data, several Computational
Fluid Dynamics (CFD) simulations were conducted on two test cases using the Ansys Inc. Workbench.
BladeGen was used to recreate the blade geometry. Then, the mesh was generated using Turbogrid.
CFX-pre enabled the simulation setups. The simulations were monitored in the CFX Solver Manager.
Finally, CFD-post was used for post-processing.

Test Case Details
Two test cases were used for the CFD simulations. Ansys CFX was chosen as the CFD solver because it
is a reliable, well-documented solver and the industry standard for such cases. The first case was the
in-house IRIS compressor. This is a high-speed, miniature centrifugal compressor designed at TU Delft
that uses refrigerant R1233zd(E) as its fluid. Due to the complexity of this machine, it was decided
that no simulations would be run during this study on the IRIS case. The IRIS case is complicated to
simulate mainly because of the choice of fluid and the high rotational speeds. This makes the case
quite delicate, requiring large amounts of time and computational power, necessitating the use of a
computer cluster which is outside the scope of this study. High-resolution simulations had already been
completed during the design process by the machine’s original designers [5]. Thus, those results will
be used in this study for comparison with the other data sources. However, the process of generating
this machine’s performance map will be described here to present the conditions it was tested under.
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The second test case was for the Radiver compressor, a well-documented open test case which uses
air as its working fluid. These machines were chosen because they allow various conditions to test the
presented SFMs, including different working fluids. The measurements on the test case ”Radiver” were
carried out at the Institute of Jet Propulsion and Turbomachinery at RWTH Aachen, Germany. Part of
the investigations was funded by the Deutsche Forschungsgemeinschaft (DFG) [1] [2] [3].

The original study by Ziegler tested the Radiver compressor with various diffuser configurations,
but the vanless version was used here. On the other hand, the IRIS compressor is already a vaneless
diffuser machine. The Radiver compressor features 15 main blades and no splitter blades. On the
other hand, the IRIS compressor has 7 main blades and 7 splitter blades. The basic details of the two
test cases are summarised in Table 3.1.

Table 3.1: A table summarising the basic information of the two test cases used in the CFD analysis.

Parameter IRIS Radiver

Fluid R1233zd(E) Air

Number of Bladesets 7 15

Inlet Total Pressure [kPa] 47.8 60

Inlet Total Temperature [K] 278 296

Rotation Speeds [krpm] 68 - 94 21 - 35

Mass Flow Rates [kg/s] 0.05 - 0.13 0.5 - 1.5

Impeller Tip Radius [mm] 22.8 135

Blade Tip Gap [mm] 0.1 0.7

3.2.1. Compressor Geometries
Seeing as the IRIS compressor was designed by team members at TU Delft, the data for it was more
readily available and essentially ready to simulate [5]. The geometry is shown in Figure 3.5 and the
mesh in Figure 3.6.

Figure 3.5: Picture of the IRIS compressor geometry as it was generated in Ansys TurboGrid

For the Radiver compressor, however, only blade passage coordinates were supplied, so a more
elaborate process was needed to prepare that geometry for simulation. The most challenging part of
this process was the first step, the TurboGrid implementation. The plan was originally to use Turbo-
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Figure 3.6: Ansys picture of the mesh used for the IRIS compressor.

Grid since the blade passage coordinates were available directly. Unfortunately, that was not feasible.
TurboGrid is a powerful software that offers many helpful solutions to streamline turbomachinery sim-
ulation. Still, it requires tight control of its inputs, as any deviations can lead to insurmountable errors.
Consequently, after significant trial and error, we went one step back to BladeGen, hoping to produce
files that TurboGrid would accept from the start. That was indeed a successful line. BladeGen requires
the blade coordinates in the form XR to generate a blade geometry successfully. These are axial (X)
and radial (R) coordinates in a meridional view of the impeller.

The basis for this information was obtained from Figure 3.7. However, quite a bit of manipulation
was still required. First, the coordinates were for the shroud line, so the hub line was calculated using
the shroud information and the quantities L and 𝜖 shown in Figure 3.7. Finally, the angle 𝜙 was used
to calculate the full three-dimensional cartesian coordinates, mainly used for verification.

Figure 3.7: Diagram of the MTU impeller geometry. Left: meridional view (X is axial length, R is radial). Right:
three-dimensional view. [3]

The BladeGen import function was used to allow the detection of the blade passage geometry.
Subsequently, the generated curve files were available for use in TurboGrid. The generated geometry in
Turbogrid is shown in Figure 3.8. The blue-shaded region represents the impeller, while the wireframes
seen above and below are the inlet and outlet regions, respectively.



3.2. CFD Simulations 19

Figure 3.8: Picture of the Radiver compressor geometry as it was generated in Ansys TurboGrid.

3.2.2. Mesh Generation
The next step was the mesh generation done in TurboGrid. As ever, this process included some trial
and error. The mesh region was split into three sections: the inlet, passage, and outlet. The mesh
density was highest in the main passage, followed by the outlet; seeing as no work was done on the
fluid in the inlet section, a higher mesh density would not be helpful. Figure 3.9 shows the final mesh
for the Radiver compressor. Due to the flow complexity in these regions, the highest element density
is found around the blade and in the blade’s wake region.

