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Date: October 2003

The need was identified to develop an analytical performance prediction code for subsonic multi-
stage axial compressors that can be included in network analysis software. It was found that
performance calculations based on an elementary one-dimensional meanline prediction method
could achieve remarkable accuracy, provided that sound models are used for the losses, deviation
and the onset of rotating stall. Consequently, this study focuses on gaining more expertise on the
modelling of losses in such compressors through investigating the mechanisms responsible, the

methods of predicting them, their implementation and possible usage.

Internal losses are seen as mechanisms that increase the entropy of the working fluid through the
compressor and it was found that, at a fundamental level, all internal losses are a direct result of
viscous shearing that occurs wherever there are velocity gradients. Usually the methodology
employed to predict the magnitudes of these mechanisms uses theoretically separable loss
components, ignoring the mechanisms with negligible velocity gradients. For this study these
components were presented as: Blade profile losses, endwall losses including tip leakage and
secondary losses, part span shroud losses, other losses, losses due to high subsonic Mach numbers
and incidence loss, A preliminary performance prediction code, with the capability of
interchanging of the different loss models, is presented. Verification was done by comparing the
results with those predicted by a commercial software package and the loss models were
evaluated according to their ease of implementation and deviation from the predictions of the
commercial package. Conclusions were made about the sensitivity of performance prediction to
using the different loss models.

Furthermore, the combination of loss models that include the most parameters and gave the best
comparison to the commercial software predictions was selected in the code to perform
parametric studies of the loss parameters on stage efficiency. This was done to illustrate the
ability of the code for performing such studies to be used as an aid in understanding compressor

design and performance or for basic optimization problems.

It can therefore be recommended that the preliminary code can be implemented in an engineering

tool or network analysis software. This may however require further verification, with a broader
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spectrum of test cases, for increased confidence as well as further study regarding aspects like

multi-stage annulus blockage and deviation.

Keywords:
Loss, axial, compressor, modelling, performance, prediction, subsonic, meanline, mechanisms

Meodelling of losses in multi-stage axial compressors with subsonic conditions iii
School of Mechanical and Materials Engineering

@



UITTREKSEL

UITTREKSEL

Naam: W.J. Swift
Titel: Modellering van verliese in multi-stadium aksiale kompressors met subsoniese kondisies
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Die behoefte is geidentifiseer om ‘n analitiese kode te ontwikkel wat die werkverrigting van ‘n
subsoniese multi-stadium aksiale kompressor kan voorspel en ingesltuit kan word in netwerk
analise sagteware. Daar is gevind dat werkverrigtingsberekeninge gebaseer op clementére
eendimensionele voorspellings, by die gemiddelde radius, merkwaardige akkuraatheid kan
oplewer, mits geskikte modelle vir die verliese, deviasie en roterende stol gebruik word.
Gevolglik fokus hierdie studie daarop om kundigheid aangaande die verliese in sulke
kompressors te verbeter deur die verantwoordelike meganismes, die metodes om hulle te

voorspel, die implementering en moontlike gebruike daarvan te ondersoek.

Interne verliese word beskou as enige meganisme wat die entropie van die vloeier deur die
kompressor verhoog en daar is gevind dat, op ‘n fundamentele vlak, alle interne verliese ‘n
dirckte resultaat van viskeuse skuifspanning is. Dit kom voor waar daar snclheidsgradiénte
teenwoordig is. Gewoonlik maak die metodologie om hierdie meganismes te voorspel gebruik
van teoretics skeibare verlieskomponente. Die komponente wat in hierdie studie gebruik word is:
Lemprofiel verliese, annulus verliese insluitende tiplekkasie en sekondére verliese,
deelspanmantel verliese, ander verliese, verliese a.g.v hoé subsoniese Mach getalle en invalshoek
verliese. ‘n Voorlopige kode, vir die voorspelling van kompressor werkverrigting, is voorgestel
en het die vermog om tussen verskillende verliesmodelle te ruil. Die verifikasie van hierdie kode
is gedoen deur die resultate te vergelyk met die van ‘n kommersiéle sagteware pakket en die
verliesmodelle is geévalueer volgens hulle eenvoud en afwyking van die kommersiéle pakket se
voorspellings. Gevolgtrekkings is daarna gemaak oor die sensitiwiteit van werkverrigting t.o.v.

die gebruik van die verskillende verliesmodelle.

