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Abstract

Despite notable advances in Computational Fluid Dynamics as a tool for gas turbine design, the
analysis and performance prediction of turbomachinery still benefits greatly from the use of one-
dimensional mean-line modelling, as it can provide results of acceptable accuracy while requiring
fewer geometric inputs, as well as comparatively lower computational expenses. However, even
mean-line codes are often limited by the amount of geometric and operational data available, often
withheld by Original Equipment Manufacturers for proprietary reasons. As a result, a large number

of tuning factors are often employed in mean-line simulations to achieve more accurate results.

This report describes the development of a one-dimensional modelling methodology which requires
minimal geometric inputs and tuning factors for predicting the performance of a transonic axial
compressor stage, for use in a gas turbine. The minimal input model is achieved through
development of a diffuser analogy, whereby the stage’s rotor and stator rows are modelled as
simple diffusers with passage flow areas approximately equal to those in the compressor stage. A
design point calibration operation is first performed to estimate all diffuser flow path areas using a
set of industry knowledge-based assumptions, and blade angles are determined using widely
adopted correlations from open literature. The estimated geometries are then used as inputs for an
off-design model built in Flownex SE. Using correlations of total pressure loss from the open
literature, the Flownex model is then able to predict the stage’s performance over a range of

off-design operating conditions.

The model was validated against a well-documented axial compressor stage from NASA through
four successive models. First, Flownex’s built-in Designer function was used to determine the rotor
losses that would result in good agreement with experimental data of stage total pressure ratio. The
second model adopted a simple total pressure loss correlation from the literature. The third model
employed a single calibration factor for adjusting flow path areas, in order to obtain better
agreement with the experimental data. Further definition of the area calibration factor was
achieved by applying the third model to three other NASA compressor stages. Finally, correlations

determined from this exercise were evaluated.

The methodology presented an efficient means of predicting compressor stage performance with
acceptable accuracy, while requiring minimal geometric inputs and only a single calibration factor,
thus allowing gas turbine operators and analysts to gain greater insight into the compressor’s

off-design behaviour with the limited geometric and operational data available to them.
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1. Introduction

1. Introduction

1.1 Background

Computational simulation has become a key component in the design and analysis of axial
compressors in modern gas turbines. Advances in three-dimensional simulation such as CFD allow
compressor designers access to vast amounts of information describing complex three-dimensional
flow phenomena within the turbomachinery that help inform design improvements and
optimisation. However, such simulation tools typically demand significantly larger computational
requirements when compared to lower-order modelling methods, and often require extensive
simulation run-times, even with access to high-performance computing resources. Over and above
this, CFD modelling requires a near-complete knowledge of the turbomachine geometry in order to
obtain accurate prediction of performance. Such an extensive knowledge of the machine’s
geometry is often unavailable to machine operators or analysts, as it is withheld by Original
Equipment Manufacturers (OEMs) for proprietary reasons. This can make it difficult to perform
simulations if operators wish to gain greater insights into the machine’s behaviour beyond the

information that was made available to them by the OEMs at the time of commissioning.

Although the benefits of CFD in turbomachinery design often justify its large computational
expenses, it remains a nonviable option as an analysis tool for applications such as high-level
powerplant simulations, in which the turbomachine is a single component in a much larger system.
This remains true for each component within a gas turbine, including the axial compressor.
Moreover, if one needs to perform a wide range of simulation test cases, the time to complete this
task is significantly lengthened if higher-order models are employed. It is clear, therefore, that in
the case of system-level analyses, where only the compressor’s overall performance is of interest to
the larger system, analysts can benefit greatly from the use of lower-order modelling

methodologies.

The one-dimensional mean-line method is a favourable simulation tool in such cases, as it is able to
produce predictions of turbomachinery performance with acceptable accuracy, while requiring
significantly fewer geometric inputs when compared to higher-order methods. Furthermore, the
one-dimensional method allows for significantly lower simulation run-times, as its computational
requirements are notably lower than those of higher-order models. This enables the rapid

assessment of compressor performance across a broad range of operating conditions.
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Nevertheless, even mean-line codes can be limited by the extent of geometric and operational data
available, often resulting in a greater number of assumptions and calibration factors required to
obtain accurate results. Therefore, in cases where such information is limited, a minimal-input

modelling methodology that is able to produce reasonably accurate results is required.

1.2 Research aims and objectives

Based on the problem set defined above, this study aims to develop and validate a one-dimensional
modelling methodology which is capable of predicting the performance of a transonic axial
compressor stage with acceptable accuracy, while requiring minimal geometric inputs and
knowledge of the compressor’s operation. Furthermore, this study aims to minimize the number of

tuning factors required to obtain accurate results, when compared to previous works.

The work performed in this study largely builds on from the Nozzle Flow Analogy previously
developed by Fuls [1], which, as will be discussed in later sections, demonstrated an efficient means
of predicting the performance of gas- and steam-turbine stages with minimal known geometric
inputs. This was achieved by modifying the classic mean-line method to model the stator and rotor
rows of the stage as simple one-dimensional nozzles in series. It was hypothesized that an “inverse”
formulation of the Nozzle Flow Analogy, titled the Diffuser Analogy, will provide a suitable

modification to the classic compressor mean-line method in order to achieve the study’s aims.
Therefore, the study’s aims will be met through the following objectives:

e A modification of the classic compressor mean-line method will be formulated using a
diffuser analogy;

e Appropriate loss correlations will be identified from the open literature for use in the model;

e The model will be implemented in the Flownex Simulation Environment using the software’s
existing component library to create a new compound component, and

e The developed Flownex model will be validated against a well-documented set of

compressor performance data from the open literature.
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1.3 Limitations

As is common in research, the greatest impediment to this study was the extent of available
compressor performance data for model validation because such data is often withheld by OEMs to
protect intellectual property. As such, the data used for validation in this study was limited to some

extent, and as a result, the range of validation performed was restricted.

The various assumptions that make up the mean-line method are discussed in later sections, but it
is worth noting here that the developed model was formulated using the compressible ideal gas
assumption and is therefore not suitable for fluids that deviate significantly from the ideal gas law.
Furthermore, the model was developed to model axial compressors only, thereby omitting the

radial flow component of other types of compressors.

It is also important to note that this study focusses specifically on developing the one-dimensional
method itself. As such, discussion of various performance modelling methods such as deviation and
loss sources are greatly limited. Formulation and comparison of these methods and correlations are
therefore outside the scope of the present work. Nevertheless, a broad overview of the relevant

performance models and their relevance to the present work will be discussed.
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1.4 Dissertation outline

This dissertation comprises of a further four chapters which cover the following content:
Chapter 2: Literature review

In this chapter, the basic function of an axial compressor is described. Compressor geometry and
cascade nomenclature are discussed, and conventional performance metrics are outlined. Following
this, the various modelling methodologies employed in the open literature are discussed, including
correlations of loss, deviation, shock treatment, and prediction methods of surge and choke.

Assessment of these previous works will help inform decisions in developing the new model.
Chapter 3: Modelling methodology

Here, development of the new methodology is described, including choices of loss, deviation, and
shock models. The design-point calibration and off-design methods are discussed in detail, and

implementation of the model in Flownex is outlined.
Chapter 4: Results and discussion

This chapter discusses the process of validating the developed model against a set of
well-documented performance data from the open literature. The performances of several
sub-models are compared. The progression of model validation is concluded with the description of

the final model developed in this study.
Chapter 5: Conclusions and Recommendations

Drawing on major findings in previous chapters, this chapter summarises the study’s key
conclusions, including choices of loss and deviation models, the model’s capabilities and restrictions,
and the degree to which the study’s primary aims have been met. Finally, recommendations for

future studies are made.
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2. Literature Review

The axial compressor is often an integral component of a gas turbine, achieving the first process in
the Brayton cycle, as is employed in applications such as power generation and aero-propulsion. Its
primary function is to increase the pressure of the working fluid, in many cases air, to the optimal
conditions for combustion in the combustion chamber. Therefore, a complete understanding of the
factors affecting compressor performance is essential for the design of a robust model. This
literature review investigates the various aspects of compressor operation that influence
compressor modelling and performance prediction. First, context is given to the reader by discussing
the various fundamentals of axial compressors, including their geometry and various parameters
that describe their performance. Following this, the various modelling methodologies of loss,
deviation and shock found in the open literature are discussed and assessed. Finally, discussion

around these methods will outline a path of development for the new method.

2.1 Compressor fundamentals

An axial compressor achieves a desired increase in pressure by performing mechanical work on the
working fluid. This is done by increasing the kinetic energy of the fluid through a moving rotor blade
row. A portion the fluid’s kinetic energy is then converted into a pressure rise through a stator blade
row. A single rotor and stator pair in series is referred to as a compressor stage. Modern axial
compressors typically achieve the desired total pressure ratio through multiple successive stages.
For control of flow direction at the compressor inlet, a guide vane is often placed before the rotor

of the first stage. This basic layout is observed in Figure 1 below:

AN N w® T i u | I i
Figure 1: NASA 74-A three stage axial compressor — Taken from [16]
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Although fluid flows through modern compressors are typically highly complex and
three-dimensional in nature, one can describe the average flow path through a compressor stage
by examining only the flow along the stage’s geometric mean-line, using the velocity triangles

illustrated in Figure 2 below:
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Figure 2: Axial compressor velocity triangles

The velocity triangles above illustrate the transfer of work, as well as processes of diffusion in the
rotor and stator rows. The work addition by the rotor is observed from the increase in magnitude
of tangential absolute velocity from c; 4 to c3g, while diffusion and subsequent pressure recovery in
the stator is observed from the decrease in velocity from ¢35 to c,. However, one can also observe
diffusion of the relative flow through the rotor, shown by the decrease in magnitude of relative
velocities from w; to w,. For computational consistency, angles are defined as positive if their
corresponding velocity vector’s tangential component is in the same direction as the rotor speed
vector, U. Otherwise, the angle is defined as negative. Therefore, under typical operation, relative

flow angles 5; and S8, in Figure 2 are negative.

Many modern compressor stages are often initially designed under the normal, repeating-stage
assumption, whereby the axial velocity through the stage is constant, and absolute angles a; and

a, are equal [2].
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2.1.1 Compressor geometry and nomenclature

Blade and flow path geometries in modern compressors are typically complex. Modern compressor
blades are often three-dimensional in design, comprising of variable spanwise cross-sectional
profiles and high degrees of twist. However, the assumptions of average flow discussed above
allows one to analyse a blade row in a two-dimensional frame, only considering the blade profile at

the blade’s mean-section. This is illustrated in Figure 3:

Figure 3: Compressor cascade nomenclature — Adapted from [2]

In the above figure, a;, and a,, denote the flow angles at the blade inlet and exit, respectively.
Similarly, k;;, and k., denote the average physical inlet and exit blade angles. All angles are

measured from the axial direction.

The difference between inlet flow angle and blade angle is referred to as the incidence angle, and

in the absolute frame is denoted as:

i=a, -k, (2.1.2)
Similarly, the difference between exit flow and blade angles is referred to as the deviation angle,
and is denoted as:

o=a, —K, (2.1.2)
The difference between the inlet and exit blade angles is referred to as the camber angle, and is
denoted as:

0=k -k, (2.1.3)
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Similarly, the difference between inlet and exit flow angles is known as the deflection angle, and is

denoted in the absolute frame as:

E=a,-a (2.1.4)

ex

Other notable geometric features in Figure 3 include the blade chord, [, maximum blade thickness,
tmax » blade spacing, s, and the maximum camber height, h,,,,,. Additionally, a denotes the distance

to the point of maximum camber from the leading edge.

The blade solidity is defined as the ratio of a blade’s chord length to blade-spacing, and can be

estimated at the mean-line knowing the mean-radius and number of blades:

o oL (2.1.5)

s, 2nr,

2.1.2 Compressor performance parameters

One of the most common methods of visualising compressor performance is the compressor map.

A typical compressor map of total pressure ratio is illustrated in Figure 4 below:
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Figure 4: Typical compressor performance map — Taken from [2]

The above compressor map plots total pressure ratio against normalised mass flow rate and includes
lines of normalised rotor speed. A single speed line is bound by the compressor’s surge limit
(instability line) and its choke limit. The design point represents the mass flow and total pressure

ratio at which the compressor is designed to operate. However, a compressor must also be designed
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such thatitis able to operate under adverse, off-design conditions without exceeding surge or choke

limits.

In the preliminary stages of compressor design, several non-dimensional design parameters are
employed to characterise the compressor’s flow geometry for design-point operation. Three
predominant design parameters are the reaction ratio, stage loading and flow coefficient, each

discussed in more detail below:
Reaction ratio

Reaction ratio is defined as the ratio of the rotor static enthalpy rise to the stage static enthalpy rise:

_h=h (2.1.6)
h4 _h‘l
In modern compressors, reaction ratios are typically chosen to be between 0.5 and 0.8 [2].
Stage loading
The stage loading of a normal, repeating stage is expressed as:
h,,—h Ac
=08 _N=-_% (2.1.7)
U U

Equation (2.1.7) indicates that higher stage loading results in an increased work done per stage, and
thus a higher achieved pressure ratio. However, excessive stage loading results in greater flow
turning, and subsequently higher degrees of diffusion, thus decreasing stage performance. For this
reason, axial compressors typically comprise of a large number of stages with a lower loading per

stage. As a result, stage loading is typically selected to be around 0.4 [2].
Flow coefficient

The flow coefficient is defined as the ratio of axial flow velocity to blade velocity:

¢=—~ (2.1.8)

Typically, a large flow coefficient is desired as this results in a higher mass flow per stage annulus
area, and thus greater potential stage loading [2]. This translates to fewer stages required to achieve
a desired pressure ratio, which is beneficial from a cost point of view. The flow coefficient is however

limited by flow choking, and is thus typically chosen to be between 0.4 and 0.8 [2].

Through derivation of the of the stage loading and flow coefficient in a normal repeating stage, the
rotor-exit relative flow angle can be determined from Equation (2.1.9) [2]. The negative sign

adopted here is to ensure conformance with the study’s sign convention.
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i =—arctan(l_¢—tan(al)j (2.1.9)

D

2.2 Modelling methodologies

The various successive stages of compressor design each require modelling capabilities of increasing
complexity. As outlined by Kidikian [3], the compressor design life-cycle typically begins with
one-dimensional mean-line modelling to set initial sizing and boundary conditions. Following this,
two-dimensional throughflow analysis is performed to further define flow path geometry and
spanwise variations of blade profile. Three-dimensional modelling, such as Computational Fluid
Dynamics (CFD), is then employed to define full three-dimensional aerofoil geometry. This process
is often iterative and requires several repetitions to achieve optimal design. Although higher-order
models (2D and 3D) enable greater design capabilities, their suitability specifically in analysis

applications must be evaluated.
Three-dimensional modelling

Over the past several decades, CFD has become an increasingly popular tool for turbomachinery
design. Based on the discrete solving of the Navier-Stokes equations for momentum, energy and
mass conservation, CFD modelling can provide extensive information of the complex, turbulent
three-dimensional flows typically observed in modern turbomachines. CFD simulations also do not
require extensive empirical correlations of loss or flow deviation, as these are determined within
the solving methodology and chosen turbulence and friction model. However, CFD models are
typically computationally expensive, requiring large computational resources and extensive

simulations run-times. The convergence and overall accuracy of CFD simulations rely heavily on

Figure 5: CFD modelling of axial compressor — Taken from [3]

10
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mesh quality and construction, and analysis typically requires a complete knowledge of the

compressor geometry, usually only available to Original Equipment Manufacturers (OEMs).
Two-dimensional modelling

Also referred to as throughflow modelling, two-dimensional compressor modelling involves a
finite-element-based approach of discretely solving for momentum conservation and stream
function equations along a blade’s span. As such, the method is capable of predicting variations in
flow characteristics in both axial and spanwise directions. An example of a throughflow solving grid

is illustrated in Figure 6 below:

Figure 6: Finite element grid for a 4-stage axial compressor — Taken from [11]

In contrast to 3D modelling, however, throughflow modelling requires empirical correlations of loss,
flow deviation, and spanwise mixing. Nevertheless, the method’s two-dimensional nature makes it
less computationally expensive, resulting in comparatively lower run-times. Although to a lesser
extent than CFD, throughflow modelling also requires a detailed understanding of flow path

geometry.
One-dimensional modelling

Otherwise known as the mean-line method, one-dimensional compressor modelling is performed
under the assumption that one can adequately estimate the average flow conditions through a
compressor stage by only considering flow along the stage’s meridional mean-line. The method
involves determining the velocity triangles (kinematics) and fluid properties (thermodynamics) at
the leading and trailing edges of the rotor and stator rows. In achieving this, one is able to predict

the compressor stage’s overall performance characteristics at varying operating conditions.

The mean-line thermodynamics and kinematics are related through the definition of total enthalpy,
which is expressed for both absolute and relative frames in Equations (2.2.1) and (2.2.2),

respectively.

1
%=h+5& (2.2.1)

h+%w2 (2.2.2)

11
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The above equations are derived from the definition of rothalpy, which describes the conservation
of stagnation enthalpy through a blade passage. For a rotor blade row in the relative frame, the

conservation of rothalpy is expressed as:
h 1 2.2 h 1 2.2
otrel ~ R O TT = Mgy =5 015 (2.2.3)

If changes in streamline radius are negligible, and rotor speed is assumed constant, Equation (2.2.3)
indicates that the relative total enthalpy over a rotor blade row remains constant. This is a common
assumption in many simplified axial mean-line models. Similarly, the absolute total enthalpy
through the stator row can be assumed constant since the stator passage does not perform any

work on the fluid.

As is the case for two-dimensional modelling, mean-line codes also require correlations for losses
and flow deviation. With suitable correlations, mean-line modelling is capable of predicting overall
compressor performance over a wide range of operation with acceptable accuracy. The knowledge
of compressor geometry required to perform mean-line analysis is significantly less compared to
higher-order methods, typically including only information of flow areas and general blade
characteristics. The mean-line method remains one of the oldest and most reliable methods for
preliminary compressor design and is therefore regarded as one of the most popular methods of

compressor simulation.

2.3 Performance modelling

Much of the research in the open literature concerning compressor performance has evolved from
the low-speed two-dimensional cascade studies of Lieblein [4]-[6] and Carter [7], as well as other
prominent studies such as that of Koch and Smith [8]. The correlations of loss, incidence, deviation
and surge developed in these studies laid the foundations for further development in compressor
modelling. The progression of research in the open literature from these works is discussed in the

following sections.

12
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2.3.1 Reference incidence angle

Low-speed cascade tests performed by Lieblein [5] revealed that the off-design behaviour of axial
compressors was significantly influenced by off-design incidence angle. The studies showed that a
minimum total pressure loss would be observed at some reference incidence angle, and for
incidence angles smaller or greater than the reference incidence, total pressure loss would increase

almost parabolically. The general nature of loss vs. incidence is illustrated in Figure 7 below:

(a) Pressure loss, @ (b)
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Figure 7: (a) Observed compressor loss behaviour, and (b) idealised loss
bucket — Taken from [2] and [9], respectively

Lieblein’s findings also suggested that compressibility has negligible effect on the reference
incidence angle, since it would remain fairly constant for a range of inlet Mach numbers, as
illustrated in Figure 7(a). This led to the definition of the idealised “loss bucket”, illustrated in Figure
7(b).

Lieblein’s correlation of reference minimum loss incidence angle was developed based on cascade
data of 10-percent-thick NACA 65-series blades [5]. The correlation, also referred to as the NASA 2D

method, is presented in Equation (2.3.1) below:
i = (K) (K, (i) + 1O (2.3.1)

In the above equation, (K)g, and (K;); are correction factors for blade shape and maximum
thickness distributions, respectively, (iy);o is the zero-camber incidence angle for a
10-percent-thick NACA 65-series aerofoil, n is the reference incidence slope factor, and @ is the
camber angle defined in Equation (2.1.3). The zero-camber reference incidence and slope factor are

functions of both inlet flow angle and blade solidity, and all angles are defined in degrees.

Lieblein estimated values for shape correction factor (K), based on general blade profile
classification. This was done for double-circular-arc (DCA), C-Series, and NACA 65-Series aerofoils.

The estimated values for (K), are shown in Table 1 below:

13
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Table 1: Values of shape correction factor for various blade types [5]

Blade type (K)sh
DCA 0.7
C-Series 11
NACA 65-Series 1.0

Values for (ig)19, n and (K;); can be interpolated from Figures 137, 138 and 142 in Lieblein’s paper,
respectively [5]. However, Falck [9] derived multivariable equations that describe the original data

with good agreement:
The zero-camber incidence angle (iy);o, based on 10-percent-thick NACA 65-series, is expressed as:

(i)yo = @,>(1.64-107° —2.38:10* &) + , (=0.002364 + 0.09135") — 0.06 745 + 0.0325  (2.3.2)

The zero-camber incidence angle is defined with the same sign convention as mentioned in 2.1.1.