Mesh Analysis Limits
The mesh was made in such a way as to maintain the mesh analysis variables within their default limits
in TurboGrid while also setting the Yplus values to 0.99. These are not definitive quality measures
and can vary according to the mesh designer’s needs. For this analysis, they were kept to the default
values according to the Ansys TurboGrid user’s guide and used as a general guideline while also con-
sidering other factors. These limits are summarised in Table 3.2 ranked from top to bottom in order of
importance to the mesh quality as stated in the TurboGrid user’s guide. Minimum volume is a measure
of element volume essential to a good-quality mesh, as negative volumes render the mesh unusable.
Maximum/minimum face angles are considered measures of skewness as they measure the angle be-
tween the two edges of a face that touch a node, so it is vital to keep them within limits to minimise
the effect of skewness on the mesh. The edge length ratio can be considered an aspect ratio as it
measures the longest edge of a face divided by its shortest. The element volume ratio is calculated as
the maximum volume touching a particular node divided by the minimum volume touching that node.
Finally, the connectivity number is the number of elements connected to a specific node.

Mesh Settings
While maintaining the mesh analysis variables within acceptable ranges, the mesh generation process
could begin. Firstly, the boundary layer refinement control method was chosen as “First Element Offset,”
where the Yplus value can be selected, and this was set to 0.99, targeting a maximum expansion rate
of 1.2. This defines the rate at which elements grow compared to the boundary layer elements. For
the blade passage, a boundary layer distribution method was also chosen. This ensures the most
critical areas, the boundary layers (hub, shroud, and blade walls), are well resolved while minimising
the expansion ratio as much as possible to mitigate the adverse effects. The hub tip settings were
unchangeable as there was no tip gap at the hub for this machine. The shroud tip, however, was set
to a uniform distribution of 20 elements. This kept the expansion rates down and maintained the Yplus
value as well. Then, the inlet and outlet regions were set to H-grid meshes targeting expansion rates
of 1 and 1.1, respectively. The last step was the global size factor, a global multiplier that increases or
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Table 3.2: The mesh analysis limits maintained to ensure mesh quality.

Mesh Limit Value

Minimum Volume [𝑚3] 0

Minimum Face Angle [deg] 15

Maximum Face Angle [deg] 165

Maximum Edge Length Ratio 1000

Maximum Element Volume Ratio 20

Maximum Connectivity Number 12

decreases overall mesh density across the entire domain. This was increased incrementally until the
mesh limits in Table 3.2 were all satisfied. This occurred at a factor of 1.7. Finally, all of this resulted in a
mesh of 2.5 million nodes. This was deemed satisfactory as larger meshes did not produce meaningful
improvements, and smaller ones would not meet the TurboGrid mesh limits.

Figure 3.9: Ansys picture of the mesh used for the Radiver compressor.

3.2.3. Simulation Setups
When the mesh is ready, Ansys CFX-Pre sets up the simulation conditions. For all the runs done in the
course of this study, the setups were similar. This section will detail that process.

The “Turbo Mode” in CFX-Pre was used as it simplifies the process greatly when simulating tur-
bomachines. The turbulence model was chosen to be k-𝜔 Shear Stress Transport (SST) as it is the
recommended model for turbomachinery simulations.

Timescale Calculation
Another important consideration is the simulation timescale. Here, the Ansys user’s guide recom-
mendations were used, and a physical timescale calculated according to the rotation speed at each
speedline was adopted. Equation 3.6 shows an example calculation for the timescale used at a speed
of 28,541 RPM (the 80% speedline of the Radiver compressor). This value was parametrised in Ansys
Workbench such that it is automatically calculated for each run depending on the compressor speed.
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This was important due to the nature of these turbomachinery simulations, as attempts with smaller
timescales could often prevent convergence. A small timescale can help stabilise the solution and
avoid oscillations. However, the solver starts picking up transient effects if it is too small. One such
effect was the Mach number in the machine, where runs with timescale factors much smaller than they
should be, led to rapidly increasing velocities, which caused the solver to display “Mach number is too
high” warnings and eventually stop within a few iterations due to numerical overflow errors. Thus, an
appropriate timescale is even more critical in high-speed compressor simulations than it usually is.

On the other hand, maintaining the IRIS compressor’s stability was difficult. So, a much smaller
timescale was necessary. An auto-timescale was used such that the solver itself would choose the
appropriate timescale governed by a user-controlled timescale factor. This was a large part of the
difficulty of running the IRIS case on a personal computer compared to a server cluster. A small
timescale factor would be set initially; once the simulation stabilises, this factor would be increased by
factors of two to five. This process would be repeated two to three times until convergence. While
this is ostensibly the only way to reach convergence for a rather sensitive simulation, it significantly
increases the time commitment. That made it unfeasible for this project.

𝑁 = 28541 𝑅𝑃𝑀 × 2𝜋60 = 2988 𝑟𝑎𝑑/𝑠

𝑇𝑖𝑚𝑒𝑠𝑐𝑎𝑙𝑒 = 0.1
2988 = 3.35 × 10

−5 𝑠
(3.6)

Simulation Conditions
It was important to manage the boundary conditions for both compressors correctly. The chosen
conditions were total temperature and pressure at the inlet and mass flow rate at the outlet. In the
case of the Radiver compressor, the inlet conditions, rotation speeds, and mass flow rates were set to
match the experimental conditions. However, the conditions reported in the original publication[1] were
using corrected values at a reference of 𝑇𝑟𝑒𝑓 = 288.15𝐾 and 𝑃𝑟𝑒𝑓 = 101.325 𝑘𝑃𝑎, so the conversion
was made to obtain the actual rotation speeds and mass flow rates at the actual inlet conditions of
𝑇𝑡 = 296𝐾 and 𝑃𝑡 = 60𝑘𝑃𝑎. The mass flow rates varied between 0.5 − 1.5 𝑘𝑔/𝑠 depending on the
speedline. There were five speedlines at 60, 70, 80, 90, and 100% of the actual design speed of
35, 676𝑅𝑃𝑀.