Verder is die kombinasie van die verliesmodelle, wat die meeste parameters bevat en die beste
vergelyk het met die voorspellings van die kommersiéle sagteware, geselekteer vir gebruik in die
kode om parametries studies te doen van die uitwerking van die verliesparameters op die stadium
effektiwiteit. Dit is gedoen om die vermo€ van die kode om as hulpmiddel in kompressor

ontwerp en basiese optimeringsprobleme te illusireer.
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Na aanleiding van bogenoemde kan dit dus voorgestel word dat die voorlopige kode
geimplementeer kan word in ‘n ingenieursnutspakket of netwerk analise sagteware. Daar word
egter verder voorgestel dat verdere verifikasie, met meer toetsgevalle, gedoen word om die
vertroue in akkuraatheid van die voorlopige kode te versterk en dat verdere studie op aspekte soos

multi-stadium annulus blokkasie en deviasie aandag moet geniet.

Sleutelwoorde:

Verlies, aksiaal, kompressor, modellering, werkverrigting, voorspelling, subsonics, meganismes
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NOMENCLATURE

H o parx

D

)

STvoon0an

T %
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NOMENCLATURE

Velocity of sound
Gap loss coefficients

Annulus area
Blade passage area

Shroud frontal area

Aspect ratio

Blade axial spacing
Blade chord

Absolute velocity

Base pressure coefficient

Discharge coefficient

Annulus drag coefficient
Secondary loss drag coefficient

Shroud drag coefficient

Skin friction coefficient

Blade lift coefficient

Moment coefficient

Static pressure rise coefficient
Blade surface length
Diffusion ratio, diameter
Equivalent diffusion ratio
Drag force

Blade staggered spacing
Specific enthalpy, blade height
Boundary layer form factor
Annulus height

Blade incidence angle
Constant value

Centreline average of roughness particles
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NOMENCLATURE

kg Equivalent sand roughness

k. Endwall loss fraction

M Mach number

N, Number of blades

p Pressure

PR Pressure ratio

q Dynamic head

r Distance in radial direction, radius
R Gas constant

R, Reference tip radius

Re Reynolds number

Re, Reynolds number based on momentum thickness
5 Blade pitch, specific entropy

t Blade or part span shroud thickness
T Temperature

U Tangential blade speed

14 Arbitrary velocity

Vi Blade surface velocity

Ve Leakage jet velocity

Vi Maximum suction surface velocity
v, Velocity in blade passage

W Relative velocity, Work

W, Flow velocity inside tip gap

W Normal jet velocity in tip gap

W et Useful power

AW, ieee  Windage power loss

Greek symbols

a Absolute flow angle

B Relative flow angle

n Efficiency

¢ Dimenéionless axial component of absolute velocity, flow coefficient
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NOMENCLATURE

y Ratio of specific heats

5 Boundary layer displacement thickness
£ Throat width

¢ Dimensionless radius

£, Entropy loss coefficient

e Boundary layer momentum thickness
8. ver Blade camber angle

£ Blade stagger angle

% Kinematic viscosity, £

v, Tangential force thickness

P Fluid density |

o Fluid density in blade passage

< Energy loss coefficient

1 Efficiency

@ Stage loading coefficient

o Blade solidity

« Pressure loss coefficient, rotor angular velocity
r Blade circulation

T Tip clearance

¥ Blade metal angle

Sub - and superscripts

a In the absolute frame

ex Wake

fs Freestream

hb Hub

i Isentropic

m Vector mean value

max Maximum condition or value

min Minimum condition or value

) Pressure surface

rms Root méan square
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NOMENCLATURE

X, ¥,z

S -

In the relative frame

Suction surface

Shroud

Tip

Based on rothalpy

Trailing edge

Tangential direction, momentum thickness

Cartesian coordinates with z in the axial direction

Averaged value, average

Vector mean condition

Stagnation condition

Inlet into blade rotor or stage
Qutlet from rotor and inlet to stator
Outlet from stator and stage
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Chapter 1