The slope factor n is then defined as:

n=-a’@3.79-10° +1.11-107 ) + «,(—0.0035 + 0.00295) — 0.022745 — 0.063 (2.3.3)

In the above two equations, a; and g denote the inlet flow angle and solidity, respectively. In the

case of a rotor row, @, is replaced in the above equations with the relative inlet flow angle S;.

The thickness-distribution correction factor (K;); is a function of maximum-thickness-to-chord

ratio, and was estimated by Falck [9] as:

3 2
(Kl.)t=312.5(§j —122.3@ +19.17@ ~0.0214 (2.3.4)

max mi

In a study evaluating several compressor performance modelling methods, Cetin et al. [10]
determined that a modified form of the NASA 2D method provided the greatest agreement in a
range of experimental data. Cetin’s modified correlation accounted for effects due to inlet Mach

number, and was determined for DCA and multiple-circular-arc (MCA) blading as:

iy —isp =0.7238M, +7.5481 (2.3.5)
ivjen — by =1.3026M, +5.7380 (2.3.6)

Other studies adopted a modified form of the standard NASA 2D method by adding a calibration
factor C; to achieve better agreement with experimental data. Petrovic et al. [11] found that a C; of
2° for NACA profiles and 2.5° for DCA profiles achieved the best agreement in throughflow

simulations. The study however did not identify a value of C; for MCA bladings.

14
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It is important to note that definitions of optimum incidence vary throughout the literature. Carter
[12] defined optimum incidence as being associated with a fixed stagnation point on a blade’s
leading edge, while Lieblein [5] defined it as the incidence at point of minimum-pressure losses.
Over and above this, Lieblein notes that the reference minimum-loss incidence is not necessarily
the design-point incidence, as this would likely be determined by compressor designers after more
in-depth analysis. However, in absence of further information, it can be assumed that there is little
distinction between the actual design-point incidence and Lieblein’s definition of reference

incidence.

2.3.2 Deviation angle

The deviation angle describes the degree of flow deviation from the mean blade exit angle, which is
typically caused by diffusion effects resulting from high adverse pressure gradients often occurring
in axial compressor blade rows [2]. This is a common phenomenon in compressor flow passages
which are subjected to high adverse pressure gradients [2] . Deviation angle forms a key component
in compressor performance modelling, as it influences the degree of flow turning and thus the
amount of diffusion in a blade row, as illustrated in Figure 8 below, which shows the realistic exit

velocity w', of a rotor blade against the ideal case w, in which no deviation occurs.

!
Wse

Figure 8: Influence of deviation angle on velocity triangle

As can be observed from Figure 8, an increase in the tangential component of w, will result in a
decrease in that of c3, assuming blade velocity U remains constant. If one considers the work
performed by the rotor as being equal to A(Ucy), then it is clear that a higher deviation angle will
result in reduced rotor compressor work and can therefore be considered as a source of loss in work

potential.
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As is the case with incidence angle, off-design compressor performance prediction relies on
information of the machine’s performance characteristics at design-point operation. Therefore,
several methods of determining the design-point deviation angle have been explored in the

literature and are discussed below.
Reference deviation angle

In an effort to derive methods of compressor performance analysis without the need for lengthy
calculations, Carter [7] presented a simple method of determining the deviation angle in cascades
at reference incidence. This has come to be known as Carter’s Rule and is widely cited throughout

the literature:

N 0

Span =M— (2.3.7)
(o2

In Equation (2.3.7), m is a function of blade profile and stagger angle, and b is some experimental
exponent. It is typically approximated with b equal to 0.5 for compressor cascades and 1 for turbine
cascades and inlet guide vanes [2]. Through use of blade solidity in the denominator, Carter’s rule
intuitively describes the effect of blade spacing on flow deviation, whereby a greater number of
blades (and thus reduced blade spacing) allows for greater control of flow direction, therefore

reducing deviation angle.

The value of m can be determined from experimental data plotted by Carter, however Dixon and

Hall [2] cited a typical correlation for m in compressor cascades:

2 *
m=02322] + 2 (2.3.8)

[ 500
In Equation (2.3.8), a5 is the cascade exit flow angle at reference incidence, and a is the distance of

maximum camber from the blade’s leading edge, illustrated in Figure 3.

Cetin et al. [10] presented a modified form of Carter’s Rule for achieving better agreement with data

of transonic compressor cases, and also including 3D effects:

* *

N 2
8" =—0.1988(35 ) +3.0186(3,5 ) —1.099379 (2.3.9)

In a similar fashion to the NASA 2D method for reference incidence, Lieblein [5] derived a method
for determining deviation angle at minimum-loss reference incidence. Similar to Equation (2.3.1),
Lieblein’s method takes into account variations in blade profile and thickness distribution in relation
to the NACA 65-Series blades:

5,5 =(K), (K;), (8 )10 +mo (2.3.10)
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As in Equation (2.3.1), (K),, and (Kj), are correction factors for blade shape and thickness
distribution, respectively, (8;),0 is the reference zero-camber deviation angle of NACA 65-Series
blades, and m is a deviation slope factor. As is the case for reference incidence, values of (K);, for
reference deviation can also be taken from Table 1. Values of (8,);9, m, and (Ks),; can be
interpolated from Figures 161, 162 and 172 in Lieblein’s paper [5], respectively. However, Falck [9]
also derived correlations for these variables to represent the original graphical data. It must first be

noted that Falck adopted the alternative correlation for m:
m=— (2.3.11)

Falck’s correlations for (8,)19, m' and b are described in Equations (2.3.12) to (2.3.15) below, noting

that values of m' vary for different blade profiles:

(8,),, = (-0.0004+0.000765) + t, (0.0209 - 0.01865) +0.10575 —0.0443  (2.3.12)

For NACA 65-Series blades:

m'=3.33-10"a —3.33-10 ", +0.17 (2.3.13)

For DCA and C-Series blades:
m'=3.16-10" & —1.32:107 ] +7.4-10 ", +0.249 (2.3.14)
b=-13-10"a +4.221-10 ] +2.538-10 2, +0.9655 (2.3.15)

As before, a; is replaced in the above equations with the relative inlet flow angle f; for the rotor

row.

Falck’s estimation for the thickness-distribution correction factor (Ks); was determined as:
AN t
(K(g)t =36.61(7J +6.172(2j +0.0142 (2.3.16)

Petrovic et al. [11] also adopted a modified form of Equation (2.3.10) by adding a calibration factor
Cs. Petrovic found that Cg values of 0° and 1.1° returned the best agreement with experimental
data for NACA and DCA blades, respectively. However, no correction factors were identified for MCA
blades.

Off-design deviation angle

The most commonly cited method for determining off-design deviation angle is that employed by
Boyer [13], which describes the total off-design deviation as the sum of various deviation

contributions:
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S=0,,+38,,+8, +5,+0, (2.3.17)
The deviation contributions in Equation (2.3.17) are as follows:

e .5 —reference, minimum loss deviation angle

e §3p —deviation due to three-dimensional flow effects
e §) —deviation due to Mach number effects

e §,, —deviation related to axial velocity ratio

e §; —deviation due to off-design incidence effects

The reference deviation angle 6, is calculated using Lieblein’s reference minimum-loss correlation
discussed earlier [5]. 853, accounts for the complex three-dimensional flows through a blade row,
including secondary and tip-leakage flows. This is calculated from graphical data in NASA SP-36 [14].

0,4 accounts for streamtube contraction through a blade row, and is typically calculated as:

(&

x1

S, =/{1—‘iz] (2.3.18)

In the above equation, ¢y, and c,, are the meridional velocities at the blade inlet and exit,

respectively, and k is a calibration factor which can initially be chosen as 10.0 [13].

For off-design deviation due to incidence effects (§;), Cetin et al. [10] found that the method of
Creveling and Carmody [15] produced the most accurate results among a number of investigated
methods. Based on data collected from NACA-65 tests, the method plots change in deviation angle

from design-point as a function of change in incidence angle, as illustrated in Figure 9 below:
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Figure 9: Off-design deviation angle due to incidence effects — Taken from [15]
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Although the method is widely adopted throughout the literature, it is evident from Figure 9 that
Creveling’s test data was greatly limited for values of (i —i,.r)/€ref, With values only ranging
between approximately -0.05 and 0.25. Furthermore, the tests only included data in the subsonic
range, with Mach numbers not exceeding 1.0. In any case, Figure 9 shows that insignificant change
in normalised deviation angle is observed for the range of incidence angles investigated, with a

maximum possible increase of 0.2.

Boyer found that Mach number had an insignificant effect on off-design deviation, and thus chose

to omit §,, from their model.

It may be argued that determining each contribution to off-design deviation leads to a lengthy
process involving a notable number of steps and calibration factors. Many authors have in fact
chosen to perform off-design analysis using a constant deviation angle equal to the design-point
deviation determined using Carter’s Rule [3], [7], based on the assumption that deviation does not
vary significantly from the design condition. For example, Veres [16] indirectly selected a constant
deviation angle for off-design analysis by fixing slip factor between 0.93 and 0.96. A sample output
presented by Boyer [13] suggested that the off-design deviation angle did not vary significantly from
the reference point at the mean-line radius. One may therefore conclude that considerations for
off-design deviation angle may be ignored for mean-line analysis. Its importance however may still

hold for two-dimensional analysis where spanwise variations are considered.
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2.3.3 Design-point total pressure loss

Predicting compressor loss behaviour at off-design operation requires knowledge of the machine’s
loss sources at the design point. Therefore, a means of predicting the design-point losses is required

to perform further analysis.

The total pressure loss coefficient is a primary means of representing losses through a compressor

blade row. In compressor cascades, the total pressure loss coefficient is defined as:

y=Pu"Pe (2.3.19)
Do — P

The ratio presented in Equation (2.3.19) can be represented as a “run-over-rise” relationship, as

illustrated in Figure 10:
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Figure 10: Visual representation of total pressure loss coefficient

Determining the rotor and stator total pressure loss coefficients is often a complex exercise, due to
the fact that many factors of blade passage flow each have a markable effect on the row’s total
entropy generation. It is generally agreed throughout the literature that the total pressure loss
coefficient can be represented as the sum of individual loss contributions. Kidikian [3] described the
predominant loss sources modelled in the open literature as being: Profile loss Y,, secondary or
vortex loss Y5, Clearance loss Y, and shock loss Yj,. The various loss sources arise from the complex

flow structures typically observed in a compressor blade passage, as illustrated in Figure 11:
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Figure 11: Three-dimensional flows through compressor flow
passage — Taken from [39]

Having investigated loss modelling trends from a wide range of publications, Kidikian [3] found that
the most adopted methods for estimating design-point losses are those of Koch and Smith [8] and
Wright and Miller [17]. Cetin et al. [10] also compared several methods, and found Koch and Smith’s
method to be the most complete. In addition to the already-listed loss sources, Koch and Smith’s

method also included a means of estimating the loss generated from part-span shrouds.

Much of the research concerning profile loss has evolved from low-speed cascade tests performed
by Lieblein [5]. Lieblein’s original work, strongly based in boundary-layer theory, formulated a
relationship between cascade loss and the degree of diffusion through the cascade. Lieblein
estimated the equivalent amount of diffusion through a cascade from the ratio of maximum blade
suction-surface velocity to cascade inlet velocity, as well as the momentum thickness of the wake
at the blade trailing edge. Lieblein’s method was however limited to incompressible flows only.
Konig et al. [18] modified Lieblein’s model to account for effects of streamline curvature, change in
axial velocity, and compressibility, thus extending the method’s applicability to transonic cascades.
Studying various loss models, Manfredi [19] found that Kénig’s method was the most complete, and
needed no revision. Crutzen [20] also found Konig's method to be the most adequate over a number

of investigated profile loss models.

Shock losses arise as a result of shock structure formation in compressor flow passages when blade
inlet flows are supersonic (M; > 1), or of high-enough subsonic Mach number to cause the
maximum Mach number on the blade suction surface to be supersonic [19]. The shock losses are
attributed to the viscous dissipation across these shock structures, as well the shock’s interaction

with the blades’ surface boundary layers [19].
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Of the various shock loss models available in the open literature, some of the more popular include
the simple flow model of Miller et al. [21], the leading edge and passage shock model of Koch and
Smith [8], and the modified two-shock model developed by Kénig et al. [22]. For the purpose of this
study, the formulations of the above loss and shock models will not be discussed in this report as an

alternative method was used to treat supersonic flows.

Several papers are dedicated to outlining the various loss sources in detail, such as that of Crutzen
[20]. Nevertheless, discussion of the various loss sources is still relevant in the following paragraphs,

and the relevant shock models will be discussed in later sections.

2.3.4 Off-design total pressure loss

For predicting loss behaviour at off-design operation, several studies have adopted the idealised
“loss bucket” approach, which determines the total pressure loss coefficient as a function of
off-design incidence angle at a given Mach number. Smith [23], for example, employed the quadratic

loss approximation function:
N
il
Y, = (Yo + 1) 1+(7) (2.3.20)

In the above equation, Y;,;, represents the profile losses, ¥y, represents shock losses, i,.r is the
reference minimum-loss incidence angle discussed in Section 2.3.1, and W defines the width of the

loss bucket, which is illustrated in Figure 12 below?:
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Figure 12: Idealised loss bucket — Taken from [23]

! Note that the w term used by Smith [23] denotes Y . +7,, of Equation (2.3.20).
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Figure 12 demonstrates the effect of varying the width parameter W, as well as the loss bucket’s

positioning relative to the point of minimum loss, similar to Figure 7(b).

In addition to profile and shock losses, Boyer [13] also included tip and hub (endwall) losses in the

first set of parentheses in Equation (2.3.20).

A typical alternative method to the idealised loss bucket is to calculate the sum of the various loss
contributions at off-design from appropriate correlations. The loss bucket method has several
benefits over this alternative, as it introduces assumptions which consequently reduce the amount
of computation and known inputs required. Nevertheless, even the loss bucket method requires
calculation of some individual loss contributions. Furthermore, the method introduces a
considerable number of calibration factors, including the width parameter W, and a number of
others required for determining the individual loss sources. With each additional calibration factor,
the difficulty in determining the appropriate value for each calibration factor increases. This may

affect the overall robustness of the model and increase the complexity of validation.

Based on the above argument, several studies have disputed the method of calculating individual
loss sources. Assessing the various correlations of loss, Cetin et al. [10] argued that the task of
determining each source of loss independently is an extremely complex process, since the
mechanisms of loss in modern compressors are cumulative and interrelated, rather than being
independent as the method may suggest. On this basis, Cetin developed a new total pressure loss
correlation by fitting curves to experimental data of DCA and MCA profiles. The study found a
piecewise quadratic relationship between off-design total pressure loss coefficient, off-design
incidence angle and inlet Mach number. The derived correlation took the form of Equation (2.3.21)

and is graphically represented in Figure 13:
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Figure 13: Cetin's off-design total pressure loss correlation [10]
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Y,-Y =c,(i-i") (2.3.21)

In Equation (2.3.21), Y and i* represent the design-point total pressure loss coefficient and
incidence angle, respectively, and c,, is a function of inlet Mach number. The value of ¢, is

calculated from Table 2:

Table 2: Calculation of cm for Cetin’s total pressure loss correlation [10]

Blade type (i—-i" Cm
<0 0.02845M; — 0.01741
MCA
>0 0.00363M; — 0.00065
<0 0.05336M; — 0.02937
DCA
>0 0.005M; — 0.00075

It is evident that Cetin’s method represents a loss bucket similar to that in Figure 12, however with
its width already calibrated and without the need to determine individual loss sources. This
therefore reduces the amount of calculation and number of calibration factors required, making it
a favourable alternative to the other aforementioned methods, particularly for one-dimensional

modelling where the total pressure loss coefficient is of greatest concern.

2.4 Shock treatment

As discussed in the previous section, the formation of shock structures in transonic blade rows
causes entropy generation which is typically represented as a shock pressure loss included in the
overall calculation of total pressure loss coefficient. Determining the specific passage shock
structures and their resultant entropy generation has typically been informed from experimental
data. Common shock models, such as those of Koch and Smith [8] and Konig et al. [22] include
combinations of both oblique and normal shock structures at various positions along the blade’s
suction surface. Koch and Smith [8] assumed that an oblique shock structure is responsible for the
reduction of inlet Mach number to sonic or subsonic conditions. Kdnig et al. [22] assumed that there
is a normal shock structure at the passage exit, and either a normal or oblique shock structure at
the passage inlet, depending on blade pre-compression characteristics [19]. The derivation of
obligue shock treatment is relatively lengthy compared to normal shock and requires a
comparatively large number of inputs and assumptions. For this reason, the derivation is omitted
from this work. However, since normal shock structures are prevalent in many shock treatment

models [19], the normal shock derivation is discussed below.
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The one-dimensional normal shock model assumes that, in the presence of supersonic inlet flows,
the resultant shock structure forms in a plane perpendicular to the direction of flow, illustrated in

Figure 14.

(a)

erel(y) <1

control
volume

(b)

erel(y) <1
—>

Figure 14: One-dimensional normal shock model through
(a) a blade inlet passage, and (b) an arbitrary 1D pipe —
Adapted from [40]
The normal shock model allows one to determine the flow characteristics at the shock exit (y) as
functions of those at the shock inlet (x), by employing the compressible ideal gas equations. The
model assumes that if the inlet flow is supersonic, dissipation and entropy generation over the shock
will result in a subsonic flow at its exit, illustrated in Figure 14. One can calculate the shock-exit

Mach number, static pressure, velocity and density, respectively using Equations (2.4.1)-(2.4.4)

below:
Mlzx_'_i
_ y—1 2.4.1
M, SR (2.4.1)
( v lezx_l
y—1
— o (142 (2 -1 2.4.2
Py, =D +m( I~ ) (2.4.2)
-1
y+1)M.,
¢, =¢, (—)12 (2.4.3)
2+(y-1)M],
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clx

Py = Pr (2.4.4)

ly
The above equations demonstrate the normal shock model’s simplicity. However, Kidikian [3] noted
that the exit Mach number resulting from the normal shock treatment alone does not represent exit

Mach numbers encountered in an axial compressor.

2.5 Rotating stall and surge prediction

One of the greatest areas of concern to the gas turbine operator is compressor stall and surge. At
mass flow rates notably lower than the operating point on any rotor speed line, the effects of high
incidence-induced boundary layer separation will result in a phenomenon known as rotating stall.
Rotating stall is a highly complex, transient condition whereby, instead of all blades stalling together,
isolated groups of blades stall, causing variations in flow obstruction and incidence in blades on

either side of the stalled region. This is illustrated in Figure 15.
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Figure 15: Graphical representation of rotating stall cell propagation — Taken
from [2]
As Figure 15 demonstrates, the high incidence angle induced on the left of the stalled region will
cause that region to enter a stalled condition, thus causing the stalled region to propagate to the
left. There may exist more than one stalled cell around a blade row’s annulus. Rotating stall is
considered a highly undesirable condition of operation as cyclic loading and unloading of stalled
blade cells may lead to dangerous levels of noise and vibration which can cause damage to the

machine [2].

If mass flow rate is reduced further, the compressor will enter a condition known as compressor
surge, which is characterised by oscillation of mass flow in the axial direction. This too results in
unsafe vibration, and the cyclic occurrence of reverse flow within the compressor can cause

incomplete combustion in the downstream combustion chamber.

Modelling of rotating stall and compressor surge is a complex exercise. It is therefore of greater

concern to plant operators that the compressor does not approach unsafe operation at off-design.
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Therefore, it is important that operators are able to predict the onset of stall. Understanding the

envelope of safe compressor operation will help define the instability line, as illustrated in Figure 4.

Several studies in the literature have attempted to formulate empirical or semi-empirical
correlations for predicting the onset of stall in mean-line analyses. Citing the similarities in function
between compressors and diffusers, Koch [24] defined the maximum static-pressure-rise coefficient
of an axial compressor stage using a method analogous to the stall-prediction method for
two-dimensional diffusers presented by Reneau et al. [25]. Similar to Reneau’s method, Koch
defined the stalling pressure rise coefficient as a function of the ratio of mean-line diffusion length
to blade-passage exit area. Koch found application of the criteria to be consistent with performance
data of two-dimensional diffusers. Li et al. [26] improved on Koch’s diffuser-analogy method by

including of varying flow angles on the non-dimensional diffusion length.

One of the most notable and widely cited methods of stall prediction is that of Lieblein et al. [4], [5].
Lieblein formulated a means of determining whether a blade row has neared instability through
calculation of a single parameter, now widely known as the diffusion factor. Derived from theory of
diffusion and maximum blade suction-surface velocity, the diffusion factor represents the amount
of diffusion through a blade row as a function of relative velocity ratio, flow turning, and solidity.
The mean-line diffusion factor for rotor and stator rows is expressed in Equations (2.5.1) and (2.5.2)
respectively. Lieblein noted that suction-surface boundary layer separation was typically observed

at diffusion factors greater than 0.6 [5].

C,—C

DF, =1—ﬁ+M (2.5.1)
w, 2wo
C,—C

DF, N SVl (2.5.2)
G 2¢c,0

A simpler alternative method of predicting the onset of surge is by use of the relative velocity ratio
criterion, also known as the De Haller number [2]. The De Haller criterion recommends that the

velocity ratio c,/c; should be no less than 0.72 for safe operation.