The choice of conditions was more relaxed for the IRIS compressor as there were no experimental
conditions to compare, so the speeds and mass flow rates were taken from the original design data
using the ROM. The IRIS inlet conditions were set as 𝑇𝑡 = 278.13𝐾 and 𝑃𝑡 = 47.8 𝑘𝑃𝑎. The mass flow
rates were varied between 0.05 − 0.13 𝑘𝑔/𝑠 while the speedlines were at 80, 90, 100, 105, and 110%
of the design speed of 85, 748𝑅𝑃𝑀. The simulation conditions are summarised in Table 3.3.

Table 3.3: The simulation conditions for the two test cases

Condition IRIS Radiver

Inlet Total Temperature [K] 278 296

Inlet Total Pressure [kPa] 47.8 60

Outlet Mass Flow Rate [kg/s] 0.05 - 0.13 0.5 - 1.5

Speedlines [RPM]

68,598
77,173
85,748
90,035
94,323

21,406
24,973
28,541
32,189
35,676

Working Fluid
Uniquely for the IRIS compressor, the fluid choice is a significant concern. This is simple for the Radiver
case, as air is an inherently available material in the Ansys CFX library. The refrigerant used in the IRIS
machine, however, is not. So, a method was needed to insert the material properties into Ansys CFX.
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This came by way of a Real Gas Properties (RGP) file. This file can be created using a feature in
Ansys Fluent and a supplied batch file. An RGP file is similar to the property tables found in various
sources but formatted for use in Ansys. These files are generated using the NIST REFPROP fluid
database. By defining a range of temperatures and pressures, the saturation and superheated tables
for a given material are generated in an RGP file which Ansys then uses throughout the simulation to
define the fluid properties at different temperatures and pressures. Thus, an RGP file was generated
for R1233zd(E), focusing on the superheated tables as that is the fluid’s state during the compression
process. The ranges chosen were temperatures of 200 to 800 Kelvin and pressures of 5 kPa to 1 MPa.

Parametrisation
Steady-state simulations were conducted at several performance points to collect as much data as
possible for comparison with the other sources, namely experimental data and the ROM. These all
started with first-order, upwind advection schemes before using those results as initial conditions to
conduct high-resolution simulations, which will be used in section 4.2.

To streamline the simulation process, a parametric approach was adopted. The “Performance Map”
component system in Ansys Workbench allows the user to set specific values as input parameters and
chosen output parameters at the end of the simulations. For this case, the input parameters were
rotation speed and mass flow rate, and the output parameters were pressure ratio and efficiency.
For the Radiver compressor, 31 performance points were created with a steady-state simulation for
each one to create the performance map of the machine. This method allows the CFD software to
automatically complete all simulations in an optimised order such that each point is close to the one
following it and can be used as an initial guess for the simulation. A snapshot of this functionality is
presented in Appendix B.



4
Results

The results obtained from the reduced-order model and CFD simulations will be documented. The first
section will cover the results of the reduced-order model, comparing the capabilities of the different
slip factor models used in the design process. Secondly, the CFD simulation results for both test cases
will be presented. Note that all values (i.e. mass flow rates, rotational speeds, etc.) are reported as
their actual values at the real inlet conditions stated in Section 3.2, not as corrected values at standard
conditions. Additional results are presented in Appendix C.

4.1. ROM Results
The reduced order model has been validated and tested using three different slip factor models. Namely,
the Wiesner, von Backstrom, and Qiu models. These results are presented in this section.

Pressure Ratios
First of all, the total-to-total pressure ratios of the compressors were estimated, with the only difference
between runs being the slip factor model used; this allowed us to obtain the compressor operating
maps. Figure 4.1 and Figure 4.2 show these results for the Radiver and IRIS compressors, respectively.

Figure 4.1: Operating map for the Radiver compressor from the reduced-order model. Dot markers represent experimental
results [1]. Slip models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.

Figures 4.1 and 4.2 show each model’s accuracy. Looking at Figure 4.1, it is evident that the Wiesner
model starts facing difficulties with increased compressor speeds. This results in an average percentage

23
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Figure 4.2: Operating map for the IRIS compressor from the reduced-order model. Dot markers represent CFD results [5]. Slip
models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.

error of 10% at the highest speedline, significantly higher than the Qiu model’s 2% average error. This
becomes even more evident in Figure 4.2, as the IRIS compressor runs at overall much higher speeds.
At the highest speedline, the Wiesner model exhibits a percentage error of 19% while the Qiu model
is only 1%.

The von Backstrom model fares better than Wiesner but trends further away as speeds increase.
It achieved an average percentage error of 8% and 6% at the highest speedlines of the Radiver
and IRIS compressors, respectively. The Qiu compressor provides the most reliable estimates for
both compressors, enabling high-accuracy predictions at lower and higher speeds. These initial figures
immediately show that the choice of SFM has a tangible impact on compressor performance predictions.
Table 4.1 presents a summary of the accuracy of each SFM.

Table 4.1: A table summarising the average error percentages of each SFM for the Radiver and IRIS compressors.