INTRODUCTION

Chapter I aims at providing the reader with an introduction fo the thesis. This is done by
describing the background leading to the study as well as giving the reader a short overview of
the main concepts contained in the study. Further aspects that receive attention are the primary

restrictions, contributions and outline of the study as given in the thesis.
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CHAPTER 1 INTRODUCTION

1.1 Background

Flownex (M-Tech Industrial (Pty) Ltd., 2003) is a general network analysis code that solves the
flow, pressure and temperature distribution in arbitrary-structured thermal-fluid networks. One of
the components that may be included in such a network is the axial compressor. Flownex
currently uses turbomachine performance maps obtained from the manufacturer to predict the
performance of an axial compressor. These maps are a graphical representation of the machine

performance over a range of ambient temperatures, rotational speeds and mass flow rates.

This method is, however, not always satisfactory because turbomachine manufacturers are often
reluctant to supply detail performance information about their products and the required maps
might therefore not always be available. Another drawback is the fact that performance maps are
characteristic to a specific machine. This severely limits their use as optimization or preliminary

design tools because new maps have to be obtained each time geometrical changes are made.

One possibility to resolve these issues is to develop a performance prediction model and integrate
it into the Flownex source code. Geometrical changes to the turbo machine can be made directly
in Flownex and the influence of these changes can be seen immediately, not only on the
compressor performance, but also on the performance of the network as a whole. Song et al.
(2001:90) pointed out some of the advantages of integrating multi-stage axial compressor

performance prediction with network analysis.

it must be clearly stated that the author is aware of the extreme complexity involved in accurately
predicting the performance of multi-stage axial compressors. Sophisticated axial compressor
performance prediction models are routinely used within the gas turbine industry; however, there
are very few models published in the open literature. Casey (1987:273), however, demonstrated
that performance calculations based on an elementary one-dimensional meanline prediction
method could achieve remarkable accuracy, provided that sound models are used for the losses,

deviation and the onset of rotating stall.

1.2 Outcomes of this study

It was concluded that detail studies of loss, deviation and stall are necessary to gain confidence in
attempting performance prediction for axial compressors. A primary and secondary outcome was

subsequently identified.
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The primary outcome of the study is the comprehensive understanding of the sources and
mechanisms that cause loss, and the investigation of the available models that describes them.
The secondary outcome can be defined as the generation of a meanline performance prediction
code, with emphasis on the modelling of the losses from the knowledge gained while satisfying
the primary outcome. This code can possibly be used for predicting and investigating axial
compressor losses and the relative influence of parameter changes on these losses. A sound
methodology for loss modelling can then be deducted from, for instance, parametric studies of the
influence of the loss variables on compressor performance. This methodology can then be
adapted and incorporated, through further studies, into a more complex performance prediction

model for use in applications like Flownex.

1.3 The axial compressor

Modern axial flow compressors are normally built up of a number of stages. Each stage consists
of a row of rotating blades (rotor blades) and a row of fixed blades (stator blades). The rotating
blades are attached to a number of disks mounted on a central shaft forming the rotor. The stator
blades are fastened to the inside of the compressor casing. Usually, there is a gradual decrease in
the cross-sectional flow area from the compressor inlet to outlet. Figure 1.1 shows a typical axial

COmpressor.

Fig. 1.1 Iustration of a typical multi-stage axial compressor.

Work is transferred from the moving blades to the fluid by means of the changing swirl, or
tangential velocity, through the stage. In multi-stage industrial compressors, the first stage is
often preceded by a row of stationary inlet guide vanes, which set an appropriate level of swirl
into the first stage of the compressor (Japikse and Bianes, 1997:5-1).

Modelling of losses in multi-stage axial compressors with subsonic conditions 2
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1.4 Loss and compressor performance

An axial compressor is designed according to certain requirements. During operation at the
design point it delivers the required pressure ratio at a specified rotational speed and mass flow

rate at maximum compressor efficiency.