Veres [16] employed a combination of both diffusion factor and relative velocity ratio criteria to
predict the onset of stall in their mean-line code validation. Veres's findings confirmed that the stall
point occurred at a rotor diffusion factor of approximately 0.6. However, Veres found that the stall
point corresponded to a rotor relative velocity ratio of around 1.90, which was notably higher than
De Haller's recommended cut-off value. Kidikian [3] argued that the De Haller number of 0.72 was
based on blade profiles other than the more modern MCA types, and therefore could not be

employed in modern applications.
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Noting several shortfalls and inadequacies in the commonly employed methods, Kidikian [3]
developed a new engineering-based surge criterion which predicted stall to occur at the point where
the rotor mid-span exit absolute axial velocity ¢, is less than or equal to the rotor mid-span exit
absolute tangential velocity, c3g. Kidikian found good agreement of the method with experimental
data. However, Kidikian’s method relied on use the performance modelling methods developed in
their own work, possibly limiting the method’s universal applicability in applications where different

methods are used.

2.6 Choked flow prediction

Choked flow refers to the condition when mass flow becomes restricted at some maximum, critical
value due to compressible flow effects. Conventionally, it is assumed that choke occurs at the point
of minimum cross-sectional area, also known as the throat area (4;), illustrated in Figure 16. The
restriction of mass flow significantly affects compressor performance and efficiency and is an
important factor to consider for compressor designers and plant operators. The choke limit is
therefore a critical element of a compressor performance map, as it determines the upper limit of

mass flow for safe operation at a particular rotor speed, as illustrated in Figure 4.

m = Mg,
I crit
Ay
Figure 16: Simple representation of one-dimensional
choked flow

Traditionally, choke is defined as occurring when the Mach number through the throat area reaches
unity (M = 1), after which the mass flow cannot be increased without changing flow geometry or
inlet conditions. To determine the mass flow at which choke occurs, the traditional definition of the
nondimensional mass flow rate, or capacity, is employed, derived from the compressible ideal gas

relationships [2]:

1 y+1
m.c T _ 250
o __ 7 M(1+7/—1M2j o (2.6.1)
Ap, y-1 2
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Using the conventional definition of choke, the critical mass flow rate at which choke will occur can

be determined by substituting M = 1 and setting A to the minimum cross-sectional area, A;:

A 1 _l[yﬂj
2(y-1
— Zpo . 7/ [7/4_ j 7 (2_6_2)

M., = ,_CPTO [_}/ 1 7

Several other definitions of choke have however been described in the literature. Barbosa [27]
defined choke as occurring when the speed-lines of a compressor performance map become
vertical, or when pressure ratio decreases without any change in mass flow rate. However, Kidikian
[3] found that this definition did not hold true for a range of test cases. Veres [16] determined the
choke condition at the point where their COMDES code could not converge on rotor exit velocity
triangles. Kidikian [3] however noted that choke could occur in either the rotor or stator rows of a
compressor stage. Cadrecha et al. [28] argued that the conventional definition of choke is only
applicable for isentropic flows, and that the actual critical Mach number may be less than unity
when losses are taken into account. Arguing that there is a general ambiguity surrounding the
conventional definition of choke, Kidikian [3] developed a new set of pressure-based criteria for
determining choke without the need for any semi-empirical formulae or correlations. Kidikian’s
method was defined by comparing the static pressure at the stator exit to those at the rotor and
stator inlets and correlated the maximum attainable mass flow to the maximum achievable diffusion
by the stator. In most test cases, Kidikian found good agreement between their method and

experimental data.

Despite the developments described above, it must be noted that in certain cases, the conventional
definition of choke occurring at a throat Mach number of unity is unavoidable and is often the best
estimate of the choked condition, even in modern applications. This is especially true when subsonic
solvers are employed, of which the defined choke point is that occurring at the critical Mach number
of 1. In such cases, the predefined choke limit must be accepted, and resultant shortfalls must be

accounted for in other ways.
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2.7 Model tuning and calibration factors

To obtain better agreement between predicted compressor performance and experimental data,
several authors have employed calibration and tuning factors in their modelling methodologies.
These may be applied to any one element, or a combination of the performance modelling
techniques described in previous sections. As previously mentioned, Petrovic et al. [11] included
calibration factors for calculating reference incidence and deviation angles. Through
experimentation, Veres [16] determined a single value of slip for determining rotor deviation angle
that resulted in reasonable agreement with test data. Other tuning factors may include, for example,
the coefficient k for determining deviation angle due to axial velocity ratio in Equation (2.3.18), the
width parameter W in Equation (2.3.20), or those included in calculating the individual loss
contributions in Equation (2.3.20). Various other studies not discussed here have included
correction factors for effects such as Reynolds number. Several authors have also included blockage
factors which describe the degree of flow area contraction of blade passages due to boundary layer
formation. Veres [16] assumed constant values of rotor aerodynamic blockage for different
validation cases. Kidikian [3] modified the mean-line method to include blockage factors at both
rotor and stator inlet and outlets. It is notable that the definition of aerodynamic blockage varies
between studies, and therefore their use within mean-line calculation is not consistent. Application
of blockage factors is also not a universal practise, with many authors omitting this method
altogether and rather accounting for other physical phenomena or tuning other factors in their
calculations. Trends in the literature show that an author may choose to account for as much of the
physical phenomena in their simulation as possible, or instead incorporate a number of tuning

factors which compensate for the physics that have not been modelled.

Having reviewed over sixty years’ worth of loss modelling methods in the literature, Kidikian [3]
argued that there has not been a definitive continuity of loss and deviation models over the course
of their development, with each author selecting their own set of loss and deviation criteria, and
then applying their own unique correction factors for model validation. On this basis, Kidikian
developed a mean-line methodology which omitted correlations of loss and deviation altogether,
and rather employed a tuning scheme which treated loss, deviation and blockage factors as tuning
factors, each being non-constant at off-design. The author achieved a near-exact match between
predicted values and test data by tuning both rotor and stator loss and deviation angle, as well as
the rotor and stator blockage factors at their respective inlets and exits. Kidikian’s process involved
tuning these factors manually until both the velocity triangles and predicted compressor

performance agreed with the experimental data.
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Although Kidikian’s method achieved very good agreement with experimental data, it posed several
obstacles. Firstly, the notable number of tuning factors included in the method would have
compounded the time and complexity to complete the tuning operation over the range of
conditions considered. Over and above this, Kidikian found several co-dependencies between
tuning factors. For example, adjusting rotor and stator blockage factors would require a subsequent
retuning of their respective losses. Furthermore, the tuning process relied on knowledge of the flow
vectors reported in the experimental data. Kidikian did develop correlations for the above correction
factors from the calibrated tuning factors, and these performed well in another validation exercise,

however the deduced correlations added several levels of complexity to the overall calculation.

2.8 Observed trends

Having reviewed the literature, two common, arguably conflicting, approaches to compressor
performance modelling are identified. The first is to model performance using semi-empirical
physics-based correlations. This includes determining off-design total pressure loss and deviation as
the sum of their individual sources. The second approach is motivated by simpler calculation
methodologies and includes employing the idealised loss bucket and assumption of constant
deviation angle. It tends to be more common for authors performing two-dimensional throughflow
simulations to use the sum-of-contributions method for off-design loss and deviation, since this
allows for the calculation of span-wise variations in these parameters and is thus useful in the
compressor design context. For mean-line analysis however, employing the loss bucket and
constant deviation method has tended to make more sense, as 1) the average total pressure loss
coefficients are of greatest importance for determining the overall stage performance
characteristics, and 2) it has allowed for an overall simpler calculation. In addition, the simpler

method generally requires fewer geometric inputs.

One may argue that the first approach is more correct, as it accounts for as much of the actual
physics observable in the compressor, and that the latter is not truly based on the underlying
physics. However, one may also argue that it is not uncommon to make modelling assumptions
which allow for less intensive calculations. This is especially true in the case of large, high-level

analyses.

The above arguments may be extended to model tuning and calibration. As has been discussed, it
is common practise for authors to apply calibration factors on top of their base methodology to
achieve better agreement between predicted and experimental results. One extreme case of this is
Kidikian's method [3], which treated losses, deviation angles and area blockage factors all as tuning
factors. One may argue that the method is questionable, as it seems to remove most of the

underlying physics from the calculation. However, as the model was built for incorporating it into a
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larger gas turbine analysis software, its method is arguably no less valid than the first approach, in

context of what is ultimately to be achieved.

What has generally not been addressed however, is the large number of tuning factors typically
required for proper model calibration. As was observed in Kidikian's method, the application of a
large number of tuning factors can result in interdependencies between them, and thus compound
the complexity of the calibration process. It is therefore needed to address this issue by determining
a method that requires as few tuning factors as possible, and thus achieve a robust model that is

simple in calculation.
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3. Methodology

This chapter describes the one-dimensional, diffuser-analogy-based modelling methodology
developed in this study. Firstly, the various sources of geometric and operational inputs are
outlined. Following this, the diffuser analogy model is discussed in detail. A design-point calibration
process is then outlined, which will demonstrate the application of the mean-line method in this
study. The off-design analysis model developed in Flownex will then be described in detail. Lastly,
the chosen models of total pressure loss and deviation angle employed in this study are discussed

and motivated.

3.1 Minimum-input sources

Before proceeding, it is important to identify the necessary information required to perform the
analysis. Doing so will inform proper development of the modelling methodology. To achieve the
study’s aims, a minimal set of input sources must be selected. Based on preliminary studies and
observations from the open literature, four input sources were identified that were considered as

obtainable. These are described below.
Measurable and observable geometry

This set of inputs arises from what is assumed to be observable by plant operators, or measurable
using common measurement tools. These inputs include blade thickness-distribution, blade

chord-length, and the number of blades in the rotor and stator rows.
Basic 2D layout drawings

It is assumed that plant operators have access to basic dimensioned 2D layout drawings of the
compressor assembly, such as that illustrated in Figure 17. Such drawings allow the analyst to

determine the rotor tip, hub and mean-line radii.
Known design-point operational parameters

Certain compressor operating parameters are assumed to be known by plant operators. These
include rotor RPM, and stage total temperature ratio or total pressure ratio. In the case of
multi-stage compressors where only the overall compressor performance is known, one may
employ assumptions, such as the normal repeating stage assumption and equal reaction ratio per

stage, to deduce these parameters for a single stage.
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Industry knowledge

In absence of any of the abovementioned inputs, one can make assumptions from accumulated
industry knowledge. For instance, if the design-point stage total temperature is not known, then
one can assume a common value of stage loading (as discussed in Section 2.1.2), and then calculate
the total temperature ratio using Equation (2.1.7). Another assumption required is that of the inlet
guide vane angle, or stator exit angle. In the absence of an inlet guide vane, the pre-swirl angle («;)
can be assumed to be zero. Furthermore, industry knowledge can inform assumptions of
design-point pre-swirl. Multi-stage compressor test data from Steinke [29] illustrated one case in
which the pre-swirl angle is equal to zero at design-point. The test data also indicated that the
normal repeating stage assumption had been made, in which the pre-swirl angle was the same at

the inlet of each rotor.
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Figure 17: NASA Stage 35 basic 2D layout drawing with flow path coordinates —
Taken from [33]

3.2 Diffuser analogy

The theory and development of the diffuser analogy is largely based on those of the Nozzle Flow
Analogy by Fuls [1]. Fuls’s model was developed to simulate gas and steam turbines under off-design
and abnormal operating conditions. Similarly, Fuls aimed to develop an axial turbine simulation tool
which required limited geometric and operational inputs, which are typically withheld by OEMs. The
mean-line-based method achieved this by analogising the stator and rotor rows of a turbine stage
to two one-dimensional nozzles in series, with a simple “bucket” component to represent the work
extracted in the rotor. The model only required calibration of the nozzle areas, and thus did not

require detailed information of flow path geometry.
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In a similar manner to the Nozzle Flow Analogy, the diffuser analogy method models the rotor and
stator rows in an axial compressor stage as two one-dimensional diffusers in series. The moving
rotor diffuser experiences the relative inlet and exit conditions, while the stationary stator diffuser
sees the absolute conditions. Since a diffuser cannot perform work on the working fluid, a simple
one-dimensional work-input component is included. The diffuser analogy method is illustrated in
Figure 18(b), with accompanying velocity triangles and Mollier diagram in Figure 18(a) and Figure
19, respectively. The mean-line calculation procedure involving the velocity triangles and

thermodynamic processes is demonstrated in the following section.

(a) w1 (b)
& a; @ Po1, Tor, ¥

w1
u T,
pOlrel: o1rel

/ Rotor
- U Pozrel

Rotor -
/ lw TOZrel = Torrel
2

W» as C3
B, /W\ W
L u AN \ S /
\
Stator
P03’ To3

Stator
Cax > . _To_4 = Tos3

Figure 18: (a) Mean-line method velocity triangles, and (b) Graphical representation of the diffusor analogy
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Figure 19: Mollier diagram of diffuser analogy

The study adopted various assumptions that are conventional to other mean-line codes as well.
Firstly, it was assumed that the meridional angle over a single stage was negligible, and therefore a
constant mean-line radius through the stage was assumed. Secondly, it was assumed that heat
transfer between the blades and casing and the working fluid was negligible in both rotor and stator
rows. Based on these two assumptions and the conservation of rothalpy, it could be assumed that
the relative total enthalpy (and therefore total temperature) through the rotor diffuser, and the
absolute total enthalpy through the stator diffuser both remained constant. This is illustrated in
Figure 18(b) and Figure 19. Therefore, conservation of energy in the calculation was handled

through Equations (2.2.1) and (2.2.2) for the absolute and relative frames, respectively.
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3.3 Design-point calibration

In order to perform off-design compressor analysis, one requires knowledge of the various flow path
areas to calculate the velocity triangles and thermodynamic properties at the blade-row inlets and
exits. Furthermore, knowledge of the incidence and deviation angles is needed to determine
off-design losses and blade-exit velocity triangles. However, as indicated in Equations (2.1.1) and

(2.1.2), the inlet and exit blade angles are required to determine incidence and deviation.

Knowledge of three specific flow-passage areas is required to perform the mean-line analysis. These

are: the effective inlet area 4 effective exit area 4

ineffr and passage throat area A¢pyoqt- The

definitions of these areas are indicated in Figure 20 below. The figure illustrates the areas belonging

exeff'

to a single blade passage, and therefore the total of each flow area through a blade row is equal to

the sum of their respective areas through a single passage.

________________________ N
----------------- ~ ..
\ 4 | :
\\ eXeff H -
\ %
Y
~ Athroat
/ \
// \
// \
/\
YAlin
A\ \\\eff

Figure 20: Definitions of flow-passage areas through a blade row

It is assumed that the passage throat area is a characteristic of physical blade geometry, and
therefore does not vary at off-design. This is also true for the inlet and exit annulus areas, Agnn(in)
and Agnn(ex)- However, the effective inlet and exit areas will vary significantly at off-design due to
changes in incidence and deviation. As illustrated in Figure 20, the effective inlet and exit areas are

functions of their respective annulus areas and flow angles, and are determined using Equations
(3.3.1) and (3.3.2):

xcos(a,, ) (3.3.1)

Ny = Aann (in)

=4 xcos(a,, ) (3.3.2)

Xy ann(ex)
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It is therefore evident that one can calculate the necessary flow-passage areas if the physical

annulus areas are known.

Analysis is greatly limited in cases where knowledge of the above geometries is withheld by OEMs,
and therefore a method is required to estimate the various flow-passage areas and blade angles
through the compressor stage. This section outlines the process in which knowledge and
assumptions of design-point operation are used to estimate the flow-path areas and blade angles
in a geometry calibration exercise. The calibrated geometries can then be used as inputs in
off-design analysis, which will be discussed in later sections. The complete analytical calculation is

found in Appendix A.

3.3.1 Inputs and assumptions

The various design-point inputs needed for flow calibration are summarised in Table 3 to Table 6

below.

Table 3: Design-point calibration operational inputs

Input Description
mp Design-point mass flow rate
wp Design-point rotor RPM

Table 4: Design-point calibration fluid property inputs

Input Description

To1 Stage-inlet total temperature
Po1 Stage-inlet total pressure

Cp Specific heat at constant pressure
R Gas constant

y Ratio of specific heats
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Table 5: Design-point calibration basic blade dimension inputs

Input Description

Npg, Ng Number of rotor and stator blades

Rotor, stator mean-line chord
lRl lS

lengths
143 Rotor hub radius
" Rotor tip radius
tmax(R) Rotor, stator maximum blade
tmax(s) thicknesses

Rotor and stator

MCA, DCA, NACA .
blade types CA, DCA, NACA etc

Distance of max. camber from

ag, a )
RS leading edge for rotor and stator

Table 6: Design-point calibration performance inputs

Input Description

Tp Design-point stage total temperature ratio
a; Stage absolute inlet flow angle

I, Total pressure ratio

The operational inputs in Table 3 were assumed to be known by plant operators and are otherwise
measurable. The inlet total temperature and pressure in Table 4 are also assumed to be easily
measurable, and fluid properties can be determined from available data. It was assumed that the
number of rotor and stator blades, blade chord lengths and thickness distributions are easily

measurable by plant operators.

For blade type, one can make an assumption from industry knowledge of modern compressors. As
discussed in Section 3.1, the analyst can make an assumption of the stage absolute inlet flow angle,

or stage pre-swirl.
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Before commencing the mean-line analysis, the stage inlet annulus area and rotor and stator
solidities needed to be calculated. First, the mean-line radius was estimated as the average of the

rotor hub and tip radii:

htr
ro=-t—t (3.3.3)
2
The stage inlet annulus area was then estimated as:
Ainlet = ”(”;2 - rhz) (334)

Using the mean-line radius, number of rotor and stator blades and their respective mean-line chord

lengths, the rotor and stator mean-line solidities were determined using Equation (2.1.5).

3.3.2 Rotor-inlet calculation

The mean-line calculation begins with determining the static conditions and velocity triangle at the
rotor inlet. Since only information of the inlet total properties are known, three unknowns needed
to be determined simultaneously: the rotor-inlet axial velocity c;,, static pressure p;, and static
temperature T;. A simple root-solving scheme is employed to solve the following three equations

simultaneously:

RT 1
¢, =nm—t.— (3.3.5)
pl inlet
_r
— TE)] 7 (3 3 6)
b1 = Py T 3.
c2
L=T)--= (3.3.7)
2c

The rotor mean-line blade speed is calculated as:

u=aw,r, (3.3.8)
Knowing p; and T, the rotor-inlet density could be calculated. The velocity triangles at the rotor
inlet and all other stations were defined using standard vector algebra to maintain the defined angle

sign convention. Therefore, some velocity vector V could be determined knowing its magnitude v

and angle a:

v-sin(a)

4 ={v'cos(a)] (3.3.9)
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Figure 21: Rotor-inlet velocity triangle

Having calculated c¢;,, and assuming a value for a;, the magnitude of the rotor-inlet absolute velocity

is determined using Equation (3.3.10).

¢, :ﬁ(’fal) (3.3.10)
Following calculation of magnitude c;, the rotor-inlet absolute velocity vector C; is calculated using
Equation (3.3.9). The rotor blade speed vector U is calculated in the same manner, assuming a vector
angle of 90°. The rotor-inlet relative velocity vector W; is then determined vectorially using
Equation (3.3.11), and thus completely defining the rotor-inlet velocity triangle. The rotor relative
inlet flow angle and Mach number can then be determined using Equations (3.3.12) and (3.3.13),

respectively.

W =C-U (3.3.11)

1778
=arctan| =% 3.3.12
/ [le ( )
M ‘ 1‘ (3.3.13)

lrel — /_]/RTI

Finally, the rotor-inlet relative total temperature and density is calculated using Equations (3.3.14)

and (3.3.15), respectively:

— 2
7]
Té)lrel = Ti + 2 (3314)
CP
=P (3.3.15)
£ RT

1
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3.3.3 Design-point shock treatment

As discussed in the literature review, shock in blade rows due to supersonic flow can be treated as
a source of pressure loss which contributes to the row’s total pressure loss coefficient. However, as
will be justified in later sections, this study chose to treat shock phenomena using the derivations
of shock wave thermodynamics instead of explicitly determining a unique shock pressure loss
coefficient. For the purpose of computational simplicity, and thus in line with the study’s aims, shock
is treated as a single normal shock structure occurring at the blade inlet passage, as illustrated in
Figure 14. Furthermore, it was assumed that a shock structure could only occur at the inlet of the
rotor row, since 1) the highest velocity would always be observed at the rotor inlet, 2) the Mach
number at the exit of a shock structure is subsonic, and 3) both rotor and stator rows diffuse the
flow in their respective frames of reference, and thus increases in Mach number beyond unity

cannot occur at any point after the shock structure.