Slip Factor Model Accuracy

Compressor Wiesner von Backstrom Qiu

Radiver 6% 5% 3%

IRIS 15% 5% 1%

Average 10% 5% 2%

Slip Factor Models
The subsequent results can help explain the trends in the pressure ratio plots. Figure 4.3 presents the
slip factor estimations obtained from the three models in question for the Radiver and IRIS compressors.
Figure 4.4 provides a closer look at the Qiu model estimates for each compressor. Recalling the slip
factor definition, it is a nondimensional measure of the angle created between the blade metal angle
at the impeller exit and the mean flow angle. This can be calculated using Equation 4.1. However, this
information is unavailable during the design process and must be computed using slip factor models
that estimate the effect. The formulas used by each model are collected in Table 4.2.

𝜎 = 1 − Δ𝑉2𝑡𝑈2
(4.1)
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Table 4.2: A table collecting the formulas of the three slip factor models used in the reduced-order model.

Model Name Formula Remarks

Wiesner [6] 1 − √cos𝛽2,𝑏𝑙𝑎𝑑𝑒
𝑍0.7

Based on blade metal angle and
number of blades.

von Backstrom
[7] 1 − 1

1+𝐹( 𝑐𝑠𝑒 )
Based on the blade solidity and
blade angles

Qiu [19] 1 − 𝐹𝜋 cos𝛽2𝑏
𝑍 − 𝐹𝑠2𝜙2

4 cos𝛽2𝑏
( 𝑑𝛽𝑑𝑚)2

Along with geometrical terms,
also based on the flow coeffi-
cient 𝑝ℎ𝑖

(a) Radiver (b) IRIS

Figure 4.3: Slip factor estimations obtained from the reduced-order model. Slip models: solid - Qiu, dashed - von Backstrom,
dotted - Wiesner.

(a) Radiver (b) IRIS

Figure 4.4: Slip factor estimations for the Radiver and IRIS compressors obtained from the reduced-order model using the Qiu
slip model.

Two conclusions can be drawn from Figures 4.3 and 4.4. First, the von Backstrom and Wiesner
models are constant for all speedlines and mass flow rates. This is expected as these models are based
entirely on compressor geometry, so for each compressor, the slip estimation is the same at different
operating conditions. In contrast, the Qiu slip model is variable depending on both compressor speeds
and mass flow rates. This is also evident from the model equations presented in Table 4.2.

The second aspect is the average value of the slip factor that each model obtained. The Qiu model
provides a much lower overall estimate of the slip factor than the other two. With slip factor as defined
in Equation 4.1, a lower slip factor value means that the ratio of velocities is larger, which means the
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difference between the flow and blade angles at the impeller exit is larger. This finally leads to a lower
pressure ratio estimate, which is the more accurate result as evidenced by Figure 4.1 and Figure 4.2.

To measure the performance of the Qiu model in more detail, the compressor performance maps
were plotted to compare the prediction accuracy with experimental and CFD results for the Radiver and
IRIS compressors, respectively.

(a) Radiver. Dot markers represent experimental results [1] (b) IRIS. Dot markers represent CFD results [5].

Figure 4.5: Operating maps for the Radiver and IRIS compressors from the reduced-order model. Solid lines represent the
reduced-order model predictions using the Qiu slip model. Dashed lines are ±5% uncertainty bands about the ROM predictions.

Figure 4.5 shows that almost all data points in both cases are within the 5% bands of the reduced-
order results, even at high speeds. This indicates that the Qiu model offers robust capabilities and is
valid for different compressors, geometries, and flow conditions.

Efficiency Estimates
It is also worth examining the efficiency results obtained from the reduced-order model. For the Radiver
compressor, only the 80% speedline (28 krpm) efficiency was reported and will be used for comparison.
The design speedline of 100% (85 krpm) will be used for the IRIS compressor.

Figure 4.6: Total-to-total isentropic efficiency estimation for the Radiver compressor at 28 krpm obtained from the
reduced-order model using the Qiu slip model. Dot markers represent experimental results [1]

Figure 4.6 shows the efficiency as obtained from the ROM for the Radiver compressor. The model
has slightly overestimated the machine’s efficiency overall while the general trend is captured well.
One possible explanation is related to how the efficiency was calculated in the experimental test rig
and what regions of the compressor were considered [1]. In this case, the only efficiency reported in
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the literature for the vaneless case (the one in question in this study) was that of the impeller, diffuser,
and collector, which is generally lower than that for only the impeller and diffuser, which is the one
estimated in the reduced order model.

(a) Wiesner slip model. (b) Qiu slip model.

Figure 4.7: Total-to-total isentropic efficiency estimates obtained from the reduced-order model for the IRIS compressor at
85krpm using two different slip models. Dot markers represent CFD results [5].

Figure 4.7 presents the efficiency estimate for the IRIS compressor at the 100% speedline. The
slip model does indeed affect the efficiency estimation, as nothing else was changed between these
two calculations. However, the Wiesner model, which was off by quite a margin in its pressure ratio
estimates, performs adequately in its efficiency predictions. It was stated in Section 1.2 that slip is an
inviscid effect that should not cause losses. While true, the choice of slip model directly affects the
velocity triangles at the impeller exit, which has a noticeable effect on compressor efficiency.

In this test case, while the Wiesner model performs well, it is clear that the Qiu model captures the
trend of the efficiency range more accurately, especially close to the edges of the distribution. This can
be attributed to the Qiu model’s inclusion of a flow coefficient term and the blade turning rate, which
allows the model to more accurately predict performance in non-zero sweep impellers such as this one.