Several conflicting definitions exist for the ‘correct’ inlet flow angle chosen during the design
phase of axial compressor bladerows. Cumpsty (1989:164) gives a detail summary of these, but
states that the differences in the definitions are relatively unimportant because of the similarity in
results. Due to the difficulty arising from such a wide array of definitions etc. and the fact that
the prediction of the losses are dependent on these values (see Chapter 4), this study will assume
the definition proposed by Cumpsty and given by Lieblein (1956). It gives the design point inlet

angle in terms of the angle at which the absolute minimum blade profile loss will occur.

Figure 1.2 illustrates the operating line at a constant rotational speed for an axial compressor

stage designed according to the aforementioned criteria.

Stall

Shift due to Ideal stage

. increased losses
Pressure o

Rise Minimum
loss point

Shift due to
increased losses

Operating line
Mass Flow
Fig. 1.2 Operating line at constant rotational speed for an axial compressor stage

The axial velocity is a function of the mass flow and reduces proportional to a mass flow
reduction. As the axial velocity decreases, the angle at which the fluid enters the blade row
increases. This increases the blade losses and the pressure ratio over the stage decreases
accordingly in a progressive manner. This continues to the extent that the flow separates from the
blade profile and a sudden decrease in the pressure ratio is experienced. This separation point is
known as the stall point (Botha, 2002:80).
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As the mass flow increases, the axial velocity is increased leading to a smaller fluid entry angle.
This continues with a proportional increase in losses until a critical mass flow is reached and a
further mass flow increase through the blades is not possible. At this point the blades start to

choke and a sharp increase in loss and decrease in pressure ratio is experienced.

1.5 The concept of loss
According to Wilson and Korakianitis (1998:358) a real compressor can be thought of as an ideal
machine taking in a gas at p, ,k, (Figure 1.3), and delivering it at p, .k, (point 1) with

added losses, which make the actual delivery conditions p, ,4, (point 2). Point 2 could be

arrived at in two conceptual ways: a pressure decrease, L Ap, , and an energy increase, L Ahy ;

or an isentropic enthalpy rise followed by a pure entropy increase, which represents the entropy
generated by the internal losses. The dotted line represents a typical adiabatic compression

process.

Constant pressure lines

AN
Plo : . \,/IZ‘AhO 'R

Oour

aut -

T = e

Entropy

Fig. 1.3 Loss representation in adiabatic compression.

Following the article by Denton (1993), this study will concentrate on the conceptualism that
internal losses manifest as an entropy increase. This is motivated by the fact that it leads to more
consistent reasoning and that entropy is a particularly convenient loss measure because, unlike
stagnation pressure, stagnation enthalpy, or kinetic energy, its value does not depend on whether
it is viewed from a rotating or stationary blade row and simple summation of entropy increases

throughout the machine is now possible.
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According to Denton (1993:625), entropy creation or internal losses is a direct result of the
following fluid dynamic processes:
1. Viscous friction (shearing), ¢.g., boundary layers and mixing,
2. Heat transfer across finite temperature differences, e.g., from mainstream flow to
flow of coolant gas, and
3. Non-equilibrium processes such as very rapid expansion or shock waves.
For an adiabatic, subsonic axial compressor, only viscous shearing is responsible for entropy

increase.

Another source of loss can be mechanical friction losses in external bearings or seals. These
losses increase the compressor’s power requirements and are also called mechanical losses or

external losses. They do not contribute to the entropy increase of the fluid.

1.6 Introduction to loss modelling

In an attempt to quantify the internal loss generation in axial compressors, various authors
defined certain loss components and modelled their influence separately. The classifications are
not always precise, and at times different authors present different groupings. In any case, it is
physically impossible to separate the effects of an individual loss type from those of its

interaction with other dissipative phenomena.

The common loss components are profile loss, endwall loss and shock loss. In a fully subsonic
compressor, shock losses do not occur. Profile loss is usually taken to be the loss generated in the
blade boundary layers well away from the endwalls. It is often assumed that the loss here is two-
dimensional. This is done to make use of two-dimensional cascade tests or boundary layer
calculations for modelling purposes. The extra mixing loss at the blade trailing edge is usually
included in the profile loss. Sometimes, endwall loss is further broken down into more
theoretically separable components called tip leakage or clearance loss, annulus boundary layer
loss and secondary loss. Secondary loss arises partly from the secondary flows generated from
interaction between the annulus boundary layers and the blade rows. Profile loss, endwall loss
and tip leakage loss are in many compressors comparable in magnitude, accounting for about one
third of the total loss.