The equations for normal shock treatment, discussed in Section 2.4, are reproduced here for the

rotor relative frame of reference:

erelz+71
M, = - (3.3.16)
rel(y) 27
(Jerelz_l
y—1
-1
_ +1)M, ?
we,, =[] (r+)M,,, . (3.3.17)
2+(7_1)erel
—p 1120 (M, -1) (3.3.18)
Dy = D s+ Lrel 9.
W2
’Tl(y) = T(v)lrel _% (3319)
p
||
Pin =7 (3.3.20)

1(»)

The ultimate purpose of the shock treatment is to determine the actual relative total pressure after
the rotor-inlet shock. Since it is assumed that the normal shock only occurs when inlet Mach
numbers are above unity, a condition must therefore be defined to determine the relative total
pressure based on the rotor inlet relative Mach number. The condition included in the method is

shown in Equation (3.3.21):
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Povr = ’ (3.3.21)

3.3.4 Rotor energy addition

Establishing a known work input in the design-point method helped to eliminate unknowns that,
without knowledge of flow path geometry, would otherwise greatly limit the calculation. It also

enabled calculations at the trailing edges of both rotor and stator rows.

The rotor energy addition in the diffuser analogy is represented by a one-dimensional work-input
component, observed in Figure 18(b). Following the Mollier diagram in Figure 19, the specific work

performed by the rotor is calculated as:
AW =hy—hy =c,(Ty; - T,) (3.3.22)

In order to determine the rotor-exit total temperature T3, a known design-point stage total

temperature ratio T, is required as an input. Ty3 can then be calculated as:
T, =T, xT, (3.3.23)

In the case where the stage total temperature ratio is not known, one may estimate T3 by assuming
a value for stage loading coefficient, as discussed in Section 2.1.2. Rearranging Equation (2.1.7), Ty3

can calculated as:

2
u
T,=T, +v, (C—] (3.3.24)

p

Finally, the rotor and stator exit total temperatures are defined as equal to their respective inlets,

based on the definition of rothalpy discussed in Section 2.2:

(3.3.25)

]—2)2 rel — T;) lrel

Ty, =T (3.3.26)
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3.3.5 Stage intermediate-pressure convergence

A challenge many mean-line codes encounter is what has been referred to as “crossing the unbladed
region [23].” The unbladed region refers to the space in between the rotor and stator rows.
Determining the velocity triangle and thermodynamic properties in this region is made difficult by
the fact that it is not possible to obtain experimental measurements in this region due small
inter-blade-row clearances. In order to address this, several authors have had to make assumptions
of the conditions in this region. For example, Smith [23] made assumptions of rotor axial-velocity
density ratio (AVDR) to determine the fluid density in the unbladed region, which could then be
used to calculate other properties. However, Smith’s method required information of stage
flow-passage areas, which the current exercise assumes are unknown at this stage. Therefore, an
alternative method was needed to determine the stage intermediate-properties. Based on the
above, an iterative Newton—Raphson-based root-finding method was used to converge on the static
pressure in the unbladed region, p,, by calculating both the rotor-exit velocity triangle and

thermodynamic properties as functions of rotor-exit static pressure, p,.

Before beginning the iterative solver, the rotor-exit relative flow angle, f5,, is estimated using
Equation (2.1.9). It is also required at this point to determine the rotor-exit relative total pressure.
This is achieved by assuming a rotor total pressure loss coefficient Y; and then rearranging

Equation (2.3.19) for py2ye1, @s shown in Equation (3.3.27).

Dozt = Pore — Yx (pOIrel 4 ) (3.3.27)

The pressure loss coefficient assumption can be based on typical loss coefficients seen in literature
or calculated using one of the various design base loss models. In either case, after the total
pressure at the stator exit has been calculated at the end of the process, the total pressure ratio can
be checked with the design condition I1, . Further small adjustments to the loss coefficient are then

made until the calculated total pressure ratio agrees with the design input.

The calculation steps of the iterative program are outlined below, and the program is visualised in

the flow diagram in Figure 23.

Firstly, having determined pg,,¢;, the stage intermediate static temperature can be calculated as:

_r-t

V4
T,=T,, [L) (3.3.28)

D,

The rotor-exit relative velocity is then determined from the definition of total enthalpy:

w, =2¢, (T, = T5) (3.3.29)

44



3. Methodology

The rotor-exit absolute velocity is calculated in a similar manner, knowing that T3 is equal to T5:
¢, =42¢, (T, - Ty) (3.3.30)

The rotor-exit absolute velocity using from the velocity triangle and a simple rearrangement of the

cosine rule is given as:

c = \/Wj +u’ +2wyusin(/3,) (3.3.31)

B2
N

L v

Figure 22: Rotor-exit velocity triangle

Itis clear that solving Equations (3.3.28) to (3.3.31) requires a known p,, and therefore the objective
of the root-solving program is to determine the value of p, at which Equations (3.3.30) and (3.3.31)

are equal (within a predefined tolerance).

Having determined the intermediate static pressure, only the rotor-exit/stator-inlet velocity triangle
needs to be completed. This is done in a similar manner to the rotor-inlet velocity triangle. Knowing
w,, the rotor-exit relative velocity vector W, is calculated using Equation (3.3.9). The
rotor-exit/stator-inlet absolute velocity vector C; and its related angle are then determined

vectorially using Equations (3.3.32) and (3.3.33), respectively.

C,=W,+U (3.3.32)

o, = arctan(%) (3.3.33)

3x

Finally, the rotor-exit relative Mach number, stator-inlet Mach number and density are calculated

from the ideal gas equations. This completes the unbladed region calculation.
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Dozret = Poiret — Yr(Po1ret — P1)

Guess p,

T,
y
_y-1
Pozrel 14
Ty (p2) =T, ( ) ’
2\P2 02rel 0 _ Pos
Po1

4

wo(p2) = \/ch(TOZrel —T3)(p2)

- I—[R (known)
<TOL?

y

c3(p2) = \/ZCp(TOS = T2)(p2)

4

c3(p2) = \/(Wz(Pz))z +uj + 2w, (py)up sin B,

c3(p2) — c3(p2)
<ToL?

D2

Figure 23: Flow diagram of stage intermediate pressure convergence program
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3.3.6 Stator-exit calculation

Knowing the stator-exit total temperature T,,, determining the velocity triangle and
thermodynamic properties at the stator exit is a simple task. This is achieved using the normal
repeating stage assumption, which states that the axial velocity through the stage remains constant,

and the stator-exit absolute flow angle is equal to the rotor-inlet absolute flow angle:

c4x = c]x (3334)

a, =q, (3.3.35)

Using this assumption, the stator-exit velocity vector C, is determined using Equation (3.3.9), with

¢, calculated from Equation (3.3.36).

¢, =—a (3.3.36)

Figure 24: Stator-exit velocity triangle

The stator-exit total pressure is calculated using the stator total pressure loss coefficient Ys. As is
necessary for the rotor, the loss coefficient is either assumed based on typical stator loss
parameters, or calculated using correlations, and then adjusted to achieve the design-point stage

pressure ratio.

DPos = Pos — ¥ (p03 —p3) (3.3.37)

Finally, the stator-exit static temperature and static pressure, Mach number and density are
determined using Equations (3.3.38) and (3.3.39), respectively. The stator-exit Mach number and
density are calculated from the ideal gas equations. This completes the design-point mean-line

calculation.

2
c
7:&:7;)4_j

p

(3.3.38)
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Ty, | 7
Py =Pos| 7 (3.3.39)

3.3.7 Flow-area calculation

Having determined the components and angles in all velocity triangles, as well as the static fluid
properties, it is now possible to calculate the stage flow-passage areas. This is achieved by using
mass-flow conservation to first determine the various diffuser inlet and exit areas, as well as the
stage inlet area. The annulus and throat areas are then calculated from the diffuser areas and their

respective flow angles. The method is summarised for all stations below:

Stage inlet
. (3.3.40)
C1p1
Rotor inlet
m
. ﬁ (3.3.41)
1~1
A
A = RGm o
ann(R),, COS(ﬂl)
Rotor exit
AR(ex) = mp (3343)
W2p2
A
A =R o
B cos(,)
Stator inlet
m
. j (3.3.45)
3/3
A
Awm(s). —_SGm) (3.3.46)
in COS(a3)
Stator exit
m
AS(ex) = j (3347)
4174
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AS(ex)
Aann(S) = (3348)
“ cos(a,)

3.3.8 Blade-angle estimation

Having calculated all design-point flow angles from the velocity triangles, all physical blade angles
can be determined by estimating the incidence and deviation angles for both rotor and stator.

Correlations of design-point incidence and deviation are employed in order to complete this task.

Based on results from preliminary studies and its general popularity in the open literature, the
modified NASA 2D method by Cetin et al. [5], [10] was employed for the design-point incidence
angle. The method was also selected due to its inclusion of compressibility effects, which were not
included in Lieblein’s original method [5]. Furthermore, Cetin’s updated method included
correlations for MCA bladings, which are more typical in modern, transonic compressor stages.
Preliminary studies showed good agreement between the method’s results and validation data.

Lieblein’s method is restated below [5]:
iy = (K),,(K.), (ig)y + 10 (3.3.49)

Values for (K)g, are taken from Table 1. (K;);, (ip)i0 and n are calculated using Falck’s
correlations [9] from Equations (2.3.4), (2.3.2) and (2.3.3), respectively. It was found adequate to
assume a (K )y, value of 0.7 for MCA blades.

For design-point deviation angle, Cetin et al.’s modified Carter’s rule [7], [10] was selected due to
its relatively simple calculation compared to alternative methods. The unmodified Carter’s rule [7],
modified Carter’s rule [10] and Lieblein’s method for reference deviation [5] were all compared in
preliminary studies, and results from Cetin’s method showed the best agreement with validation
data. Carter’s rule [7], with function m determined from the correlation stated in Dixon and Hall [2],

is rewritten below:

2 *
. a a o
O.,=1023]2—| +—=2% |— (3.3.50)
i { ( lj 500}/0
The above equation requires one to know the point of maximum camber on the compressor blading.

This may be considered a difficult parameter to measure. However, common assumptions of

camber distribution can be made to remove this unknown.

Calculating the design-point incidence and deviation angles from the above two methods is not a
trivial task, since both correlations are functions of camber angle, and are therefore themselves

functions of inlet and exit blade angles. To address this, a simple successive approximation scheme
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is employed, which iteratively calculates the inlet and exit blade angles from guessed values of

incidence and deviation until convergence in the calculation is achieved. A flow diagram of the

successive approximation program is illustrated in Figure 25. An initial guess of zero for both angles

are a suitable place to start.

Calculate inlet blade
angle
Kin = Qin — 1"

Calculate exit blade
angle
Kex = Qox — 0"

Calculate camber angle
0= |Kin - Kexl

4

A

Calculate (ip)1g
(Falck’s correlation)

Recalculate §*
(Dixon-Carter
correlation)

v

Calculate n
(Falck’s correlation)

v

Recalculate i*
(NASA 2D method)

No

Yes

Figure 25: Flow diagram of successive-approximation scheme for estimating

design-point incidence and deviation angles
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The successive-approximation scheme is performed for both rotor and stator rows. Once the
incidence and deviation angles are estimated, Cetin’s recommended modifications are applied. The
modified design-point incidence angle is calculated from Equation (2.3.5) or (2.3.6), depending on
blade type, and the modified deviation angle is calculated from Equation (2.3.9). Once the incidence

and deviation angles are known, all blade angles can be defined.

This completes the design-point calibration exercise as knowledge of all the geometric parameters

of the blade passages are now known.

3.3.9 Summary of calibrated parameters

Table 7 below summarises all parameters to be used as inputs in the off-design analysis method,

discussed in the following chapter.

Table 7: Calibrated geometric and performance inputs for off-design analysis

Parameter Description

T Mean-line radius

OR, Og Rotor and stator solidities

Aintet Stage inlet area

Agnn(R) s Aann(R) ey Rotor inlet and exit annulus areas

Ag(in) Rotor inlet (throat) area

Agnn(s)inr Aann(s) ox Stator inlet and exit annulus areas

Ag(iny Stator inlet (throat) area

ip, is Rotor and stator design-point incidence angles
Or, Os Rotor and stator design-point deviation angles
K1, K> Rotor inlet and exit blade angles

K3, K4 Stator inlet and exit blade angles

Yz Rotor design-point total pressure loss coefficient
Y$ Stator design-point total pressure loss coefficient
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3.4 Off-design Flownex model

One-dimensional system-level analyses of gas turbines typically involve calculating the
thermodynamics and fluid mechanics through each system component, as well as the interactions
between them. Such analyses also usually incorporate various calculations of loss and efficiency
which determine the operating characteristics of each component, as well as the system as a whole.
Simulations grow in complexity as the size of the system being modelled increases, due to the fact
that calculations are rarely linear, but rather implicit and nonlinear in nature. This is a common
challenge in modelling large thermofluid networks, including open- or combined-cycle gas turbine
powerplants, which comprise of a large number of components and piping networks, and in which

the compressor is only a single component.

For the above reasons, system analysts often employ commercially-available software packages
which are capable of simulating large, complex thermofluid networks. One such example is
Flownex SE [30]. Flownex enables large one-dimensional network simulations by simultaneously
solving the conservation of mass, momentum and energy equations for each system component
with its associated component characteristics. The software includes an extensive built-in library of
components which incorporate all relevant physics and can be used for building customised
compound components. Scripting components also allow one to include behaviour that are not

already included.

For these reasons, it was decided to create the off-design compressor stage model in Flownex, as
the software’s built-in components could be used to model the compressor stage. Furthermore,
since Flownex manages the calculation of all thermodynamic properties and fluid velocities through
the network, only the velocity-triangle and loss calculations needed to be incorporated into the
model. Lastly, it made sense to build the model in a commercially-available software for future
studies in which it would be included in larger gas turbine simulations. This section details the

structuring of the Flownex model and how it was built to achieve the study’s objectives.

3.4.1 Model overview

Figure 26 shows the developed Flownex model. The model comprises of three primary components
and one script: the stage inlet is modelled using a Pipe component, the rotor and stator diffusers
are each modelled using a ‘Restrictor with Loss Coefficient’ component, and lastly, the Main Script
component is included to perform the mean-line calculation. In addition, a Results script is included
which reads the total pressure and temperature at each component’s inlet and exit to calculate the

simulated total pressure- and temperature-ratios. The Main Script code is shown in Appendix B.
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Figure 26: Off-design Flownex compressor-stage model

On its own Flownex cannot convert or differentiate between absolute and relative conditions, which
is a crucial part of the mean-line calculation. To address this, the stage inlet, rotor, and stator
components were separated, each having their own set of inlet- and exit-boundary conditions. The
Main Script would then receive information from one component, perform the mean-line
calculations, and return the appropriate boundary conditions to the following component. Figure

27 below shows the boundary conditions set for the rotor and stator, respectively.

The Main Script’s other functions are to determine pressure loss coefficients from correlations, as
well as calculate the effective upstream and downstream areas for both rotor and stator. The

calculation procedure is described in more detail in the following sections.

p Rotor
01lrel C\! C‘) m
TOlrel T T

p Stator

To3 "I" T

Figure 27: Rotor and stator boundary
conditions in Flownex model
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3.4.2 Component breakdown

The various Flownex library components used to build the diffuser analogy model are summarised

in Table 8 below.

Table 8: Description of Flownex library components — adapted from [31], [32]

Icon Block symbol Description

Pipe: Used to model fluid flow through a pipe with viscous

L—.’?—.‘L (j) and secondary losses; has diameter (constant or

non-constant), length, and circumference as inputs.

Restrictor with Loss Coefficient (diffuser): Used to model
flow through a flow element with a distinct throat area, to
;_—pe( — Dj which total pressure loss is applied; can have varying
upstream and downstream areas. These areas, throat area

and loss coefficients are inputs.

Script: Used for defining parameters and performing
B Script calculations that are otherwise not already included in the

Flownex solver. It makes use of C# coding language.

Node: Represents the end-point of a flow element and
holds information of the element’'s upstream or
downstream conditions (depending on which end it is

placed); can also represent a one-dimensional volume.

Boundary Condition: Specifies the boundary condition at
) D the inlet or exit of a flow element; will typically specify
Ol ¥

either a combination of pressure and temperature, or a

mass source.

Data Transfer Link (DTL): Used to pass information or data
el e > from one component to another, or from a component to

a Script for use in additional calculations, and vice versa.
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3. Methodology

The component of greatest significance is the Restrictor with Loss Coefficient. This component was
selected for modelling the rotor and stator diffusers as it has three distinct areas and is thus able to
simulate conditions at the inlet, throat, and exit of a blade passage. This made the off-design
calculation consistent with the design-point model. Furthermore, the restrictor element adopts
Flownex’s own definition of choked flow, being that occurring at a throat-Mach number of unity,

and as such no additional choke model is needed.

Figure 28 below illustrates the correlations drawn between the three areas through a blade passage

and those of the restrictor component.

Figure 28: Correlation between areas of a blade passage and those of the Restrictor with
Loss Coefficient

As Figure 28 shows, the restrictor upstream area is correlated to the blade passage effective inlet
area, the restriction area is correlated to the blade throat area, and the restrictor downstream area

is correlated to the blade passage effective exit area.
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3.4.3 Off-design inputs

In addition to the geometric and performance inputs listed in Table 7, the off-design Flownex model

also requires several operational inputs. These are listed in Table 9 below.

Table 9: Off-design operational inputs

Input Description

m Off-design mass flow rate
) Off-design rotor RPM

a Off-design stage inlet angle
Blade type MCA or DCA

Po1 Stage-inlet total pressure
To1 Stage-inlet total temperature

All inputs need to be manually entered into the appropriate fields before beginning simulations. The
calibrated geometric and performance inputs of Table 7 are entered through the Main Script’s user
interface, illustrated in Figure 29. The blade type is entered as 0 for MCA blading, or 1 for DCA
blading.

Tt & [@[Ble)

= Geometry - Miscellaneous ~
Meanline radius 021514 m [~]
= Rotor Geometry
Blade type 0
Inlet annulus area 0.10095 m [~]
Exit annulus area 0.0715634 m ]
Inlet blade angle -55.29 =
Exit blade angle 412794 [~]
Solidity 148393
— Stator Geometry
Blade type 0
Inlet annulus area 00715634 m? [~]
Exit annulus area 0.0658627 m ||
Inlet blade angle 387072 =
Exit blade angle -9.65149 [~]
Soldity 1.37684
= Operation
alphal 0 [~
= Peformance Inputs
Design rotor incidence 8.30006 L
Design rotor deviation 74495 [~
Design rotor deflection 148612 ;
Design rotor loss 0186812
Design stator incidence 245206 [~]
Design stator deviation 965149 ;
Design stator deflection 41.1593 =
Design stator loss 00841399 N

Figure 29: Main Script user-interface for entering
calibrated inputs
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The rotor and stator throat areas must be entered as the restrictor areas in the user interfaces of

their respective components. This interface is shown in Figure 30 below.

Restrictor with Loss Coefficient - 21 (Restrict... O e

IEILE

Id Restrictor with Loss Coefficient - 21
Description Rotor
Solving =]

- Connected Nodes

= Fluids

Fluid data reference Ideal Airl Custom (Pure Fluids) {Project}
- Resfrictor Data
Cross sectional option Area |L|

Area 0.0449015 m?

Contraction coefficient 1

MNumber in parallel 1

- Up/Down Areas
Upstream area specification Specify area [~]
Downstream area specification Specify area |L|
- Fixed Options
Fixed mass flow O
Prevent flow reversal O
- Advanced
Specify advanced inputs OJ
=
ﬂj Inputs
ng' Results

Figure 30: Inputs user-interface of Restrictor
with Loss Coefficient

3.4.4 Data-transfer structure

The Flownex model comprises of several data transfer links which deliver the required information
between components and the Main Script for use in the mean-line calculations. The Flownex solver
achieves convergence of properties between flow elements by solving for the three continuity
equations, and thus the stage intermediate-pressure convergence described in Section 3.3.5 does

not need to be included in the script. This significantly reduces the scripting complexity.