Further Validation
The model was also validated on other test cases, including the Eckardt series of impellers [24] [25],
and the EPFL Schiffmann compressor [26]. Figure 4.8 shows the operating maps of the Eckardt O and
Schiffmann compressors. Additional validation plots can be found in Appendix C.

(a) Eckardt O (b) Schiffmann

Figure 4.8: Operating map for the Eckardt O and Schiffmann compressors from the reduced-order model. Solid lines represent
the reduced-order model predictions using the Qiu slip model. Dashed lines are ±5% uncertainty bands about the ROM

predictions. Dots represent experimental results.

The results plotted in Figure 4.8 show good agreement of the ROM using the Qiu slip model with
experimental results for these compressors. This demonstrates the ROM accuracy in predicting the
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performance of compressors of various sizes and speeds.

4.2. CFD Simulation Results
Two test cases were chosen for the CFD simulations: IRIS and Radiver. The details of these test cases
and how they were simulated are described in Section 3.2. This section will present the results of those
simulations.

CFD Flow Field
When simulating the compressors using CFD, there are two primary goals. First, we look to determine
the overall compressor performance in terms of pressure ratios and efficiencies. The second aspect
is the flow field, especially around the impeller exit. Knowledge of the velocities at the impeller exit
allows the calculation of the slip factor directly. Figure 4.9 shows the streamlines through the blade
passage of the Radiver compressor at the design point, 𝑁 = 28, 541 𝑅𝑃𝑀, 𝑚 = 1𝑘𝑔/𝑠. Figure 4.10
presents the same view for the IRIS compressor at its design point, 𝑁 = 85, 748 𝑅𝑃𝑀, 𝑚 = 0.114𝑘𝑔/𝑠

Figure 4.9: Velocity streamlines through the blade passage of the Radiver compressor at 28,541 RPM and 1 kg/s.

Figure 4.10: Velocity streamlines through the blade passage of the IRIS compressor at 85,748 RPM and 0.114 kg/s.
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It is impossible to directly compare the two compressor designs based solely on the flow field
images. However, we can focus on the impeller exit, the primary region of study for the slip effect. An
interesting observation can be made about the differences between the two machines by examining
the velocity contours of both compressors at the impeller exit at their respective design points.

(a) Radiver (b) IRIS

Figure 4.11: Velocity contours at the impeller exit of the Radiver and IRIS compressors.
Radiver conditions: 28,541 RPM and 1 kg/s. IRIS conditions: 85,748 RPM and 0.114 kg/s.

Figure 4.11 illustrates the effect of one significant difference between the two designs, the split-
ter blade. The Radiver compressor contour displays ”hot spots” in the blade’s wake, while the IRIS
compressor’s velocity exiting the impeller is more uniform in the blade-to-blade plane. This can be
directly attributed to the splitter blade smoothing out the velocity profile at the impeller exit. While this
study, and most others, use average velocities through the impeller exit to compute slip as described
in Section 4.2, the effect of these velocity distributions on slip is worth investigating.

Another indicator to consider for almost all CFD simulations is the Mach distribution. Figures 4.12
and 4.13 show the Mach number distributions for the Radiver and IRIS compressor in the blade-to-
blade plane at half-span. Here, it is noted that the IRIS compressor has a much higher maximum Mach
number near the trailing edge of the main blade. This is expected due to the IRIS compressor’s higher
rotation speed and pressure ratio than the Radiver.

Figure 4.12: Mach number distribution in the blade-to-blade plane at half-span for the Radiver compressor at 28,541 RPM and
1 kg/s.
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Figure 4.13: Mach number distribution in the blade-to-blade plane at half-span for the IRIS compressor at 85,748 RPM and
0.114 kg/s.

Similar plots at all other speedlines for the Radiver and IRIS compressors can be found in Appendix
C.

Pressure Ratio
The first area of comparison is the pressure ratio, and Figure 4.14 shows the CFD results compared to
the reduced-order model and experimental values for the Radiver compressor.

Figure 4.14: Operating map for the Radiver compressor. Solid lines represent reduced-order model results. Square markers
represent CFD results. Dot markers represent experimental results [1].

The CFD simulations generally overestimated the pressure ratio, especially at higher speeds. On
average, the CFD results had a percentage error of around 8%, while the ROM results using the Qiu
model had an average error of 3%. The reasons for the discrepancy can be many, as CFD simulations
can be more difficult when attempting to recreate an existing machine rather than a novel design.

The main obstacles lie in recreating the geometry. While essential data like the blade passage
coordinates were available, other vital parameters, such as the hub and shroud or inlet and outlet
details, had to be approximated from non-exact sources. These slight imperfections in a relatively small
machine meant the final results were off considerably more than intended. These effects were more
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pronounced at higher speeds where minor geometrical differences become amplified. The difference
is further compounded by the fact that the ROM uses only the global geometry of the machine. It does
not require the entire 3D geometry as CFD simulations do. This makes the ROM an ideal choice for
cases where the compressor geometry is not fully available.

Along with the geometry, error sources can include convergence effects, where it becomes more
difficult to obtain low convergence residuals the more complex a problem is. This was especially evident
when studying the IRIS compressor but also affected the Radiver.