Denton (1993:621) stated that some purely analytical models of the loss components were
formulated from basic principles, but these were usually highly idealized. Another method would
be to use numerical solutions for the loss prediction. Unfortunately, they are computationally

very intensive and are consequently not suitable for the preliminary design phase.
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Because of the aforementioned reasons, loss prediction methods remain very dependent on
correlations from test data. The NACA-65 series, C-series and double-circular-arc (DCA) blade
profile families were used extensively in cascades for obtaining data for correlation purposcs.
Cumpsty (1989:140) presents a detail discussion on the blade profile families and clearly points
out the geometrical and performance differences between various profiles. He concluded that
blade shape has a quite small effect on the deviation, pressure rise and loss as long as the flow

remains subsonic over the whole blade section.

1.7 Primary restrictions

For this study it is assumed that the flow through an axial compressor is adiabatic, thus the
compressor is isolated from.its surroundings and no heat is supplied to or rejected from the

system.

It is also assumed that the conditions throughout the compressor are fully subsonic. The reason
for this restriction is that, although the losses could relatively easily be included to accommodate
transonic Mach numbers, the performance prediction and the non-loss correlations involved
change dramatically due to the use of other blade profiles etc. Separate studies are therefore
recommended for including transonic and supersonic loss modelling. Consequently, it is assumed
that the compressor or stage absolute inlet axial Mach number will, in this study, not exceed 0.8
to stay clear of supersonic patches forming on the blades with high relative velocity. This
assumption is based on the discussion given in Section 3.6 regarding losses due to high subsonic

Mach numbers.

The present study is not concerned with predicting mechanical or external losses and it is treated
as a constant input if necessary. The manufacturers of the bearings or seals usually provide

values for these losses.

Further constraints are that it does not attempt to deal with losses due to, for example,
mismatching between stages at part speed operation or improper selection of blade shapes for the
aerodynamic environment. Only losses in the stable operating range are modelled, therefore, no
blade rows are stalled. These constraints were partly adopted from Koch and Smith (1976:411) in

order not to stray too much from the most common loss correlation restrictions.

Losses due to inlet ducting, inlet guide vanes or discharge diffusers are also excluded from the
investigation because it is thought that these components are not essentially part of all

compressors and the literature for modelling them is abundant.
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1.8 Contributions of this study

The study will aim at improving axial compressor expertise through investigating and serving as a
reference on loss mechanisms, methods of predicting their magnitudes, their implementation and
their possible use. The possibility of developing performance prediction software, with general
applicability to subsonic multi-stage compressors with different geometries and working fluids
will be investigated. Further investigations will also include the evaluation of different loss
models and parametric studies reflecting the influence of input variable changes on particularly

the loss magnitudes and this relation to other performance variables.

1.9 Study Outline

Chapter 1 aimed at providing the reader with the background to this study as well as a short
introduction and overview of the basics regarding axial compressors and their losses. Chapter 2
describes the loss mechanisms found in an axial compressor. In Chapter 3 the loss models
published in the open literature for predicting the losses produced by the various loss mechanisms
are reviewed and some are discussed in detail. Chapter 4 presents the reader with a method of
performance prediction and indicates where and how the loss models fit in. In Chapter 5 some
issues regarding the implementation of the concepts and equations given in Chapters 3 and 4 are
discussed. Chapter 6 verifies the validity and accuracy of the code by comparing its results to
those from a commercial software package and evaluation of the different loss models are done.
In Chapter 7 parametric studies are conducted and some conclusions are made about the role that
each model and other relevant parameters play in loss and performance. Chapter 8 contains
conclusions and recommendations for future work on improving the loss prediction models, and
our understanding of it, as well as some remarks on compressor performance prediction as a

whole.
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Chapter 2

LOSS MECHANISMS

The mechanisms mainly responsible for the losses in subsonic axial compressors are presented in
Chapter 2. The mechanisms that are commonly used in loss modelling are then described in

more detail.