Itis important to understand the network of data transfer links and the information each link carries
in order to understand how the mean-line code is incorporated into the Flownex solver. This is
outlined below. The model block diagram in Figure 31 shows the various DTLs between components

and the Main Script, while Table 10 lists all information transferred through each DTL.
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Stage inlet Tﬁ Rotor diffuser M Stator diffuser M
T,
Posret | v |yl Tos
Cq1 P1 re R AR(ex)eff 3 Po3 Cs As(in)eff
a Ty DTL-4 DTL-5 As(ex)ery
R Cp w, Ys
DTL-3 DTL-6
DTL-2 i DTL-7
DTL-1 Main DTL-8
script DTL-9

i

Design-point
inputs

Figure 31: Block diagram of Flownex model

Table 10: Flownex model data transfer structure

Rotor diffuser

Main script

Node 4

Main script

Rotor diffuser

Main script

Data Transfer Link From To Information transferred
e Downstream velocity ¢;
Stage inlet Main script e Sonic velocity a4
e Gas constant R
e Static pressure p,
Node 2 Main script e Static temperature T;
e Specific heat ¢,
) ) . o Relative total temperature Ty1e;
Main script Boundary condition 3

e Relative total pressure pg1rer

Downstream velocity w,

e Upstream area AR(in)eff

Downstream area AR(ex)eff

Loss coefficient Yy

e Static pressure p;

e Static temperature T;
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3. Methodology

Data Transfer Link From To Information transferred

e Absolute total temperature Ty

7 Main script Boundary condition 5

e Absolute total pressure pg3
8 Stator diffuser Main script e Downstream velocity ¢,

e Upstream area As(in)eﬁ
9 Main script Stator diffuser e Downstream area As(ex)eff

Loss coefficient Y

3.4.5 Off-design mean-line calculation

The off-design mean-line calculation is similar in order to the design-point calculation discussed in
Section 3.3. The major difference being that the unbladed region calculation is not performed using
design-point assumptions but is rather achieved through convergence of mass flow continuity,
performed by the Flownex solver. Rather than describing an analytical model, this section outlines
how the transferred information described in Table 10 is used in the main script to perform the

mean-line calculation.
Rotor-inlet calculation
Firstly, the rotor speed u is calculated from the off-design rotor RPM and mean-line radius:

u=wXx }"m (3.4.1)
Rotor-inlet vectors U and C; are then calculated using Equation (3.3.9), with velocity magnitude ¢,
received from DTL 1, and angle a; being an input. Following this, the rotor-inlet relative velocity
vector W, is determined using Equation (3.3.11), with angle B; then calculated from Equation
(3.3.12), and velocity magnitude calculated as |[W;|. The rotor incidence is then calculated from

Equation (3.4.2). The negative sign in Equation (3.4.2) ensures conformance with the method’s sign

convention.

i =(-1)(8-x) (3.4.2)

Lastly, the rotor-inlet relative total temperature and relative Mach number are determined from
Equations (3.3.14) and (3.4.3), respectively, with a,, T; and ¢, received from data transfer links as

per Table 10.

(3.4.3)
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3. Methodology

Rotor shock-treatment and total-pressure loss

The Flownex solver is strictly subsonic, and therefore any supersonic Mach numbers observed in the
system would prohibit solver convergence and cause the simulation to terminate. For this reason,
it was decided to perform the shock treatment within the Main Script before the rotor-diffuser

calculation.

The study’s approach to shock treatment in the Flownex model was identical to that of the
design-point method. It was assumed that, in the case of supersonic inlet flows, only a single
normal-shock structure would occur in the inlet-passage of the rotor, resulting in flow being
subsonic through the rotor-inlet and the rest of the stage. The method thus ensures that the

Flownex solver only observes subsonic flows.

As in the design-point case, the rotor-shock is treated through the following procedure: The main
script first evaluates whether M;,..; is subsonic or supersonic. If it is supersonic, then the post-shock
relative velocity wy,, static pressure p,(,) and static temperature T,(,) are calculated from
Equations (3.3.17), (3.3.18) and (3.3.19), respectively. Otherwise, the post-shock static conditions
are assumed equal to those at the inlet. The rotor-inlet relative total pressure is then calculated
according to the conditions stated in Equation (3.3.21). This method ensures that M,,.; is calculated
and remains within the main script only, thus ensuring the Flownex solver only perceives subsonic
flows. At this point, once the shock treatment is completed, any incidence- or Mach-number-based

rotor total pressure losses can be determined and returned to the rotor-diffuser through DTL 5.
Rotor deviation and exit velocity triangle

For the rotor-exit velocity triangle, the rotor deviation angle is first calculated using any chosen
correlation or is set as an input. From this, the rotor-exit relative flow angle 8, is calculated. The
rotor-exit relative velocity vector W, is then determined using Equation (3.3.9), with velocity
magnitude w, received through DTL 4. Following this, the rotor-exit absolute velocity vector C; is
calculated vectorially using Equation (3.3.32), with its magnitude c; then calculated as |Cs]|, and

angle a; calculated from Equation (3.3.33). The stator incidence is then calculated as:

iy =0, K, (3.4.4)
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Stator-inlet calculation and total-pressure loss

Having completed the rotor-exit velocity triangle, only the stator inlet total temperature and total
pressure need to be determined. In the design-point calculation this was achieved using a known
temperature ratio, however in off-design the properties are determined using Equations (3.4.5) and
(3.4.6), respectively, with T3 and p; received through DTL 6. The calculated conditions are then
returned to Node 5 through DTL 7 to be used as the stator-inlet boundary conditions. Following this,
any correlation-based stator total pressure losses can be calculated and then returned to the
stator-diffuser through DTL 9. The total pressure py3 is also transferred to the Results script for

determining the rotor total-pressure ratio, which is calculated using Equation (3.4.7).

2
Ty =T, +— (3.4.5)
2c
P
i
Ty |
= p.| 2B 3.4.6
Poz = Ps ( T, ] ( )
I, =2u (3.4.7)
Do

Stator-exit calculation

The next step is to determine the velocity triangle and conditions at the stator-exit. First, the stator
deviation angle is determined from empirical correlation or is set as an input. From this, the
stator-exit flow angle a, is determined. The stator-exit velocity vector C, is then calculated using
Equation (3.3.9), with velocity vector c, received from the stator-diffuser through DTL 8. Finally, the
Flownex solver determines the stator-exit total temperature T,, and total pressure pgy4. The
stator-exit conditions are then transferred to the Results script for determining the stage
total-temperature and total-pressure ratios, which are calculated using Equations (3.4.8) and (3.4.9)

respectively.

stage = & (3.4.8)
Ty,
—Pu (3.4.9)

stage
01
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3. Methodology

Effective flow-area calculation

The final step in the mean-line calculation is to determine the effective flow-path areas at the inlets
and exits of both rotor and stator. The flow-path area is a function of both its related annulus area
and flow angle. As a result, these areas are sensitive to off-design incidence angle, as well as
off-design deviation angle (if it is being modelled). Therefore, the four effective flow-path areas are

recalculated at the end of each solver iteration using Equations (3.4.10) to (3.4.13):

AR(in)L,// =A4,.r), * COS(:B1) (3.4.10)
Aty = Aumiry, X€08(5,) (3.4.11)
AS(M)W = Aa,m(s)m xcos(a3) (3.4.12)

Stery = Aann(s)m x cos(a4) (3.4.13)
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4. Results and Discussion

The final part of the study was to verify and validate the developed methodology. The validation

exercise sought to evaluate three major elements of the methodology, being:

1. The accuracy of the design-point-calibration method’s predictions of compressor stage
geometry.

2. The overall performance of the base mean-line methodology with no specific off-design loss
correlations applied.

3. The performance of the model with implementation of an established loss correlation from

the open literature.

The first objective was achieved through comparing predicted geometric parameters from the
analytical model with those from a published source. The second and third objectives were achieved
through validation of four off-design sub-models, each including an additional modelling element
from the previous one. With a validated base-methodology, the focus of the validation exercise
turned to evaluating methods of performance modelling incorporated into the base-method. This

included the evaluation of off-design loss correlations and tuning factors.

Lastly, brief observations of stall-point diffusion factor are made to inform a rule-of-thumb for

detecting the stalled condition in the Flownex model.

4.1 Validation cases

The model was validated against four widely-referenced compressor stages from NASA. The four
stages considered were the NASA Stage 35 [33], Stage 36 [34], Stage 37 [35], and Stage 38 [36].
Table 11 summaries the design-point performance characteristics for the four NASA stages, against

which the Flownex models’ predicted values were compared.

Table 11: Design-point performance characteristics of four NASA compressor stages

Mass flow rate Rotor total Stage total Stage total
Stage Rotor RPM . . .
[kg/s] pressure ratio pressure ratio temperature ratio
35 17188.700 20.188 1.865 1.820 1.225
36 17188.700 20.188 1.863 1.820 1.227
37 17188.700 20.188 2.106 2.050 1.270
38 17188.700 20.188 2.105 2.050 1.269
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4. Results and Discussion

Kidikian [3] motivated the four NASA stages for use in validation as follows:

1. Close representation of modern compressors: The four NASA stages represent modern
compressor stages comparatively well, since none of them contained part-span shrouds;
they cover a range of pressure and aspect ratio; they have comparatively high total pressure
ratios, and thus high work capacities.

Time frame: All four stages was designed and tested within the same five-year time frame.

3. Similarity: All four compressor stages were consistent in design and testing methodology,
and all had the same design-point rotor speed and mass flow rate.

4. Modern blading: The four compressors contained MCA blading, which are generally
favoured for their better off-design performance in transonic conditions, when compared to
other blading such as NACA and DCA profiles.

5. Completeness of data: The four NASA datasets are the most extensive and complete when
compared to alternatives. The datasets included extensive information of spanwise
variations in velocity components and thermodynamic properties at the inlet and exits for
both rotor and stator, and for every test case investigated. Furthermore, the four reports
included complete datasets of rotor and stator aerofoil coordinates, as well as spanwise
variations of inlet and exit blade angles. Indeed, the available information of the four NASA
compressors far exceeded what is available from other sources in the open literature, which

generally only provide compressor maps.

From the above points, it may be argued that successful validation of this study’s model against the
four NASA stages would allow one to assume that the study’s findings are applicable to other

modern compressors.

The NASA Stage 35 compressor was used as the primary case for model building, verification, and
validation. The additional use of Stages 36 to 38 was for verification of the design-point calibration,

as well as for defining correlations of the area correction factor.

It was decided that stage total-pressure ratio would be the main focus in all off-design validation
cases, as it was believed that this is the most significant parameter in large system-level
thermofluid-network simulations. Therefore, the simulations’ performances were primarily
evaluated against the compressor maps of stage total-pressure ratio from the experimental data,
and all adjustments of total pressure losses and correction factors were made to achieve the known

total pressure ratios.

The secondary focus in each validation case was the sensitivity of rotor total-pressure ratio and

stage total-temperature ratio to adjustments made for stage total-pressure ratio. Validation cases

64



4. Results and Discussion

therefore includes error analyses of the three performance parameters using statistical methods, in

addition to the qualitative assessments of predicted compressor maps.

4.2 Design-point geometry prediction

It was important to first ensure that the design-point calibration method produced accurate
predictions of flow-path geometry. The method was applied to the Stage 35 case using the
design-point inputs listed in Table 3 to Table 6, and its results were compared with those reported
in [33].

Firstly, the predicted design-point mean-line blade angles from the geometry-calibration exercise

were compared to the reported values. The predicted and true values are listed in Table 12 below.

Table 12: Comparison of predicted Stage 35 blade angles with true values

Angle Predicted [deg] True value [deg] Absolute Error [deg]
Rotor incidence ig 8.30 5.10 3.20
Rotor deviation 8z 7.45 6.50 0.95
Rotor inlet k4 -55.29 -56.16 0.87
Rotor exit K, -41.28 -44.26 2.98
Stator incidence ig 2.45 4.20 1.75
Stator deviation &g 9.65 6.70 2.95
Stator inlet k3 38.71 35.72 2.99
Stator exit x4 -9.65 3.11 12.76
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The angles reported in Table 12 indicate that the design-point calibration program performed
generally well in predicting the Stage 35 blade angles with an average error less than 2.3° (excluding
stator exit angle). It is clear from the reported values that the estimated angle of -9.65° for the stator
exit angle was produced to ensure a stator-exit flow angle of 0°, by accounting for the stator
deviation. This is a consequence of the normal repeating stage assumption, which does not actually

apply to Stage 35.

In order to validate the predicted flow passage areas, a three-dimensional CAD model of the
Stage 35 compressor was created from the flow path and blade manufacturing coordinates
presented in [37]. The various areas were then measured in the CAD model and compared to those
predicted by the calibration program, including stage inlet annulus, and the inlet and exit flow areas
for both rotor and stator. Figure 32 below illustrates the three-dimensional CAD model with
measured flow areas. The measured areas from the CAD model are compared with those predicted

from the design point calibration program in Table 13.

Figure 32: (a) 3D CAD model of Stage 35, (b) measured flow-path areas, and (c) enlarged view of compressor stage
areas
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Table 13: Comparisons between predicted Stage 35 flow-passage areas and CAD model

Area Predicted area [cm?] CAD model [cm?] Absolute relative error [%]
Stage inlet annulus Ay et 1009.50 1033.68 2.339
Rotor inlet Ag(in) 449.01 518.76 13.446
Rotor exit Ag(ex) 472.05 531.36 11.162
Stator inlet Agin) 538.79 604.90 10.929
Stator exit Ageyx) 658.63 650.808 1.202

It can be observed from Table 13 that the calibration method predicted the stage inlet annulus area
with reasonable accuracy, however it underpredicted the rotor-inlet, rotor-exit and stator-inlet flow
areas by as much as 13.4%. This underprediction may have been attributed to the placement of the
measured areas within the CAD model, thus having not taken into account the thickness distribution
of the blades or the actual design-point incidence and deviation angles. Nevertheless, for the

purposes of this study, the errors presented were considered acceptable.

It is interesting to note that the stator-exit flow area is predicted with good accuracy despite the
large error in predicted stator exit angle presented in Table 12. This may suggest that the normal
repeating-stage assumption remains suitable for geometry estimation, even for cases where the
actual stage does not present such characteristics. It can therefore be concluded that the

design-point calibration methodology was generally successful.

Lastly, the method was applied for the remaining three NASA stages using the preliminary model
discussed in Sections 3.3.5 and 3.3.6, in order to determine a suitable range of design-point pressure
loss coefficients to be used as assumed inputs. The findings of this brief exercise are listed in Table
14 below.

Table 14: Calibrated design-point losses for Stages 35 to 38

Stage Rotor total loss Y,  Stator total loss Y
35 0.187 0.084
36 0.207 0.081
37 0.200 0.082
38 0.194 0.082
Average 0.197 0.082
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Based on observations from Table 14, it was deduced that one could reasonably assume values of
around 0.2 and 0.08 for rotor and stator design-point total losses, respectively, as inputs for the

design-point calibration exercise.

4.3 Model 1 - Flownex model verification

Before method-refinement and investigations of loss-modelling, it was first necessary to verify the
developed Flownex model and incorporated mean-line script. Therefore, the model was first applied
without incorporation of any specific pressure loss model, in order to specifically verify the
base-methodology. Flownex’s built-in Designer functionality was employed to calibrate only the
rotor total-pressure loss coefficient in order to achieve the known stage total-pressure ratio for each
reading of the Stage 35 dataset. The Flownex Designer functionality employs a Newton-Raphson
based method to solve a set of non-linear equations resulting from a number of user-inputted
independent variables and equality constraints [38]. The Designer iteratively increments and
updates the independent variables until changes in these variables are negligible. In this exercise,
the stator total-pressure loss coefficient was held constant at a value of 0.02 for all readings. The

detailed results of the verification exercise are presented in Appendix C Table 15.

Off-design simulations of Stage 35 were performed using the methods discussed above. The results
from these simulations are illustrated in the compressor map of stage total-pressure ratio in Figure
33 below.
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Figure 33: Predicted Stage 35 compressor map using manually tuned rotor total-pressure loss coefficient
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It is evident from Figure 33 that the applied methodology was generally successful in predicting the
overall compressor map, as good agreement is found between the majority of simulated and
experimental data. Furthermore, there is notable agreement between simulated and reported data
at the surge-points of all speed-lines. The Flownex solver was however unable to achieve
convergence for the recorded choke-points on the 100%, 90%, and 70% speed-lines. It was
speculated that the reason for this was due to the model being restricted to Flownex’s own
definition of choked-flow, which assumes that flow through the restrictor is choked when the critical
Mach number of unity is exceeded [31]. As has been discussed by Kidikian [3], the choke point in
modern transonic compressors is generally difficult to define, and in many cases the conventional
definition of choke at critical Mach number may not apply. It is also believed that the solver’s failure
to achieve convergence in these cases may be resolved in future through application of several
relaxation parameters, and that the solver may have achieved convergence for mass flows slightly
lower than the current limits, had they been simulated. Achieving better solver convergence or even
implementing an alternative choke criteria was deemed outside the scope and main purpose of this

study.

Despite the above, inspection of Figure 33 suggests an overall successful verification of the
developed model. However, it was also required to evaluate other significant simulation outputs
such as the stage total-temperature ratio, to ensure that the model captured other fundamental
physics. Figure 34 shows the relative error distributions of predicted stage total-pressure and

total-temperature ratio.

It is clear from Figure 34 that the errors of predicted stage total-pressure ratio are generally low.
This was to be expected since this was the primary objective of the Designer, and the remaining

error may simply be due to the Designer convergence criteria, which were set to 0.001 in this case.
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Figure 34: Distribution of relative errors of Model 1 simulated results
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The range of relative errors for predicted stage total-temperature ratio were generally low, with a
maximum absolute error of around 2.5%. This was despite the parameter not being a focus of
calibration. Given the minimal-input nature of the study, this error was considered to be within an
acceptable range. Based on this observation, there is initial evidence to suggest that the stage
total-temperature ratio is not greatly sensitive to calibrations for stage total-pressure ratio, even
when it is not subject to any calibration itself. This is a desirable finding, as it indicates that fewer

calibration factors are required in subsequent models.

The above findings presented enough evidence of the base-methodology’s general success in
predicting off-design compressor behaviour. Furthermore, the design-point stage intermediate
pressure predicted by the Flownex solver lay within 0.5-percent of that predicted from the analytical
design-point calibration program. However, there was about a 30-percent difference in the
predicted design-point rotor losses from the two methods. This was simply attributed to the stator
losses being held at a constant value in the Flownex model. Despite this, the general success of the

exercise confirmed the base methodology to be adequately verified.

Data of off-design rotor loss vs incidence angle is presented in Figure 35. One would have expected
to see the generic loss-bucket in the results, but that is clearly not the case. The reason for this can
probably be attributed to the stator total-pressure loss coefficient being held constant at all
off-design conditions. The necessity to include an area adjustment factor (as will be described later),

may also have contributed to the observed deviation.
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Figure 35: Plotted data of rotor losses vs incidence angle from Model 1 simulations
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4.4 Model 2 — Addition of an established loss correlation

Following on from the findings of the previous sub-model, it was desired to investigate the
incorporation of an established correlation for determining rotor and stator pressure losses. This
would allow for simulation execution without requiring knowledge of true stage total-pressure ratio
at off-design conditions. Furthermore, incorporation of a defined loss model would reduce the

amount of calibration required, which is a primary objective of this study.

From literature review, it was decided to adopt the loss model of Cetin et al. [10], which calculates
the total-pressure loss coefficient as a function of inlet Mach number, design-point total-pressure
loss, and design-point incidence angle. The model removes the need to determine individual loss
contributions, thus reducing the complexity of calculation, as well as the number of tuning factors
required. Furthermore, the loss curves of Cetin's method are already defined through empirical

correlation which simplifies the incorporation into a computer model.

The constant deviation angle assumption was made, and therefore no correlations for off-design
deviation were investigated. This is based on findings from the literature review which argued that
the mean-line deviation angle does not vary significantly at off-design conditions [13]. The
assumption also reduced the computational complexity and allowed focus to remain on only

pressure-loss characteristics.

It must be noted that the study only partially adopted Cetin’s full method [10]. Cetin’s full list of

recommendations included:

Using Koch and Smith’s method [8] to determine design-point total pressure losses;
Using the modified NASA-2D method [5], [10] for calculating design-point incidence angle;
Using the modified Carter’s rule [7], [10] for calculating design-point deviation angle;

Using Cetin’s own developed correlation of off-design total pressure loss coefficient, and

L N N N

Using Creveling and Carmody’s method [15] for calculating off-design deviation angle.

This study only adopted three of the five above recommendations, since the design-point
total-pressure losses were assumed and calibrated from typical values and off-design deviation

angle was not considered.
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Figure 36 below shows the predicted compressor map of stage total pressure ratio for the Stage 35
compressor. All simulation data from Model 2 are found in Appendix C, Table 16. The design-point
operation was also simulated in Model 2 and all subsequent models for complete verification and
validation of the methodology. The errors of all design-point predictions are shown in each model’s

respective dataset table in Appendix C.
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Figure 36: Predicted Stage 35 compressor map using Cetin's method for determining losses

As is evident from Figure 36, the compressor map predicted by the Flownex model appears similar
to a generic case. However, the model did not adequately capture the true shape and absolute
values of the Stage 35 experimental data, which is characterised by the flattening section towards
the surge-point. The Flownex model also overpredicted the surge-point on all speed lines. This
overprediction was greatest for the 100% speed-line and decreased as off-design rotor speed
decreased. Figure 36 also indicates, as was observed in the previous exercise, that the Flownex
solver was unable to achieve convergence for the true choke points of the 100%, 90%, and 70%
speed-lines. The causes for this were assumed the same as in the previous section. In addition to
poor solver convergence, the observed trends were also likely due to poor prediction of rotor- and
stator-inlet Mach numbers, as a result of the diffuser upstream and downstream areas being
miscalculated (as will be shown later). Since the estimated losses were made functions of inlet Mach
number, this resulted in the solver underpredicting losses at lower mass flow rates, while over
predicting losses at higher mass flows. Figure 37 shows the distribution of relative errors for the
simulated Model 2 data.
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Figure 37: Distribution of relative errors of Model 2 simulated results

Figure 37 indicates that the simulated data produced a large range of relative errors for rotor and
stage total-pressure ratio, with maximum absolute errors of around 12% and 11%, respectively.
Interestingly, a smaller range of errors is observed for predicted stage total-temperature ratio, with
an absolute maximum error of around 2.9%. This may again suggest that the stage

total-temperature ratio is relatively insensitive to errors in stage total-pressure ratio.