Slip Factor
To eliminate other influences on the results, the slip factor for each compressor was calculated using
the velocity triangles obtained from Ansys CFD-post. The main required component was the average
velocity across the impeller exit 𝑉2. The rotational velocity component 𝑈2 is known through the radius
and compressor rotational speed. Once the velocities were obtained, the fundamental slip relation in
Equation 4.8 was used to calculate the slip factor. This depends on the difference between the actual
velocity triangle (obtained from CFD) and the theoretical triangle calculated from the impeller geometry.
Equations 4.2 - 4.8 describe how these values were computed based on the diagram in Figure 4.15.
The same process was used for both compressors at all points.

Figure 4.15: A diagram of the exit velocity triangles for a centrifugal compressor showing the slip effect.

𝑉2 and 𝑉2𝑡 were obtained from CFD-post as average velocity and average circumferential velocity,
respectively. 𝛽2𝑏 is known from the compressor geometry. 𝑈2 is determined from the rotation speed
𝑁 and tip radius 𝑅2

𝑉2𝑡 = 𝑉2 sin𝛼2 → 𝛼2 = sin−1
𝑉2𝑡
𝑉2

(4.2)

𝑉2𝑚 = 𝑉2 cos𝛼2 (4.3)

𝑉2𝑏𝑡 = 𝑈2 +𝑊2𝑏𝑡 (4.4)

𝑊2𝑏 cos𝛽2𝑏 = 𝑉2𝑚 → 𝑊2𝑏 =
𝑉2𝑚

cos𝛽2𝑏
(4.5)

𝑊2𝑏𝑡 = 𝑊2𝑏 sin𝛽2𝑏 (4.6)

∴ 𝑉2𝑏𝑡 = 𝑈2 +
𝑉2𝑚

cos𝛽2𝑏
sin𝛽2𝑏 = 𝑈2 + 𝑉2𝑚 tan𝛽2𝑏 (4.7)

𝜎 = 1 − 𝑉2𝑏𝑡 − 𝑉2𝑡𝑈2
(4.8)
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Using these equations, along with the velocities obtained from CFD simulations and the compressor’s
geometry, it is possible to determine the slip factor distribution for each compressor. This also allows
us to construct the velocity triangles at the impeller exit. Shown in Figures 4.16 and 4.17.

Figure 4.16: Impeller exit velocity diagram for the Radiver compressor at 28,541 RPM and 1 kg/s.

Figure 4.17: Impeller exit velocity diagram for the IRIS compressor at 85,748 RPM and 0.114 kg/s.

Figure 4.18 presents the CFD estimations for the slip factor. There are two observable effects in this
figure. The first of which is the wide range of slip factor values that are shown for both compressors.
The variance with speed and mass flow is significantly larger than in the Qiu SFM results. This is one
indicator for the inaccuracy of estimating slip using CFD, as it is evident from the previous results in
this study that compressor geometry is the dominant term in determining the slip factor. The second
observation is the average slip factor value for each compressor which is considerably lower than the
Qiu SFM predictions. The rotational velocity component 𝑈2 is the same in all cases as it depends on
rotational speed 𝑁 and tip radius 𝑅2. This points to the difference in velocity Δ𝑉2𝑡 being the main driver
for the discrepancy, with the CFD simulations exhibiting a much larger velocity delta than the Qiu SFM.

While the ROM has separate calculations for slip and losses, it is impossible to isolate the slip effect
in CFD simulations completely. The velocity triangle computations are influenced by numerous viscous
losses that do not impact the actual slip factor. These losses may contribute to the differences observed
in Figure 4.18.

(a) Radiver. Dot markers represent CFD results. (b) IRIS. Dashed lines represent CFD results.

Figure 4.18: Slip factor estimations for the Radiver and IRIS compressors obtained from the reduced-order model using the
Qiu slip model compared to CFD simulation results.
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Efficiency
The final aspect of the CFD simulations that was studied were the efficiency calculations. Figure 4.19
shows the efficiency of the Radiver compressor at the 80% speedline, including experimental, reduced-
order model, and CFD results.

Figure 4.19: Total-to-total isentropic efficiency estimates for the Radiver compressor at 28krpm. Solid lines represent
reduced-order model results. Square markers represent CFD results. Dot markers represent experimental results [1].

Figure 4.19 shows relatively good agreement between all three results sources. However, the
reduced-order model and, to a larger extent, the CFD simulations have overestimated the compressor’s
efficiency. The discrepancy may be attributed to the methodology used to calculate efficiency in the
literature regarding the Radiver compressor. The efficiency calculation in the original study was based
on the efficiency of the impeller, diffuser, and collector. However, this project’s reduced-order model or
CFD simulations did not consider the collector.



5
Conclusions

For this project, the accuracy of three slip factor models has been assessed, namely, the models pro-
posed by Wiesner, von Backstrom, and Qiu. To determine the accuracy of the models in comparison to
experimental results, the slip factor was computed for the IRIS, Radiver, Eckardt, and Schiffmann com-
pressors. These evaluations were performed through an in-house reduced-order model. In addition,
CFD simulations were conducted on the IRIS and Radiver cases.

The following conclusions are drawn from the results of this study:

• Slip factor models significantly impact compressor performance predictions during the preliminary
design phase. At higher speeds, there can be a difference of up to 20% in the results obtained
using different slip factor models.

• The Qiu model showed the highest level of accuracy among the slip factor models tested, partic-
ularly at higher compressor speeds. It achieved an average error percentage of 2%.