Modeiling of losses in multi-stage axial compressors with subsonic conditions
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CHAPTER 2 LOSS MECHANISMS

2.1 Introduction

Chapter 1 gave a brief overview of multi-stage axial compressors, the losses that occur in them,
the influence on performance and how these losses are currently conceptualized and modelled. It
was seen that at the fundamental level for an adiabatic, subsonic axial compressor, all the loss
mechanisms could be related to viscous shearing. Viscous shearing occurs wherever there are
velocity gradients, but its magnitude is only of concern in regions where these gradients are very
steep (Cumpsty, 1989:28).

In this chapter the mechanisms responsible for entropy increases and equivalently internal losses
through an axial compressor are discussed. Figure 2.1 shows the entropy contours between blade

rows fora 31 stage axial compressor.

Fig. 2.1 Entropy contours between blade rows in a 31 stage axial compressor

In axial compressors, steep velocity gradients particularly occur in the following instances: The
boundary layers that form on the blades and endwalls, the mixing processes in which non-
uniformities in flows are mixed out to a uniform condition. These non-uniformities occur are in
the wakes behind blades, at the edges of separated flow (flow not attached to a solid body)
regions, in vortices and in leakage jets. Figure 2.2 gives a graphical illustration of the

aforementioned concepts.

] Viscous shearing I

[ Boundary layers 1 [ Mixing processes i
|
| I | |
Boumla Boundai Edges of
layers org layers org Wakes se sér:wleﬂ Vortices Lerel\gge
blades endwalls owWSs
Fig. 2.2 Diagram to indicate divisions of loss mechanisms
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CHAPTER 2 LOSS MECHANISMS

2.2 Entropy production in boundary layers

Figure 2.3 represents a blade section moving through inijtially undisturbed fluid.

e
Velocity
e : profile
due to
boundary
" Uniform L Wake
nfiow
veloclty %t
——nar

e

Fig. 2.3 Velocity profile on blade section due to endwall

According to Shames (1992:131) real fluids “stick” to the surface of a solid body. At Point A on
the blade section the fluid velocity must be equal to zero relative to the blade and at a
comparatively short distance away, it is almost equal to the initial fluid velocity. This is
illustrated in the velocity profile of the diagram. It can be seen that there is a thin region, called
the boundary layer, adjacent to the boundary, where sizable velocity gradients must be present.
Consequently, high shear stresses, which oppose the motion of the fluid, occur, resulting in a rise
in the internal energy and entropy of the fluid. At some point the shear stresses become too big
and there is a transition from laminar to turbulent flow. Boundary layers grow progressively

along a solid body.

When the flow angle, of the fluid relative to the blade, becomes too large the flow will separate
from the boundary causing added entropy production due to mixing. During this condition the
entropy increases rapidly, with respect to the separation, and the blade section stalis. Similarly,
boundary layers form on the endwalls of the compressor. Figure 2.4 illustrates axial compressor

boundary layers in which entropy is generated.

Laminar :
Transition / .

Turbulent
/ (b) Viscous regions in the meridional

(a) Blade-to-blade boundary layers plane

[P—— HO‘OI'

Hub

Transition

Fig. 2.4 Schematic of boundary layers in axial compressor on a (a) blade and {b) endwall
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Compared with other viscous regions in compressors the understanding and prediction of axial
blade boundary layers away from the endwalls is good although also influenced by the magnitude
of the other loss mechanisms in the compressor. A thorough description thereof can be found in
Cumpsty (1989:331). Unfortunately, this is not the case for the endwall region due to the extreme
complexity of the flow and its interaction with the mixing processes and the blade boundary

layer.

2.3 Entropy production in the mixing processes

Relatively high rates of shearing occur in wakes, at the edges of separated regions, in vortices and
in leakage jets. Such phenomena are usually associated with turbulent flow and therefore the

local entropy creation rates may be considerable.