Assessing Model 2’s performance as a whole, one may argue that the errors observed in Figure 37
are still acceptable given the model’s minimal-input characteristics. Indeed, the predicted
compressor map in Figure 36 appears similar to the generic case often used for thermofluid system
modelling. However, poor prediction of the flattened sections in the speed-lines indicates that the

model is not suited to modern transonic compressor stages, which often include this feature.
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4.5 Model 3 — Addition of a simple area correction factor

The findings from Model 2 posed a significant challenge. Application of Cetin's off-design loss
correlation alone did not produce results of acceptable accuracy. This might be attributed to the
Flownex solver miscalculating the diffuser upstream- and downstream-areas. Kidikian included
different tuned blockage factors [3] for each upstream- and downstream-area to overcome the

same kind of error.

Since the aim of this study is to require minimal tuning, it was decided to incorporate a single area

correction factor KA applied to the upstream and downstream areas of both rotor and stator

diffusers. Therefore, the calculations of effective flow-passage areas were modified as follows:

Aiin,, = Ay, X€OS (B)xK, (4.5.1)
Aoy = Aumiry, ¥ €08 (S, )xK, (4.5.2)
Ay = Aumnis), xcos(ay )x K, (4.5.3)
Asery = Aumis), xcos (e, )xK , (4.5.4)

Unlike Kidikian’s blockage factor, the area correction factor could either be greater than, less than,
or equal to one, whereas Kidikian’s blockage factor was less than one in all cases. This was due to
the fact that the area correction was made with reference to the design-point condition, at which
the area correction factor was set to one. The area correction factor could therefore be considered
as either an area blockage factor, or an area “expansion” factor, depending on the conditions of
operation. The four flow-passage areas were calculated in the main script in the same sequence as

before.

Adjustments to the diffuser areas would result in corrections to the calculated inlet- and
exit- velocities, and therefore their corresponding Mach numbers. This would subsequently result
in a recalculation of the rotor and stator total pressure losses and potentially improve the total

pressure ratio.
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The area correction factor was manually adjusted for each operating case until the absolute relative
error of stage total-pressure ratio became less than 0.1% in all off-design cases, where possible. The
complete set of Stage 35 simulation data with calibrated area correction factors is found in Appendix
C, Table 17. Figure 38 shows the predicted compressor map of stage total-pressure ratio for the

Stage 35 compressor using the calibrated area correction factor.

It is immediately clear from Figure 38 that the area correction exercise resulted in a substantially

more accurate prediction of stage total-pressure ratio than in the previous attempt. This is especially
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Figure 38: Predicted Stage 35 compressor map using manually tuned area correction factor

true for all operating cases on the 100% speed-line. In addition, the model was able to predict the
surge-point on all speed lines with good accuracy. Unfortunately, the model still suffered the same
issues of solver stability with regards to convergence at the true choke-points on the 70% and 90%
speed lines. Interestingly, however, it is observed that the Flownex solver successfully converged
for the true choke-point operation of the 100% speed line. It is believed that the solver may have
been able to determine the true choke point by simply selecting mass flow rates slightly less than

the values reported in the published data and/or making adjustments to the solver iteration process.

Figure 39 compares the relative errors from Model 3 simulations of Stage 35 to those of the previous
model. It is clear from Figure 39 that Model 3 resulted in a notable improvement in prediction of
rotor total-pressure ratio over Model 2. This is a favourable outcome, especially since this parameter

was not the focus of calibration. As expected, there was a significant reduction in the overall error,
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and distribution thereof, for stage total-pressure ratio from Model 2 to Model 3. There is also a

slight improvement to the average error of stage total-temperature ratio for the Model 3.
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Figure 39: Comparisons of error distributions for Model 2 and Model 3 simulations of Stage 35
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The above exercise was repeated for NASA Stages 36, 37, and 38 in order to further validate the
area-correction method, as well as to identify any potential correlations of area correction factor.
Figure 40 to Figure 42 show the predicted compressor maps of stage total-pressure ratio for Stages
36, 37, and 38, respectively. The full datasets of simulated results for the three stages are found in
Appendix C Table 18, Table 19, and Table 20, respectively.
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Figure 40: Predicted Stage 36 compressor map using manually-tuned area correction factor
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Figure 42: Predicted Stage 38 compressor map using manually-tuned area correction factor
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Similar observations are made for Stages 36 to 38 to those of Stage 35. Firstly, the model was able
to predict all operating points on the 100% speed-lines of all three stages with acceptable accuracy,
with a few exceptions in Stage 38. Secondly, the model was able to accurately predict the
surge-points of all speed-lines of all three stages. However, as was observed for Stage 35, the
Flownex solver was unable to achieve convergence for the true choke points on the 70% and 90%
speed lines of all three stages. This was again attributed to solver stability. Furthermore, several
other exceptions in model accuracy are observed in the above figures, notably on the 70%
speed-line of Stage 37, and the 90% speed-line of Stage 38, where the model was only able to

predict the surge-point. This too was attributed to solver stability.

Figure 43 compares the error distributions of Model 3 simulations for the four NASA stages. It is
evident from Figure 43 that the Flownex model predicted the rotor total-pressure ratios of
Stages 35, 36, and 37 with fairly good agreement, with maximum relative errors of 3.6%, 2.0%, and
6.7%, respectively. However, significantly higher errors are observed for Stage 38 predictions, with
a maximum absolute error of 16%. Despite this, the maximum errors of rotor total-pressure ratio

for Stage 35 to 37 are considered acceptable.

The Flownex model predicted stage total-pressure ratio with good accuracy for all four stages, with
maximum relative errors of 0.75%, 0.93%, 6.3% and 2.1%? for stages 35 to 38, respectively. Again,
this was expected since this was the parameter of focus in model calibration. The average error of
stage total-pressure predictions remained below 1% for all four stages. Although the absolute
maximum error for Stage 37 was significantly higher than the other three stages, the overall range

of errors is considered acceptable in context of this study’s aims.

Lastly, it is evident that the Flownex model’s predictions provided reasonably accurate results of
stage total-temperature ratio. The greatest range of errors is observed from Stage 38, with a
maximum relative error of around 5.25% and an average relative error of around 1.93%.
Nevertheless, the overall range of errors in stage total-temperature ratio for all four stages is

considered acceptable.

It can be concluded from Figure 43 that the Flownex model generally performed the poorest for
Stage 38. The reason for this is not completely clear to the author. It was speculated that this may
have been due to the Stage 38 having both the higher rotor aspect ratio and stage total-pressure
ratio, and thus a higher stage loading. This however could not be confirmed due to the constrained
amount of available test data. Nevertheless, the findings discussed above confidently demonstrate

the model’s overall success.

2 Absolute values.
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Figure 43: Comparisons of error distributions of Model 3 simulations for Stages 35 to 38
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Area correction factor

4. Results and Discussion

The final objective of the Model 3 exercise was to identify any potential trends in area correction
factor from the four stages. To achieve this, the area correction factors from all successful

simulations were compared and plotted. This is illustrated in Figure 44 below.
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Figure 44: Correlations of manually-tuned area correction factors for Stages 35 to 38

Several important observations can be made from Figure 44. Firstly, area correction factors appear
to group on positive-sloping lines of rotor speed. Secondly, all speed-lines appear to have similar
gradients, with the exception of the 50% and 60% speed lines. A multiple-regression study was
performed to determine the mathematical correlation between the parameter. The resultant
correlation is shown in Equation (4.5.5). The correlation returned an adjusted R-squared value of

0.807, showing it to be relatively strong.

K, =0.07538(ri1)~9.9912x107° (RPM ) +1.227 (4.5.5)

It is also noticeable that the area correction factor is less than 1 closer to the surge point, while it
tends to increase to well above 1 as mass flow rate increases, for a particular rotor speed. Several
factors attributing to these trends were speculated: the area contraction observed near surge in
Figure 44 may be attributed to boundary-layer thickening as incidence angle increases and flow
separation ensues. This phenomenon may also be exacerbated by an increase in deviation angle
near the surge condition, resulting from increased flow separation. If this is the case, then the area
correction method would have captured the effects due to off-design deviation angle, without
explicitly including it in the calculation. Furthermore, the increasing area correction, and thus
increasing degree of flow-area widening with increasing mass flow rate may be attributed to

boundary-layer thinning at lower- or negative-incidence angles. However, Mach number effects are
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not as easily observed, as interactions between shock-structures and blade suction-surface
boundary layer are known to occur at high Mach numbers. It is generally difficult to assess the
effects of different physical phenomena on the observed trends separately since a single area
correction factor was applied to all flow-path areas, and this may need to be considered in future

studies.

Recall that the passage areas predicted by the design-point method resulted in an under-prediction
of the physical passage areas by about 10% (see section 4.2). The design point for these compressor
stages is at quite a low mass flow, hence one would expect a large blockage factor. This blockage is
effectively incorporated into the design-point area result, which means the true physical area should
be larger than what was calculated. As the mass flow increases, so the blockage decreases, which
means at a high mass flow, one should observe areas closer to the physical area. It is interesting to
note that the area correction factor at high mass flows for the 100% speed line is about 1.1, i.e. 10%
larger than the design-point condition. There is thus some form of relationship between the
blockage factor and the area correction factor. The true meaning of the area correction factor, and

what physics it describes is a topic for future studies.

4.6 Model 4 —Implementation of the area correction correlation

The final objective of this study was to evaluate the performance of the area correction correlation
derived in the previous section. Successful validation of the method would ultimately achieve the
study’s aim of developing a mean-line methodology which requires a minimal number of required
calibration factors. The validation was performed by applying the derived correlation in the Flownex
model of the NASA Stage 35 compressor. Figure 45 compares the area correction factors calculated
for Stage 35 using Equation (4.5.5) to those manually tuned in the previous exercise. The full set of

simulated data of Model 4 is found in Appendix C Table 21.

Figure 45 indicates that values of area correction factor calculated from the derived empirical
correlation generally agree well with the manually-tuned values. The average difference between
predicted and manually-tuned values was found to be -0.424%, with the empirical correlation
underpredicting the area correction in the majority of cases. The difference between the two values
was greatest for the 50% speed-line, with an absolute maximum difference of 4.71%. Both of these

metrics indicate good reliability of the derived correlation.

Figure 46 shows the predicted Stage 35 compressor performance map of stage total-pressure ratio
from applying the derived correlation. It is evident from Figure 46 that the Model 4 methodology
performed generally well in predicting the compressor’s off-design behaviour. However, the model
underpredicted the surge-points of the 100%, 90%, and 80% speed-lines by around 4%, 2.7%, and
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3.4%, respectively. It was postulated that the anomalies in gradient of the 50% and 60% speed lines
observed in Figure 44 could have affected the accuracy of the empirical correlation. Additional
studies attempted to recalculate the empirical correlation by omitting these speed lines from the
data, however little improvement in the predicted surge points was observed. Furthermore, the
updated model still suffered issues of solver convergence at the true choke points on the 70% and

90% speed lines.
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Figure 46: Predicted Stage 35 compressor map using derived empirical correlation of area correction factor

83



4. Results and Discussion

Despite the above, the model was able to accurately predict the surge-points of the remaining
speed-lines and performed notably well in predicting most of the 70% speed-line. Overall, these
initial observations of the predicted compressor map indicate a general success of the Model 4

methodology.

From the presented findings, it is believed that the Model 4 methodology was an overall success,
despite slight increases in error observed from the previous sub-model. For the sake of this study’s
aims, the range of errors observed in the Model 4 methodology are considered acceptable,

especially considering the reduction of required calibration factors achieved through this method.

4.7 Surge-point prediction

The remaining component of a mean-line code is its ability to accurately predict the onset of surge
for safe compressor operation. As discussed in the literature review, surge and stall modelling is
very complex, and so it is much more convenient to employ a set of easily calculated criteria which
warn of the onset of stall. Indeed, this makes more sense for implementation in the Flownex model,
as a simple warning message for the onset of stall is sufficient to understand the limits of off-design

operation.

Surge-point prediction was not a primary objectives of the current study, and so no warning
mechanisms were incorporated into the Flownex model. However, it is still desirable to identify
trends in surge behaviour for implementation in later studies. From the literature review, it was
found that one of the simplest methods of surge-point prediction was that of Lieblein’s diffusion
factor [5]. Veres [16] employed the diffusion factor method for predicting the surge-point in their
mean-line methodology, and found that the surge-point would typically occur at a rotor diffusion
factor of around 0.6. This agreed well with the criteria originally presented by Lieblein. Due to the
method’s simplicity, it was decided to investigate trends of surge-point diffusion factor in the

simulated data for surge-point prediction.
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Since the Model 3 methodology predicted surge-point with the greatest accuracy, data of rotor and
stator average surge-point diffusion factors calculated using this model was compared for all four
NASA stages. Averages were calculated from data of surge-point diffusion factors on all speed lines.
The average surge-point rotor and stator diffusion factor calculated for Stage 35 using the Model 4

methodology were also compared for completion. The calculated average surge-point diffusion

factors are illustrated in Figure 47 below.
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Figure 47: Calculated average rotor and stator surge-point diffusion factors for four
NASA stages

Contrary to Veres's findings, the average rotor surge-point diffusion factor calculated from Model 3
was found to be significantly lower than 0.6, with a value of 0.49. Those calculated using Model 4
deviated even further, with an average value of 0.44. However, values of surge-point stator diffusion

factor appeared more consistent with Veres's findings, with averages of 0.65 and 0.62 for Models 3
and 4, respectively.

The above findings suggest that it would make sense for this study to adopt a surge-point criteria
based on stator diffusion factor. However, a criteria based on rotor diffusion factor is ultimately
more logical considering the comparatively higher blade loadings of rotor blades in modern
compressors. It may have been beneficial to also investigate trends in axial velocity ratio as Veres
did, however this was not done for the present study. Therefore, the above findings are considered
inconclusive given the limited extent of investigations, but for the sake of the current study, the

surge-point can be related to a rotor diffusion factor of between 0.44 and 0.49.
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5. Conclusions and Recommendations

5.1 Conclusions

This study sought to develop and validate a one-dimensional methodology for modelling a transonic
axial compressor stage, which requires a minimal number of geometric inputs and tuning factors,
as well as minimal knowledge of the compressor’s operation. The study also sought to identify a set
of appropriate performance models which would ensure adequate accuracy of the methodology,
while still conforming to the study’s aforementioned aims. Achieving this would ultimately enable
compressor operators or analysts to gain greater insight into the machine’s off-design operation,

without requiring the usually unavailable OEM data.

To achieve the study’s aims, a simple modified mean-line method was developed using a diffuser
analogy, which modelled the rotor and stator rows in a compressor stage as two one-dimensional
diffusers in series, with the rotor diffuser experiencing the relative frame of reference, and the
stator diffuser experiencing the absolute frame. The simplified model allowed for compressor
performance prediction of acceptable accuracy, while reducing the required knowledge of

flow-path geometry.

A design-point calibration method was first developed which required limited knowledge of
compressor design-point operation. The design-point calibration exercise served to determine the
various flow-passage areas through the compressor stage. These would then be set as inputs to the
off-design model. In addition, rotor and stator blade angles were estimated using a
successive-approximation scheme, which included a range of widely-referenced correlations from
the open literature. The design-point model was able to predict the blade angles of the validation
dataset with an average error of less than 2.3°, with exception of the stator exit angle. Creation of
a three-dimensional CAD model of the NASA Stage 35 compressor also assisted in validating

flow-passage area predictions.

An off-desigh model was developed in Flownex SE using the Restrictor with Loss Coefficient
component to model the rotor and stator diffusers. A scripting component was included to perform
the mean-line calculation. The Flownex model was validated against four well-documented
single-stage compressors from NASA. Stage 35 was the primary focus for all model building and final

model validation.

Extensive review of the open literature showed that the most appropriate compressor loss model
for off-design modelling that would result in the simplest calculation was that of Cetin. In addition,

an off-design deviation angle model was omitted to reduce required calibration efforts.
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Further validation exercises showed that use of Cetin's method alone returned results of poor
accuracy, with strong overprediction of surge-point on most speed-lines. This was mostly attributed
to the Flownex solver miscalculating the diffuser upstream- and downstream-areas, resulting in
miscalculation of total pressure losses. To address this, a single area correction factor was applied
to all upstream- and downstream-areas of both rotor and stator diffusers. The method yielded far
more accurate results of stage total-pressure ratio compared to the previous sub-model. In addition,
improved accuracy was observed for rotor total-pressure ratio, while good prediction accuracy was
found for stage total-temperature ratio, despite these not being the primary parameters of focus in

model calibration.

A strong multiple-linear correlation was found between the manually-tuned area correction factor,
off-design mass flow rate and rotor RPM. The correlation predicted similar correction factors to the
manually-tuned values within an average difference of around 0.4%, and a maximum difference less
than 5%. Application of the empirical correlation within the Flownex model showed generally
acceptable agreement with the Stage 35 data. The model was able to predict rotor total-pressure

ratio and stage total-temperature ratio within acceptable limits.

Perhaps the greatest shortfall in the developed methodology was the Flownex solver’s inability to
achieve convergence at the true choke points in most cases, and in all sub-model iterations. This
was predominantly attributed to poor solver stability, which would have likely been improved
through use and calibration of relaxation parameters. Furthermore, it was believed that the solver
would have likely accomplished convergence at mass flow rates slightly lower than those at the

reported choke points. However, this was not investigated further.

Despite the abovementioned shortfalls, the developed model achieved the study’s primary aim of
providing a simple means of accurately predicting compressor stage performance while requiring a
limited knowledge of compressor geometry and design-point operation. Furthermore, the study
was able to improve model accuracy by employing only a single tuning factor of flow-passage areas,

thus greatly reducing the complexity of model calibration when compared to previous studies.
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5.2 Recommendations

Based on assessment of the study’s shortfalls, the following opportunities for future studies are
identified:

¢ Improvements to the model’s choke-point prediction should be pursued. This will most likely
involve investigations of improving solver stability.

e Observed trends of area correction factor in the Model 3 exercise could not be related to
their underlying physics. Future studies should place focus on determining which underlying
physics contribute to the observed variations in area correction factor, and whether the
coefficients for the correlation could possibly be determined from physical compressor
parameters.

e Lastly, the current work was unable to determine an appropriate set of surge-point
prediction criteria. Since only a diffusion factor-based criterion was assessed in this study,
future works should investigate alternative criteria such as axial-velocity ratio and stalling

pressure rise capability.
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Appendix A. Design-point analytical calculation

Appendix A. Design-point analytical calculation

Design Prediction

This model makes use of minimal information that would typically be availabe, as
well as some common design assumptions to estimae the blade angles and areas

Operating conditions (Reid & Moore, 1978):

ki
Design-point mass flow rate : m'p = 20.188—g
s
. . 1
Design-point rotor speed : op = 17188.70rpm = 1800 —
S
Inlet conditions:
Inlet total pressure : poz ‘= 101.4-kPa
Inlet total temperature : Tp1 =157
General fluid properties:
Specific heat of air at constant pressure : ¢, := 1.004 ——
p kg-K
g
Airspecific heat ratio : v g = 1.400
. Cp'(y a” 1) kJ
Airgasconstant: Rg=—— = 0.287 - ——
Y a kgK
Geometry:
Hub radius : rp :=17.78-cm
from p77
Tip radius: ry:=254-cm
Mean-line radius Im = = 0.216m
inl . . 2 2y 2
nlet passage area: Ainlet =nc\rp —ry )= 1033.68-cm
Inlet flow angle : oq:=0°
Performance
ho
Total temperature ratio: T rp = 1.225 same as enthalpy ratio —
01
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Appendix A. Design-point analytical calculation

Loss constants

Average rotor total pressure YR = 0.187
loss coefficient :

Average statot total pressure YS = 0.084

loss coefficient :

Validation parameters

- . . m
Meridional inlet velocity : Cix(exp) ‘= 205.255—

s
Relative rotor inlet Mach number : ere/(exp) = 1.347
- . . m
Meridional stator inlet velocity : C3x(exp) = 184 . —

S
Stator inlet Mach number: M3(exp) :=0.7289
Stator exit Mach number: M4(exp) := 0.6085
Stage total pressure ratio : =182

Areas from CAD model :

2

2
ARex(CAD) :=531.36 cm

2

2
ASEX(CAD) := 650.808 cm

Blade angles from data : L 0
K 1(exp) ‘= —55.860

K2(€Xp) = -44.419°
K3(exp) = 33.871°
K4(exp) = 3.114°

Powerinput from detail model : W’D(exp) := 1359.704-kW

2
Ainlet(CAD) :=1033.68 cm
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Appendix A. Design-point analytical calculation