• The Qiu model’s ”turning” component allows it to adjust to speed and flow rate changes, setting
it apart from other models like von Backstrom and Wiesner, which are constant with changing
flow conditions.

• The reduced-order model can accurately predict compressor performance with fewer inputs and
is much faster than CFD, making it the ideal choice for slip factor estimation and reducing avenues
for errors. CFD simulations on the Radiver compressor had an average percentage error of 8%
while the reduced order model using the Qiu slip factor model for the same machine was at only
3%.
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6
Recommendations

Based on the outcomes of this study, the following steps are recommended to address:

• Quantifying the effect of compressor speed and mass flow rate on slip estimations. This research
has shown that these factors significantly impact slip factor estimations. However, many slip factor
models do not consider them. This is especially important considering the recent developments
in high-speed compressors going up to and above 200 krpm.

• Validating the reduced-order model and CFD results for the IRIS compressor using the experi-
mental test rig. Pressure ratio and efficiency measurements should be compared with the results
presented in this work. This can lead to further improvements in the reduced-order model.

• Exploring the effect of splitter blades on slip estimations. All slip factor models used in this
study rely on the number of blades in some form. Also, comparisons of the IRIS and Radiver
compressors have shown significant differences in their flow fields at the impeller exit, which are
attributed to the presence of splitter blades in the IRIS compressor. An in-depth study on equal
machines studying the effect of splitter blades can inform further developments in slip factor
modelling.
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A
TurboSim Code Extract

”””
compute the slip factor based on the prescribed slip model
”””
if self.flag_slip == ’backstrom’:

self.sigma = 1 - 1 / (1 + self.F0 * np.mean(self.solidity) * np.sqrt(np.cos(self.
beta_blade[1, :])))

elif self.flag_slip == ’wiesner’:
self.sigma = 1 - (np.sqrt(np.cos(self.beta_blade[1, :])) / (self.Neff ** 0.7))

elif self.flag_slip == ’qiu’:
shape = 1 - (2 * np.sin(np.pi / self.Neff) * np.sin((np.pi / self.Neff) + self.

beta_blade[1, :]) *
np.cos(self.beta_blade[1, :])) - (self.t_te / (self.pitch * np.cos(

self.beta_blade[1, :]
)))

# if x_mid, y_mid, blade_to_blade are still zeros, use simplified expression
if sum(self.x_mid) == 0:

self.sigma = 1 - ((shape * np.pi * np.cos(self.beta_blade[1, :])) / self.Neff
)

else:
end = np.size(self.x_mid)
a = np.array([self.x_mid[end - 1 - int(end / 2)], self.y_mid[end - 1 - int(

end / 2)]])
b = np.array([self.x_mid[end - 2 - int(end / 2)], self.y_mid[end - 2 - int(

end / 2)]])
dist = np.linalg.norm(a - b)
blade_turning = self.blade_to_blade.beta_blade[:, int(end / 2) - 1] - \

self.blade_to_blade.beta_blade[:, int(end / 2) - 2]
turning = blade_turning / dist
self.sigma = 1 - ((shape * np.pi * np.cos(self.beta_blade[1, :])) / self.Neff

) - \
(shape * self.pitch * self.Vm[1, :] / self.U[1, :] / (4 * np.cos(self.

beta_blade[1, :]))) *
turning

else:
raise NotImplementedError(”The available choices for slip model are ’backstrom’,

’wiesner’, or ’qiu’”)
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B
CFD Parametrisation

Figure B.1: Screenshot of the parameter view in Ansys Workbench used in this study.
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C
Additional Results

C.1. ROM Results
Reduced-order model results in this section were obtained using the Qiu slip model.

Figure C.1: Total-to-total isentropic efficiency estimates for the MTU compressor at 28krpm. The solid line represents
reduced-order model results. Dot markers represent experimental results [1].
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Figure C.2: Total-to-total isentropic efficiency estimates for the IRIS compressor at 68krpm. The solid line represents
reduced-order model results. Dot markers represent CFD results [5].

Figure C.3: Total-to-total isentropic efficiency estimates for the IRIS compressor at 77krpm. The solid line represents
reduced-order model results. Dot markers represent CFD results [5].
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Figure C.4: Total-to-total isentropic efficiency estimates for the IRIS compressor at 85krpm. The solid line represents
reduced-order model results. Dot markers represent CFD results [5].

Figure C.5: Total-to-total isentropic efficiency estimates for the IRIS compressor at 90krpm. The solid line represents
reduced-order model results. Dot markers represent CFD results [5].
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Figure C.6: Total-to-total isentropic efficiency estimates for the IRIS compressor at 94krpm. The solid line represents
reduced-order model results. Dot markers represent CFD results [5].

Figure C.7: Operating map for the Radiver compressor. The solid line represents reduced-order model results. Dot markers
represent experimental results [1].
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Figure C.8: Operating map for the IRIS compressor. The solid line represents reduced-order model results. Dot markers
represent CFD results [5].

Figure C.9: Operating map for the Eckardt A compressor. The solid line represents reduced-order model results. Dot markers
represent Experimental results [24].
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Figure C.10: Operating map for the Eckardt B compressor. The solid line represents reduced-order model results. Dot markers
represent Experimental results [24].

Figure C.11: Operating map for the Eckardt O compressor. The solid line represents reduced-order model results. Dot markers
represent Experimental results [24].
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Figure C.12: Operating map for the Schiffmann compressor. The solid line represents reduced-order model results. Dot
markers represent Experimental results [26].