The flow processes involved are extremely complex and often unsteady. A thorough
understanding and an accurate analytical means of predicting them in axial compressors are
therefore not yet available, especially in the endwall regions. Consequently, this study will not
attempt to give a detail discussion on all the different mixing mechanisms and more attention will
be given to the methods of predicting them macroscopically by correlation in the next chapter.
Two special cases that are, however, presented are wake mixing behind a blade trailing edge and

tip clearance.

For a blade in subsonic flow, about one third of the total two-dimensional entropy generation is
due to the mixing of the blade boundary layers behind the trailing edge in the wake. Denton
(1993:653) gives the basic theory of entropy creation due to the mixing out of a wake and
employs the conservation of mass and momentum over a control volume at the trailing edge in
incompressible flow. This analysis includes detail about the blade boundary layers and also the

base pressure acting on the trailing edge.

The flow and entropy creation mechanisms through a tip clearance are well understood for
unshrouded compressor blades. In this case, the axial velocity of the flow leaking over the tips is
certain to be less than that of the mainstream and may even be directed upstream. There is a
vortex sheet at their interface and this rolls up into a concentrated vortex as the flow moves
downstream. The total entropy production depends on the leakage flow rate and the difference
between the velocity of the mainstream flow and the leakage flow. Figure 2.5 shows a two-

dimensional illustration of the flow over an unshrouded blade.
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CASING

Mﬁjt,_,,,,l,,,,

THIN BLADE

Fig. 2.5 Leakage flow over compressor rotor tip

2.4 Summary and conclusions

Internal losses, and therefore entropy increases, at a fundamental level, are a direct result of
viscous shearing that occurs wherever there are velocity gradients. Steep velocity gradients
particularly occur in the boundary layers that form on the blades and endwalls and the mixing

processes in which non-uniformities in flows are mixed out to a uniform condition.

As an aid to understanding and modelling entropy production, it was subdivided into physical
mechanisms, which are easier to conceptualize, ignoring mechanisms with negligible velocity
gradients. The mechanisms that are commonly used are: Boundary layers on the endwalls,
boundary layers on the blades, entropy production in wakes, edges of separated flows, vortices
and leakage jets. Methods were devised to quantify these mechanisms and some of those

available in the open literature are discussed in detail in Chapter 3.
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Chapter 3

LOSS PREDICTION METHODS

Chapter 3 presents the reader with a comprehensive literature survey regarding loss prediction
methods for subsonic axial compressors. The loss mechanisms are interactive and complex by
nature and methods of predicting them rely greatly on empirical correlations. Also, the open
literature is rather diffused and the main groupings used in this chapter are: Blade profile losses,
endwall losses including literature on tip leakage and secondary losses, part span shroud losses,

other losses, losses due to high subsonic mach numbers and off-minimum losses.

Modelling of losses in multi-stage axial compressors with subsonic conditions
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3.1 Introduction

The mechanisms mainly responsible for the losses in subsonic axial compressors were presented
in Chapter 2. They are interactive and complex by nature and methods of predicting them rely
greatly on empirical correlations. A thorough knowledge about the origin of these models is

crucial due to the high degree of empirical reliance and therefore, limited general applicability.

The literature on loss prediction methods for axial compressors is rather diffused and many of the
models used in the industry are propriety information and not available in the open literature for
evaluation. Several authors furthermore also used different nomenclature, units, and sign

conventions.

The cascade nomenclature used throughout this thesis is based on Figure 3.1. The nomenclature
for a stationary cascade (stator) is shown, but applies equally well to a rotor if the positive a

angles are replaced with negative  angles and W are used instead of C.

Camber line

Chord Iine Rcamber,

out

Fig. 3.1 Cascade nomenclature

Incidence is taken as the angle between the mean flow direction into the blade and the blade angle

at the leading edge, i=o,, — ¥,, -
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In most instances the methodology employed to predict the minimum total losses uses a
superposition of theoretically separable loss components. More specifically, for this study they
will be presented under the following headings:

e Blade profile losses

e Endwall losses including literature on tip leakage and secondary losses

e Part span shroud losses

e Other losses

e Losses due to high subsonic mach numbers

The prediction of the off-minimum losses are presented in a separate section and are mostly
modelled with the use of a correlation that is, among others, a function of the minimum profile
loss or variables contained in the minimum blade profile loss. Sometimes, this loss is called an
incidence loss. The available literature, on these categories, is discussed chronologically in the

following sections and the work of some of the contributing authors is presented in detail.