Calculated inlet static conditions

Mean blade speed : Up=op 'y = 388.619m

s
guess : Tl = TOl pl = pOl ClX = 05UD
Ta
Given B Ygl 2
m' —pl Cq,-A p p —TOl T T “1x
D~ ““1x inlet 1~ Po1’ 1= 101"
Ry Tq Ty 2.cp
C1x
Ty |:= Find(clx, R p1>
P1
m
Cix = 185.611—
s
p; = 81.795-kPa
Ty =-2157-°C
P1 kg
pq = = 1.052 —
1 R.. 3
a'l m
Estimated dimensionless design parameters :
Inl I halpy : : K
nlet total enthalpy : h01 = cp-T01 = 289.303-k—g

Outlet total temperature : To3:=To1 Trp = 79.834-°C

Outlet total enthalpy : h03 = cp-T03

_ _ ho3 — hos
Mean-line stage loading : vp = -, - 0.431
Up
C1x
Mean-line rotor-inlet flow coefficient : ¢ p:=—"=0478
u
D
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Appendix A. Design-point analytical calculation

Additional functions:

mag-cos(ang) j

Z(mag, ang) =
mag-sin(ang)

x:=0 0 =1

Design-point flow angles:

By 1= —atan — tan(ocl) = —-49.99.°

¢p

Rotor-inlet velocity triangle:

0 m
U:=up 2 (90°) = o
388.619 ) s

m
¢y =0 p|Ul = 185.611—

|Clx(exp) - Clx|

=9.57-%
Cix(exp)
X igse1n™
Cqi=—"F7— = .611—
1 COS(OLl) S
c, '31 Wy
185.611 \ m
C,:=Cq1 £ 0q= —
17¢1 1 0 p
U
185.611 \ m m
Wyi=C;—U= — wy = |Wyq| = 430.67—
—388.619 ) s s

ppi= atanZ(Wlx, Wle) = —64.47-°

w
Moo 1308
Irel
JraFaTs
|M1rel(eXp) B Ml’el| = 3.083-%

M rel(exp)
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Rotor total inlet properties:

hl =C T1

p
2 kJ
h01rel = hl + 05W1 = 364815k_
g

2

Wi
To1rel = T7+ — = 90.212-°C

2C
Ya
Va_l

p
Treatment of pressure shock :
Conditions after shock

7-01 rel
Ty

p01rel = pl . = 228.328-kPa

2
Mirer + 1
a
= 0.783

M =
Irel y -
_ 27, 5

-M -1
1 Irel

Ta

(V at 1) "‘Mirel

) -1

Wl_y

2+ (V a” 1) 'ereI2

27 ¢4 2
Py y=P1 1+ —1 '(ere/ - 1) = 149.001-kPa
Vg7
2
. Wiy .
Tl_y =To1rel ~ - = 50.506-°C
p
P1"W;g kg
Py = = 1.605—
B Wiy m
Ya
YG_l
T01rel

p01rel_y = pl_y = 223.399-kPa

m
= wy- = 282.363—

Appendix A. Design-point analytical calculation

m
wy = 430.67—
S

p; = 81.795-kPa

p01r€/ = 228.328'/(/:’0
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Appendix A. Design-point analytical calculation

Rotor total pressure drop:

Pozrel -= Poirel y ~ YR'(p01rel_y_p1_y) = 209.487-kPa

Rotor exit total temperature:
hoz = hpg hozrel := ho1rel
To2 = Toz Tozrel = To1rel

Convergance of rotor-exit / stator-inlet properties:

Guess stage intermediate pressure: Py =Py

Ta
‘ Pozrel
Tz(Pz) =Tozrel’| —

w(p2) = [2:¢p (Tozrer = T2(P2)) ML AN
) 75 T T3] —

“s(p2) = (walp2)) "+ (U6)+ 2 (o)) o sins )

py = root(c’3(p2) — c3(p2) , pz) = 137.019-kPa
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Stage intermediate properties:

wy = wy(py) = 288.697

W2=W24B2=£

C3 = W2+ U= (
C
atan —39
OL3 =
C3

X

S

185.611

167.498

= 42.064-°

Ty :=Ty(py) = 48.705-°C

kI
T, = 323.142-—

-221.121

185.611 \ m
S

Appendix A. Design-point analytical calculation

c3:= |3 = 250.014?

h2 = CP kg
b2 1.484 kg
P2°= T aet T P3:=P2
Ra-TZ m3
kJ
hy = hy = 323.142-~
g
T3 = T2 = 48705°C
P3:=p2
Ta
Ya_l
, To3
M : "2 0.803
2 / _= = .
a YaRa T2
€3
Mj3:= ———— = 0.695
Al aRa'T3
M3(exp)
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Appendix A. Design-point analytical calculation

Stator exit properties:

Stator pressure drop:

_ Pog

Pos = Po3 — Vs*(Po3 — P3) = 184.893-kPa — =1.823
Po1

T04 = T03 = 79.834-°C

hog = ho3
Assume repeating stage Cgy ' =C1y  Ogi=o0g
“x 185.6112
Cpi=m———F———— = . —_—
4 COS(OL4) S

2
h4 = h04— 05C4

hg
T :=— =62.677-C
Cc
p
Ya_l
' Tog
' 185.611 \ m _ m
Cpmegzag=| T = €| = 185.611—
P4 kg
pgi= = 1612—
Ry Ty m
€4
My = ———— = 0.505
\/V aRa'Tyg
M -M
| 4(exp) 4| = 16.941-%
M4(exp)
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Summary of kinematics:

Rotorinlet velocity triangle:

185.611 \ m
Cl = I
0 S
185.611 \ m
Wl == —_—
—388.619 ) s
0 m
U= —
388.619 ) s

|C1x( exp) ~ C1x|

=9.57-%
Cix(exp)

Otl = 0'o
B, =-64.47-°
M1, = 1.305

Rotorexit / statorinlet velocity triangle:

185.611 \ m

C3 = —_—

167.498 ) s
185.611 \ m
W2 = —_—
—-221.121 ) s

0 m
U= s
388.619 ) s

M, = 0.803
M -M
3 3
(exp) = 4.595-%
M3(exp)
m
C; =185.611—
X s
C3x(exp) ~ C3X
= 0.876-%

C3x(exp)

az = 42.064:°
B,=—49.99-°
M3 = 0.695

Appendix A. Design-point analytical calculation
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Appendix A. Design-point analytical calculation

Stator exit velocity triangle:

185.611 \ m
Cy = — ay=0-°
4 0 P 4
M -M
4 4
[Matexp) ~Ma — 16.941-%
M4(exp)

Model calibration check:

Stage total pressure ratio:

I1 = _p04 1.823
stage = -
Po1
I1 H—1II
D t
stage =_-0.187-% adjust loss coefficients until convergence is
I p acieved

Estimated diffuser areas and diameters:

1

_ mp 2
Ainjet = —— = 0.10337-m
€1°P1

Ainlet ~ Ainlet(CAD) —4
—3151x10 %

Ainlet(CAD)
Ap: = il 0.04455-m> A : D 0.10337-m’
R' «— _— = . . R . .: = . .
in Wyp g annR(in) Wl'pl'cos(ﬁl)
ARin ~ ARin(CAD)
- -14.122-%
ARin(CAD)
Ap,. = il 0.04712-m* A : gl 0.073m">
ex Wypy annR(ex) Wz'Pz'COS(Bz)
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ARex ~ARex(CAD)

=-11.324-%
ARex(CAD)
m' )
Agip = —— = 0.05441-m
€3P3
Asin = Asin(CAD)
= -10.052-%
Asin(CAD)
m' )
Asex = —— = 0.06747:m
CqPg
Asex ASex(CA D)
= 3.666-%
Asex(CAD)
w'—w'
Dlexp) _ —-3.354-%
W'D(exp)

A

annS(in) -~

annS(ex) -~

Appendix A. Design-point analytical calculation

m’D

= 0.07329~m2
c3'p3~cos(a3)
"D . = 0.067m2
C4-p4 COS(OL4)
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DesignAn gles(

%in> %ex

blade , blade_type, t/I, G, Cb‘) =

Appendix A. Design-point analytical calculation

sign < Sign(blade)

al_(—

blade_type < "DCA"

Kep <

1.0
11

%in

deg

0.7

if blade_type # "DCA" v blade_type # "NACA65" v blade_type # "C-Series"

if blade_type = "DCA"
if blade_type = "NACA65"
if blade_type = "C-Series"

Kip  ~0.0214 + 19.17-(¢/) — 1223(¢/)° + 312.5(¢/)°

2
Kg < 0.0142+ 6.172(t//) + 36.61(/])

c SR

°s

if blade = "R"

if blade = "S"

ig10 < (0.0325 - 0.0674c) + (~0.002364 + 0.0913c) -a 5 + (1641075238107 %) ay’

n < (<0.063 — 0.02274c) + (~0.0035 + 0.0029) -0t ; — (3.7910' ®4111.107 50) -

2

2
3010 < (~0.0443 + 0.10570) + (0.0209 - 0.01860) -« 7 + (~0.0004 + 0.000765) ‘a1

b < 0.9655 + 2.538~1o’3-a1 + 44221~1075~a12 -13-10 6(113

—a
my < [0.1773433»10 »(14070.1111)-&1} if blade_type = "NACA65"

(0.249 +74-10 4411 -1.32:10 5~u12 +3.16-10 7(113) otherwise

mg:

mg < —

c
"refgo
Bref «~0

iter <0

err; <— 1000

errg < 1000

while

errs

iD <« iref

Bp < Bpef

Told < iref

iref <« Ksp-Kipriggo+ n-0 + —d

Sref “— Ksh'KtSt g0+ Mg 0 +

errj «

err;> 0.001 A errg > 0.001 A iter < 50

iter < iter + 1
Sold < Sref

in . .
K¢ deg ’S’Q"‘(’ref)

Ky ;f; —sign-(éref)

0« ‘Kl—Kz‘

G
eg

G
deg

‘iref - iold‘
ref]

- ‘Sref B 6old‘

‘Sref‘
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Appendix B. Flownex model main script code

Appendix B. Flownex model main script code

public class Script: IPS.Scripting.|ComponentScript
{

public static double CetinLoss(int blade_type, double inc, double inc_design, double Y_design, double M_in)
{

doublec m=0;

double diff = (inc * 180 / Math.Pl) - (inc_design * 180 / Math.PI);
if (blade_type ==0) // Corresponding to blade type MCA

{

if (diff <= 0)
{
c_m = (0.02845 * M_in) - 0.01741;

}
else if (diff > 0)
{

}
}
else if (blade_type == 1) // Corresponding to blade type DCA

c_m = (0.00363 * M_in) - 0.00065;

if (diff <= 0)|
{
c_m = (0.05336 * M_in) - 0.02937;

Llse if (diff > 0)
{

\ }
return Y_design + (c_m * Math.Pow(diff, 2.0));

c_m=(0.005* M_in) - 0.00075;

}

double lter;
//do pre simulation initialisation here
public override void Initialise()

{
}

//do post simulation cleanup here
public override void Cleanup()

{
}

//script main execution function - called every cycle
public override void Execute(double Time)

{
11 if (Iter > 10)
{

{{ Fluid properties:
double k=cp/ (cp-R);
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Appendix B. Flownex model main script code

I/ Rotor inlet velocity triangle:

uValue =r* rpm;

double[] U = {u * Math.Cos(Math.PI| / 2), u * Math.Sin(Math.PI| / 2)};
double[] C1 = {c1 * Math.Cos(alphal), c1 * Math.Sin(alpha1)};
double[] W1 = {C1[0] - U[0], C1[1] - U[1]};

w1.Value = Math.Sqrti(Math.Pow(W1[0], 2) + Math.Pow(W1[1], 2));
betal.Value = Math.Atan2(W1[1], W1[0]);

inc_R.Value = (-1) * (betal - kappal);

I/ Rotor inlet properties:

double TO1rel = T1 + (Math.Pow(w1, 2)) / (2 * cp);
TO02rel.Value = TO1rel;

M1rel.Value =w1/al;

// Handle normal shock if exists:

if (M1rel > 1)

pl_yValue=p1* (1 +2*%k/(k+ 1)*(M1rel * M1rel - 1));
wl_yValue=w1/((k+ 1) * Mirel * M1rel / (2 + (k- 1) * M1rel * M1rel));
double T1_y =T02rel -wi_y *wl_y /(2 * cp);

pOirel.Value = p1_y * Math.Pow(T02rel / T1_y, k/ (k- 1));

}
else
{
pl1_y.Value = p1;
pOirel.Value = p1_y * Math.Pow(T02rel / T1, k/ (k- 1));
}

I/l Calculate rotor total pressure loss coefficient:

doubleY R old=Y _R;

double Y_R_new = CetinLoss(typeR, inc_R, optinc_R, Y_R_design, M1rel) + Y_R_add;
Y_RValue=Y_R + Relax_R* (Y_R_new-Y_R);

if (Y_R <=0) [ (Y_R>= 1))

{

Y RValue=Y_R old;
}

/I Rotor deviation angle:
devR.Value = devR_design;

/I Rotor exit/stator inlet velocity triangle:
beta2.Value = kappa2 - devR;

double[] W2 = {w2 * Math.Cos(beta2), w2 * Math.Sin(beta2)};
double[] C3 = {W2[0] + U[0], W2[1] + U[1]}
c3.Value = Math.Sqrt(Math. Pow(C3[0], 2) + Math.Pow(C3[1], 2));

alpha3.Value = Math.Atan2(C3[1], C3[0]);
inc_S.Value = alpha3 - kappa3;
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Appendix B. Flownex model main script code

/I Stator inlet properties:
T03.Value = T3 + Math.Pow(c3, 2) / (2 * cp);
p03.Value = p3 * Math.Pow(T03 /T3, k/ (k-1)):

/I Calculate stator total pressure loss coefficient:

doubleY S old=Y_S;

double Y_S_new = CetinLoss(typeS, inc_S, optinc_ S,Y_S design, M3)+Y_S_add;
Y SValue=Y S+Relax S*(Y_S new-Y_S);

if(Y_S<=0)|[(Y_S>=1))

{

Y SValue=Y_S old;
}

devS.Value = devS_design;

/I Stator exit velocity triangle:
alpha4 Value = kappa4 + devS;
double[] C4 = {c4 * Math.Cos(alphad), c4 * Math.Sin(alpha4)};

{/ Normal inlet flow area with relaxation:
double A_Rin_eff new = Math.Abs(A_ann_Rin * Math.Cos(beta1)) * Area_Scale;
A_Rin_eff Value = A_Rin_eff + Relax_Area * (A_Rin_eff new - A Rin_eff);

double A_Rex_eff new = Math.Abs{A_ann_Rex * Math.Cos(beta2)) * Area_Scale;
A Rex eff.Value = A Rex eff + Relax Area * (A_Rex_eff new - A Rex eff);

double A_Sin_eff new = Math.Abs(A_ann_Sin * Math.Cos(alpha3)) * Area_Scale;
A_Sin_eff.Value = A_Sin_eff + Relax_Area * (A_Sin_eff new - A_Sin_eff);

double A_Sex_eff new = Math.Abs(A_ann_Sex * Math.Cos(alphad)) * Area_Scale;
A Sex eff Value = A Sex eff + Relax_Area * (A_Sex eff new- A Sex eff);

// Normal exit flow area with relaxation:

/I Stage performance:
DF_R.\Value =1 - (w2 /w1) + Math.Abs(C3[1] - C1[1]) / (2 * w1 * sol_R):
DF_S.Value =1 - (c4 / c3) + Math.Abs(C4[1] - C3[1]) / (2 * ¢1 * sol_S);

}

lter = Iter + 1;

}

/lany processing you want to do before steady state
public override void ExecuteBeforeSteadyState()
{
/PS.Task.ConsoleSaolverOutputProvider. GetConsoleOutputWindow().Add TextLine("Initialize");
IPS.Task.ConsoleSolverQOutputProvider. GetConsoleOutputWindow(). Clear();
A Rin_eff.Value = A _ann_Rin;
A Sin_effValue = A _ann_Sin;
A Rex eff.Value = A _ann_Rex;
A Sex_eff Value = A _ann_Sex;
Y_R.\Value =Y_R_design;
Y_SValue=Y_S_design;
devR.Value = devR_design;
devS.Value = devS_design;

ter=1;
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Appendix C. Simulation data

Table 15: Model 1 simulation data for NASA Stage 35

Appendix C. Simulation data

m

Msqge rror

Tstage €rror

Reading RPM ke/s] Yr Ys Iterations Hstage [%] Tstage %] My Mg ip [deg]
4004 (100%) 17220.2 20.95 - - - - - - - - - -
3978 (100%) 17119.1 20.92 0.101 0.02 37 1.8432 0.0648 1.2175 -0.6159 0.9581 0.7242 -1.303
3977 (100%) 17125.1 20.48 0.143 0.02 17 1.9056 0.0324 1.2308 -1.0641 0.8340 0.6559 -0.555
3974 (100%) 17196.8 20.13 0.205 0.02 17 1.9219 -0.0028 1.2389 -1.1224 0.7746 0.6286 0.109
3975 (100%) 172245 19.54 0.3096 0.02 17 1.9233 0.0136 1.2467 -2.5248 0.7123 0.6019 1.076
3976 (100%) 172185 18.2 0.5728 0.02 17 1.9322 0.0112 1.2629 -0.0093 0.6159 0.5391 3.076
3979 (90%) 15451.3 19.5 - - - - - - - 1 1 -
3982 (90%) 15477.7 18.97 0.0705 0.02 97 1.6599 -0.0052 1.1697 -1.0429 0.9308 0.7064 -0.382
3983 (90%) 15467.9 18.24 0.139 0.02 17 1.6981 0.0049 1.1823 -1.1445 0.7849 0.6317 0.763
3984 (90%) 15473.4 17.82 0.19047 0.02 17 1.7112 0.0097 1.1886 -1.1131 0.7363 0.6004 1.422
3985 (90%) 15474.3 16.61 0.39233 0.02 17 1.7192 0.0090 1.2028 -1.2478 0.6354 0.5411 3.251
3987 (80%) 13774.4 14.32 0.3831 0.02 22 1.5352 0.0101 1.1591 -0.7615 0.5932 0.5001 4.415
3995 (70%) 12074.9 15.81 - - - - - - - 1 1 -
3994 (70%) 12074.5 15.31 0.0159 0.01 152 1.2946 0.2821 1.0795 -0.6915 0.8890 0.7019 0.070
3993 (70%) 12073.2 14.38 0.07584 0.02 17 1.3340 0.0002 1.0943 -0.6076 0.7266 0.5943 1.651
3990 (70%) 12040.8 13.41 0.19758 0.02 17 1.3451 0.0041 1.1046 -0.3108 0.6330 0.5303 3.235
3989 (70%) 120229 11.79 0.55079 0.02 17 1.3501 0.0084 1.1208 0.0741 0.5167 0.4569 5.927
3997 (60%) 10453.2 10.5 0.376  0.02 17 1.2625 0.0395 1.0878 -0.1060 0.4941 0.3224 5.655
4000 (50%) 8582.4 8.99 0.22464 0.02 12 1.1680 0.0009 1.0549 -0.2030 0.4510 0.3629 5.043
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Table 16: Model 2 simulation data for NASA Stage 35