C.2. Slip Model Comparisons

Figure C.13: Operating map for the Radiver compressor. The solid line represents reduced-order model results. Dot markers
represent experimental results [1]. Slip models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.
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Figure C.14: Operating map for the IRIS compressor. The solid line represents reduced-order model results. Dot markers
represent CFD results [5]. Slip models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.

Figure C.15: Operating map for the Eckardt A compressor. The solid line represents reduced-order model results. Dot markers
represent Experimental results [24][25]. Slip models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.
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Figure C.16: Operating map for the Eckardt B compressor. The solid line represents reduced-order model results. Dot markers
represent Experimental results [24][25]. Slip models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.

Figure C.17: Operating map for the Eckardt O compressor. The solid line represents reduced-order model results. Dot markers
represent Experimental results [24][25]. Slip models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.
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Figure C.18: Operating map for the Schiffmann compressor. The solid line represents reduced-order model results. Dot
markers represent Experimental results [26]. Slip models: solid - Qiu, dashed - von Backstrom, dotted - Wiesner.

C.3. CFD Simulation Results

Figure C.19: Operating map for the Radiver compressor. The solid line represents reduced-order model results. Dot markers
represent experimental results [1]. Square markers represent CFD results.
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Figure C.20: Operating map for the Radiver compressor. The solid line represents reduced-order model results. Dot markers
represent experimental results [1]. Square markers represent CFD results.

Figure C.21: Velocity streamlines through the blade passage of the Radiver compressor at 21,406 RPM and 0.83 kg/s.
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Figure C.22: Velocity streamlines through the blade passage of the Radiver compressor at 24,973 RPM and 1.25 kg/s.

Figure C.23: Velocity streamlines through the blade passage of the Radiver compressor at 28,541 RPM and 1 kg/s.
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Figure C.24: Velocity streamlines through the blade passage of the Radiver compressor at 32,108 RPM and 1.18 kg/s.

Figure C.25: Velocity streamlines through the blade passage of the Radiver compressor at 35,676 RPM and 1.4 kg/s.
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Figure C.26: Velocity streamlines through the blade passage of the IRIS compressor at 68,598 RPM and 0.08 kg/s.

Figure C.27: Velocity streamlines through the blade passage of the IRIS compressor at 77,173 RPM and 0.09 kg/s.
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Figure C.28: Velocity streamlines through the blade passage of the IRIS compressor at 85,748 RPM and 0.114 kg/s.

Figure C.29: Velocity streamlines through the blade passage of the IRIS compressor at 90,035 RPM and 0.12 kg/s.
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Figure C.30: Velocity streamlines through the blade passage of the IRIS compressor at 94,323 RPM and 0.11 kg/s.

Figure C.31: Velocity contours at the impeller exit of the Radiver compressor at 21,406 RPM and 0.83 kg/s.
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Figure C.32: Velocity contours at the impeller exit of the Radiver compressor at 24,973 RPM and 1.25 kg/s.

Figure C.33: Velocity contours at the impeller exit of the Radiver compressor at 28,541 RPM and 1 kg/s.
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Figure C.34: Velocity contours at the impeller exit of the Radiver compressor at 32,108 RPM and 1.18 kg/s.

Figure C.35: Velocity contours at the impeller exit of the Radiver compressor at 35,676 RPM and 1.4 kg/s.
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Figure C.36: Velocity contours at the impeller exit of the IRIS compressor at 68,598 RPM and 0.08 kg/s.

Figure C.37: Velocity contours at the impeller exit of the IRIS compressor at 77,173 RPM and 0.09 kg/s.
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Figure C.38: Velocity contours at the impeller exit of the IRIS compressor at 85,748 RPM and 0.114 kg/s.

Figure C.39: Velocity contours at the impeller exit of the IRIS compressor at 90,035 RPM and 0.12 kg/s.
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Figure C.40: Velocity contours at the impeller exit of the IRIS compressor at 94,323 RPM and 0.11 kg/s.

Figure C.41: Mach number distribution in the blade-to-blade plane at half-span for the Radiver compressor at 21,406 RPM and
0.83 kg/s.
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Figure C.42: Mach number distribution in the blade-to-blade plane at half-span for the Radiver compressor at 24,973 RPM and
1.25 kg/s.

Figure C.43: Mach number distribution in the blade-to-blade plane at half-span for the Radiver compressor at 28,541 RPM and
1 kg/s.
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Figure C.44: Mach number distribution in the blade-to-blade plane at half-span for the Radiver compressor at 32,108 RPM and
1.18 kg/s.

Figure C.45: Mach number distribution in the blade-to-blade plane at half-span for the Radiver compressor at 35,676 RPM and
1.4 kg/s.
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Figure C.46: Mach number distribution in the blade-to-blade plane at half-span for the IRIS compressor at 68,598 RPM and
0.08 kg/s.

Figure C.47: Mach number distribution in the blade-to-blade plane at half-span for the IRIS compressor at 77,173 RPM and
0.09 kg/s.
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Figure C.48: Mach number distribution in the blade-to-blade plane at half-span for the IRIS compressor at 85,748 RPM and
0.114 kg/s.

Figure C.49: Mach number distribution in the blade-to-blade plane at half-span for the IRIS compressor at 90,035 RPM and
0.12 kg/s.
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Figure C.50: Mach number distribution in the blade-to-blade plane at half-span for the IRIS compressor at 94,323 RPM and
0.11 kg/s.
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