Appendix C. Simulation data

. m ) Il Hytage Tstage Rotor Stator ,
Reading RPM [ke/s] Iterations Iy error Hage error [%] stage error choke choke ip [deg] Yr DFy ig [deg] Y DFg
[%] [%]
Design 17188.7 20.188 32 1.864 -0.043 1.819 -0.046 1.225 0.006 FALSE FALSE 8.298 0.187 0.456 2.433 0.084 0.564
4004 (100%) 17220.2 20.95 - - - - - - - FALSE TRUE - - - - - -
3978 (100%) 17119.1 20.82 - - - - - - - FALSE TRUE - - - - - -
3977 (100%) 17125.1 20.48 - - - - - - - FALSE TRUE - - - - - -
3974 (100%) 17196.8 20.13 27 1.889 -4.834 1.845 -4.014 1.229 -1.892 FALSE FALSE 8.409 0.187 0.467 3.326 0.086 0.586
3975 (100%) 17224.5 19.54 17 2.060 2.273 1.989 2.945 1.257 -0.481 FALSE FALSE 9.431 0.192 0.541 9.262 0.173 0.724
3976 (100%) 17218.5 18.2 17 2.286 12.262 2.139 11.254 1.292 0.994  FALSE FALSE 11.534 0.228 0.636 16.761 0.484 0.921
3979 (90%) 15451.3 19.5 - - - - - - - TRUE  TRUE - - - - - -
3982 (90%) 15477.7 18.97 - - - - - - - FALSE TRUE - - - - - -
3983 (90%) 15467.9 18.24 37 1.575 -8.930 1.507 -11.250 1.161 -2.910 FALSE FALSE 9.164 0.189 0.377 -3.344 0.127 0.408
3984 (90%) 15473.4 17.82 32 1.672 -4.372 1.635 -4.420 1.180 -1.866 FALSE FALSE 9.852 0.195 0.439 1.656 0.085 0.554
3985 (90%) 15474.3 16.61 17 1.852 3.972 1.792 4.233 1.212 -0.454 FALSE FALSE 11.755 0.228 0.551 10.642 0.198 0.783
3987 (80%) 13774.4 14.32 22 1.607 2.321 1.572 2.441 1.163 -0.410 FALSE FALSE 12.986 0.252 0.523 8.887 0.144 0.760
3995 (70%) 12074.9 15.81 - - - - - - - TRUE TRUE - - - - - -
3994 (70%) 12074.5 15.31 - - - - - - - FALSE TRUE - - - - - -
3993 (70%) 12073.2 14.38 32 1.227 -8.671 1.220 -8.577 1.078 -2.085 FALSE FALSE 10.160 0.196 0.252  -12.138 0.019 0.274
3990 (70%) 12040.8 13.41 22 1.326 -2.236 1.319 -1.897 1.100 -0.705 FALSE FALSE 11.790 0.218 0.379 -2.214 0.025 0.493
3989 (70%) 12022.9 11.79 22 1.449 5.361 1.422 5.350 1.127 0.628 FALSE FALSE 14.559 0.283 0.535 10.095 0.155 0.815
3997 (60%) 10453.2 10.5 22 1.293 1.433 1.280 1.387 1.089 -0.023 FALSE FALSE 14.291 0.260 0.476 5.752 0.095 0.701
4000 (50%) 8582.4 8.99 17 1.165 -0.734 1.159 -0.750 1.054 -0.302 FALSE FALSE 13.675 0.232 0.406 0.371 0.054 0.563
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Table 17: Model 3 simulation data for NASA Stage 35

Appendix C. Simulation data

Ig

Reading RPM [k:;s] Iterations 1 1% e[:;’c])r Miage e:-ll':)t:f; | stage e:;t?s;; | ?:;E; z::)tl(:er [dl:g] Yr DF, [ dlesg] Y DFg K,
Design 17188.7 20.188 192 1.864 -0.043 1.819 -0.048 1.225 0.006 FALSE FALSE 8.298 0.187 0.456 2.433 0.084 0.564 1.000
4004 (100%) 17220.2 20.95 502 1.790 2.966 1.703 -0.637 1.224 2.179 FALSE TRUE 6.988 0.222 0.458 2.034 0.085 0.510 1.073
3978 (100%) 17119.1 20.82 22 1.922 2.511 1.842 0.024 1.247 1.826 FALSE FALSE 7.087 0.217 0.532 7.836 0.139 0.648 1.110
3977 (100%) 17125.1 20.48 17 1.990 1.768 1.910 0.254 1.252 0.619 FALSE FALSE 7.705 0.194 0.541 8.761 0.160 0.679 1.075
3974 (100%) 17196.8 20.13 22 1.984 -0.067 1.924 0.085 1.247 -0.512 FALSE FALSE 8.409 0.187 0.517 7.167 0.127 0.664 1.025
3975 (100%) 172245 19.54 17 1.981 -1.644 1.933 0.046 1.243 -1.586 FALSE FALSE 9.431 0.192 0.500 6.192 0.111 0.664 0.977
3976 (100%) 17218.5 18.2 22 1.964 -3.556 1.929 0.328 1.237 -3.297 FALSE FALSE 11.534 0.228 0.474 4.871 0.095 0.677 0.895
3979 (90%) 15451.3 19.5 - - - - - - - TRUE  FALSE - - - - - - -
3982 (90%) 15477.7 18.97 - - - - - - - FALSE TRUE - - - - - - -
3983 (90%) 15467.9 18.24 22 1.746 0.979 1.700 0.104 1.196 -0.001 FALSE FALSE 9.164 0.189 0.502 6.204 0.108 0.639 1.065
3984 (90%) 15473.4 17.82 27 1.755 0.417 1.713 0.097 1.196 -0.486 FALSE FALSE 9.852 0.195 0.499 6.214 0.108 0.652 1.035
3985 (90%) 15474.3 16.61 17 1.750 -1.728 1.718 -0.045 1.193 -2.046 FALSE FALSE 11.755 0.228 0.480 5.364 0.098 0.673 0.952
3987 (80%) 13774.4  14.32 22 1.560 -0.707 1.535 0.020 1.153 -1.262 FALSE FALSE 12986 0.252 0.477 5.459 0.097 0.686 0.965
3995 (70%) 120749 15.81 - - - - - - - TRUE  TRUE - - - - - - -
3994 (70%) 12074.5 15.31 - - - - - - - FALSE TRUE - - - - - - -
3993 (70%) 12073.2 14.38 22 1.351 0.616 1.326 -0.573 1.108 0.664 FALSE FALSE 10.160 0.196 0.432 1.199 0.080 0.524 1.110
3990 (70%) 12040.8 1341 22 1.365 0.693 1.344 -0.050 1.110 0.136 FALSE FALSE 11.790 0.218 0.435 2.010 0.084 0.572 1.040
3989 (70%) 120229 11.79 17 1.368 -0.518 1.353 0.209 1.109 -1.010 FALSE FALSE 14.559 0.283 0.421 1.783 0.083 0.627 0.910
3997 (60%) 10453.2 10.5 22 1.276 0.059 1.263 0.096 1.085 -0.412 FALSE FALSE 14.291 0.260 0.442 3.203 0.085 0.644 0.970
4000 (50%) 8582.4 8.99 22 1.165 -0.734 1.159 -0.750 1.054 -0.302 FALSE FALSE 13.675 0.232 0.406 0.371 0.054 0.563 1.000
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Table 18: Model 3 simulation data for NASA Stage 36

Appendix C. Simulation data

Reading RPM [kTg';S] Iterations I, ell;c])r Myage e:-ll':)t:f; | Totage e;‘rrsc:?!f‘; | f::z; z::tl((: [dlgg] ) DFp ig[deg] Y DFgq K,
Design 17188.7 20.188 142 1.867 0.201 1.823 0.182 1.228 0.055 FALSE FALSE 8.435 0.207 0.462 2.594 0.081 0.577 1.000
4273 (100%) 17191.5 20.94 242 1.802 2.023 1.743 0.734 1.229 1.820 FALSE FALSE 7.129 0.242 0.472 2.866 0.081 0.556 1.080
4272 (100%) 17191.7 20.83 57 1.876 1.203 1.818 0.070 1.240 1.036 FALSE FALSE 7.326 0.232 0.502 5.250 0.096 0.613 1.079
4271 (100%) 17187.6 20.69 37 1.911 1.202 1.852 0.006 1.243 0.628 FALSE FALSE 7.569 0.222 0.509 5.952 0.104 0.631 1.067
4270 (100%) 17147.4 20.46 37 1.931 1.030 1.874 0.004 1.243 0.224 FALSE FALSE 7.915 0.212 0.511 6.208 0.107 0.643 1.050
4269 (100%) 17140.5 20.26 27 1.931 0.385 1.880 -0.372 1.240 -0.281 FALSE FALSE 8.249 0.208 0.504 5.744 0.101 0.640 1.030
4281 (90%) 15481.5 19.75 - - - - - - - TRUE  TRUE - - - - - - -
4280 (90%) 15471.1 19.51 - - - - - - - TRUE  TRUE - - - - - - -
4279 (90%) 15437.3 19.25 - - - - - - - TRUE  TRUE - - - - - - -
4282 (90%) 15489 19 17 1.716 1.597 1.660 -0.597 1.199 1.212 FALSE FALSE 8.051 0.209 0.515 6.556 0.109 0.632 1.135
4284 (90%) 15440.6 18.6 22 1.729 1.872 1.679 0.009 1.197 0.710 FALSE FALSE 8.642 0.207 0.510 6.369 0.106 0.640 1.100
4277 (90%) 15448.6 18.39 27 1.729 1.401 1.684 -0.062 1.196 0.322 FALSE FALSE 8.997 0.208 0.502 5.875 0.100 0.637 1.077
4294 (80%) 13737.4 16.1 22 1.541 1.231 1.507 -0.133 1.154 0.597 FALSE FALSE 10.131 0.216 0.493 5.525 0.094 0.635 1.100
4301 (70%) 12019 16.1 - - - - - - - TRUE  FALSE - - - - - - -
4299 (70%) 12026.1 15.6 - - - - - - - TRUE  TRUE - - - - - - -
4298 (70%) 12016 15.04 37 1.339 0.636 1.310 -0.933 1.111 1.480 FALSE FALSE 8.979 0.208 0.460 2.567 0.081 0.539 1.200
4297 (70%) 12019 14.02 22 1.368 0.216 1.345 -0.754 1.113 0.449 FALSE FALSE 10.758 0.221 0.462 3.345 0.082 0.589 1.110
4296 (70%) 12030 13.44 22 1.385 0.708 1.363 -0.042 1.115 0.131 FALSE FALSE 11.779 0.235 0.472 4.383 0.085 0.631 1.070
4304 (60%) 10293.3 10.84 32 1.266 0.401 1.253 -0.020 1.083 0.025 FALSE FALSE 13.385 0.256 0.455 3.600 0.082 0.639 1.025
4309 (50%) 8624.9 9.03 32 1.179 0.331 1.170 -0.026 1.058 0.008 FALSE FALSE 13.716 0.251 0.449 3.264 0.081 0.632 1.035
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Table 19: Model 3 simulation data for NASA Stage 37

Appendix C. Simulation data

Ig

Reading RPM [k:;s] Iterations Il e[:;’c];r Mgage e:-:':)t:f;; ] stage e:;t??; | ?:;E; i:::tl?er [dlgg] Yz DFgp ig[deg] Y DFq K,
Design 17188.7 20.188 22 2.071 -1.680 2.030 -0.959 1.264 -0.455 FALSE FALSE 5.612 0.200 0.520 -0.665 0.090 0.664 0.990
4193 (100%) 17196.8 20.93 22 1.891 5.918 1.755 0.096 1.246 2.641 FALSE FALSE 4.296 0.236 0.470 -4.722 0.223 0.480 1.040
4192 (100%) 17169.3 20.83 22 1.953 1.882 1.880 0.041 1.255 1.433 FALSE FALSE  4.442 0.228 0.498 -2.637 0.133 0.581 1.042
4182 (100%) 17254.8 20.74 27 2.049 -0.347 2.006 0.306 1.268 0.549 FALSE FALSE 4723 0.216 0.529 -0.302 0.086 0.658 1.035
4188 (100%) 17229.7 20.43 22 2.114  -1.990 2.077 -0.058 1.274 -0.694  FALSE FALSE 5.244 0.203 0.548 1.231 0.083 0.704 1.020
4187 (100%) 17203.6 19.6 22 2.128 -3.093 2.096 0.125 1.271 -1.967 FALSE FALSE 6.627 0.204 0.534 0.622 0.082 0.715 0.960
4209 (90%) 15484.7 19.74 - - - - - - - TRUE TRUE - - - - - - -
4208 (90%) 15469.6 19.61 - - - - - - - TRUE TRUE - - - - - - -
4207 (90%) 15468 18.95 27 1.846  -0.402 1.808 -0.611 1.223 0.861 FALSE FALSE 5306 0.201 0.557 1924 0.085 0.694 1.120
4205 (90%) 154819 18.01 32 1.878 -0.964 1.847 0.004 1.222 -0.516 FALSE FALSE 6.888 0.206 0.543 1.328 0.083 0.712 1.033
4204 (90%) 15492.8 17.39 22 1.878 -1.605 1.851 0.206 1.220 -1.308 FALSE FALSE 7.899 0.218 0.531 0.746 0.082 0.720 0.985
4194 (80%) 13756.7 15.39 17 1.650 -0.179 1.626 0.025 1.174 -0.321 FALSE FALSE 8583 0.226 0.533 1.052 0.082 0.720 1.035
4202 (70%) 12046.2 16.25 - - - - - - - TRUE TRUE - - - - - - -
4203 (70%) 12016.4 15.93 - - - - - - - TRUE TRUE - - - - - - -
4201 (70%) 12044.7 15.44 22 1.331 -3.686 1.323 -3.563 1.113 0.619 FALSE FALSE 5580 0.200 0.415 -8.209 0.019 0.453 1.150
4198 (70%) 12018.3 1491 102 1312 -6.723 1.310 -6.269 1.103 -0.887 FALSE FALSE 6.469 0.202 0.352 -12.239 0.006 0.384 1.056
4196 (70%) 12036.1 14.19 27 1.441  0.706 1.419 -0.043 1.130 0.684 FALSE FALSE 7.767 0.212 0.512 -0.611 0.079 0.647 1.120
4195 (70%) 12038.9 133 22 1.444  0.151 1.427 -0.033 1.128 -0.056 FALSE FALSE 9.326 0.235 0.498 -1.230 0.076 0.667 1.035
4215 (60%) 10307 11.05 27 1.301 -0.268 1.294 -0.054 1.092 -0.100 FALSE FALSE 10.317 0.245 0.475 -2.571 0.044 0.650 1.015
4218 (50%) 8592.5 9.18 22 1.201  -0.089 1.199 0.193 1.064 -0.030 FALSE FALSE 10.628 0.240 0.471 -2.741 0.014 0.646 1.030
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Table 20: Model 3 simulation data for NASA Stage 38

Appendix C. Simulation data

veading  RoM (& werstions My S Mg et T e DSl v DRy Ve DR K
Design 17188.7 20.188 57 2.099 -0.269 2.044 -0.301 1.268 -0.052 FALSE FALSE 5.878 0.194 0.536 0.661 0.082 0.688 1.000
4129 (100%) 17223.9 20.97 487 2.091 16.233 1.804 -0.668 1.282 5.254 FALSE TRUE 4.557 0.232 0.579 3.415 0.096 0.612 1.106
4128 (100%) 17226.8 20.91 502 2.090 13.192 1.835 0.352 1.279 4.347 FALSE TRUE 4.669 0.226 0.570 2.803 0.090 0.616 1.089
4123 (100%) 17185.7 20.91 502 2.085 12.232 1.890 0.269 1.280 4.126 FALSE TRUE 4.613 0.228 0.576 3.188 0.094 0.658 1.101
4121 (100%) 17221.7 20.83 502 2.073 8.438 1.939 -0.240 1.274 2.743 FALSE TRUE 4.806 0.219 0.554 1.680 0.083 0.655 1.067
4120 (100%) 17227.9 20.67 502 2.054 4.337 1.972 -0.232 1.267 1.174 FALSE TRUE 5.098 0.208 0.530 0.029 0.084 0.646 1.033
4119 (100%) 17205.9 20.44 217 2.026 1.122 1.935 -2.145 1.258 -0.067 FALSE FALSE 5.470 0.198 0.505 -1.702 0.110 0.606 1.000
4140 (90%) 15462.1 19.76 - - - - - - - TRUE  TRUE - - - - - - -
4139 (90%) 15516.3 19.76 - - - - - - - TRUE  TRUE - - - - - - -
4133 (90%) 15447 19.54 - - - - - - - TRUE  TRUE - - - - - - -
4132 (90%) 15507.9 19.36 - - - - - - - TRUE  TRUE - - - - - - -
4131 (90%) 15478.7 19.02 87 1.859 4.561 1.787 1.481 1.227 2.157 FALSE FALSE 5.450 0.198 0.572 3.189 0.092 0.707 1.144
4093 (80%) 13735.9 16.76 17 1.613 2.295 1.561 -0.110 1.172 1.615 FALSE FALSE 6.498 0.196 0.535 0.748 0.082 0.653 1.145
4097 (70%) 12026.2 16.14 - - - - - - - TRUE TRUE - - - - - - -
4098 (70%) 12003.6 15.69 - - - - - - - TRUE TRUE - - - - - - -
4099 (70%) 11999.4 15.27 17 1.424 3.098 1.368 0.058 1.132 2.443 FALSE TRUE 6.001 0.194 0.543 1.212 0.082 0.631 1.266
4100 (70%) 12002.6 14.92 17 1.373 -1.657 1.359 -1.888 1.117 0.727 FALSE TRUE 6.621 0.196 0.446 -5.561 0.018 0.518 1.130
4101 (70%) 12005.1 14.5 17 1.434 1.731 1.399 -0.097 1.129 1.336 FALSE FALSE 7.359 0.200 0.517 -0.254 0.080 0.635 1.159
4095 (70%) 12014.2 13.85 22 1.438 1.244 1.409 -0.096 1.127 0.669 FALSE FALSE 8.505 0.212 0.503 -0.969 0.076 0.645 1.089
4104 (60%) 10621.2 11.75 27 1.313 0.106 1.308 0.288 1.095 0.221 FALSE FALSE 9.744 0.226 0.463 -3.410 0.021 0.618 1.035
4102 (50%) 8562.7 9.29 37 1.193 -0.096 1.192 0.236 1.061 0.233 FALSE FALSE 10.466 0.227 0.454 -3.894 0.009 0.614 1.033
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Table 21: Model 4 simulation data for NASA Stage 35

Appendix C. Simulation data

Ig

m I T Rotor Stator i
Readi RPM Iterations 11 error II stage stage R Y DF, i[de Y DF K
cading [kg/s] R (%] stag9¢  error[%]  °“*9° error[%] choke choke [deg] R R Is[deg] § s 4

Design 17188.7 20.188 32 1.864 -0.043 1.819 -0.046 1.225 0.006 FALSE FALSE 8.298 0.187 0.456 2.433 0.084 0.564 1.000

?fé);)/) 17220.2 20.95 77 1.840 5.867 1.780 3.871 1.234 2.994 FALSE FALSE 6.988 0.222 0.485 4.201 0.090 0.577 1.086
(']

?190708(y) 17119.1 20.82 47 1.847 -1.470 1.788 -2.918 1.233 0.680 FALSE FALSE 7.087 0.217 0.491 4.696 0.094 0.588 1.086
(']

?190707‘7) 17125.1 20.48 22 1.944 -0.582 1.880 -1.310 1.243 -0.050 FALSE FALSE 7.705 0.194 0.517 6.907 0.122 0.644 1.060
0

?1907;)/) 17196.8 20.13 22 1.988 0.130 1.926 0.227 1.247 -0.455 FALSE FALSE 8.409 0.187 0.519 7.322 0.130 0.667 1.026
0

?]_9(;057) 17224.5 19.54 22 1.988 -1.285 1.939 0.358 1.244 -1.484 FALSE FALSE 9.431 0.192 0.504 6.478 0.115 0.670 0.979
(']

?]_9(3067) 17218.5 18.2 22 1.880 -7.662 1.847 -3.955 1.222 -4.492 FALSE FALSE 11.534 0.228 0.429 1.478 0.087 0.601 0.879
(']

3979 (90%) 15451.3 19.5 - - - - - - - TRUE TRUE - - - - - - -

3982 (90%) 15477.7 18.97 27 1.683 0.168 1.635 -1.528 1.190 0.646 FALSE FALSE 7.966 0.189 0.483 4.394 0.091 0.579 1.110

3983 (90%) 15467.9 18.24 27 1.728 -0.067 1.686 -0.731 1.192 -0.298 FALSE FALSE 9.164 0.189 0.489 5.229 0.097 0.619 1.056

3984 (90%) 15473.4 17.82 37 1.732 -0.940 1.694 -1.021 1.192 -0.872 FALSE FALSE 9.852 0.195 0.482 4,941 0.095 0.626 1.024

3985 (90%) 15474.3 16.61 17 1.701 -4.502 1.672 -2.709 1.183 -2.844 FALSE FALSE 11.755 0.228 0.445 2.692 0.084 0.614 0.933

3987 (80%) 13774.4 14.32 17 1.504 -4.248 1.482 -3.437 1.141 -2.281 FALSE FALSE 12.986 0.252 0.421 1.330 0.083 0.593 0.930

3995 (70%) 12074.9 15.81 - - - - - - - TRUE TRUE - - - - - - -

3994 (70%) 12074.5 15.31 47 1.307 0.518 1.287 -0.298 1.103 1.467 FALSE FALSE 8.531 0.187 0.408 -1.228 0.047 0.455 1.175

3993 (70%) 12073.2 14.38 27 1.346 0.259 1.323 -0.841 1.107 0.561 FALSE FALSE 10.160 0.196 0.425 0.691 0.076 0.515 1.105

3990 (70%) 12040.8 13.41 22 1.361 0.333 1.340 -0.384 1.108 0.034 FALSE FALSE 11.790 0.218 0.429 1.494 0.082 0.561 1.035

3989 (70%) 120229 11.79 22 1.372 -0.183 1.357 0.540 1.110 -0.915 FALSE FALSE 14.559 0.283 0.428 2.268 0.084 0.638 0.914

3997 (60%) 10453.2 10.5 17 1.278 0.249 1.266 0.279 1.085 -0.358 FALSE FALSE 14.291 0.260 0.446 3.556 0.085 0.651 0.974

4000 (50%) 8582.4 8.99 17 1.181 0.629 1.172 0.327 1.058 0.087 FALSE FALSE 13.675 0.232 0.455 4.048 0.086 0.639 1.047
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