3.2 Blade profile losses

Howell (1945) attempted to estimate this loss in terms of the familiar drag and lift coefficients
used for aircraft analysis. In calculating the blade profile loss, most correlations, however, use a
technique developed by Lieblein (1959) using a diffusion factor that is a function of the

maximum relative flow velocity in the blade passage, and relative inlet and exit flow velocities.

Koch and Smith (1976}, who presented the most comprehensive model, performed operations
similar to Lieblein, but accounted for compressibility, Reynolds number and streamtube
contraction effects found in real compressors. Starke (1980) adapted the purely two-dimensional
Lieblein correlations to account for quasi-two-dimensional flow often found across compressor
blade sections. Denton (1993) emphasized the importance of understanding the physical origins
of loss rather than to rely on conventional correlations. He defined loss in terms of entropy
increase and derived the relationship of this to the more familiar loss coefficients. Swan (1961),
Cetin et al. (1989), K&nig et al. (1993) and Roy and Kumar (1999) used the same basic principles
as Lieblein, but obtained correlations for transonic compressor blades and are therefore not
considered for this study. These articles did, however, make a valuable contribution to the

author’s insight into compressor losses.

Denton’s (1993:633-636) model support the conceptualism of loss being equivalent to entropy
production, and this study would seem incomplete without giving it the necessary aitention.

However, his model is not directly used in the study and the discussion of his work follows in
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Appendix A. The models of Lieblein and Koch and Smith are discussed in more detail in the

following sections.

3.2.1 Lieblein

Lieblein (1959) derived a method from cascade tests, which satisfactorily describes the Jow-speed
relationship between blade-element loading and losses at any flow conditions (Swan, 1961:322).
Some of his work and comments from other authors are presented here and the restrictions of his
results are stated clearly. Hirsch and Denton showed in 1981 that Lieblein’s model is as reliable
as more modern correlations (Casey, 1987:275).

Lieblein showed that the losses around the blade profile appeared as a boundary layer momentum
thickness, 6,,, in the wake behind the blade. He also showed that as the aerodynamic loading on

a compressor blade increased, the diffusion on the suction-surface increased, but that on the

pressure-surface stayed approximately constant.

Therefore the suction-surface velocity distribution becomes the main factor in determining the
total pressurc loss. Figure 3.2(a) shows a typical velocity distribution derived from surface
pressure measurements on a compressor cascade blade in the region of minimum loss. The
diffusion in velocity may be expressed as the ratio of maximum suction-surface velocity to outlet

velocity, W,,,, /W, . Figure 3.2(b) illustrates the wake development in flow across cascade

blades as reported by Lieblein (1959:389).
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Fig. 3.2(a) Cascade blade surface Fig. 3.2{b) Wake development in flow
velocity distribution across cascade blades
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Lieblein used a power law velocity profile to represent the wake and was then able to derive the

loss in terms of the blade boundary layer momentum thickness, 6, , and the blade boundary

layer form factor, H,,:

-3

P L‘mﬁth[ 2 }'1{9&)"}%‘ | 3.0
¢ cosf,\cosf, ) |3-1/H_ L c COSﬁzJ

The correlations are applicable to both rotors and stators, where # denotes the velocity relative

to either a rotor or stator and f the relative angle measured from the axial direction. The
subscripts 1 and 2 represent the leading and trailing edge of the blade respectively. The pressure

loss coefficient (see Chapter 4 for more information), @, gives the averaged pressure loss over a
blade row due to profile losses of each blade, made non-dimensional by the inlet dynamic head of

the blade row. A measure of the degree to which the wake has mixed out is the form parameter

H defined by H =g
momentum thickness. Full definitions of these boundary layer parameters can be found in
Lieblein (1959:389).

, where & is the boundary layer displacement thickness and 6 the

For blades with “healthy™ boundary layers, the mixing takes place rapidly after the trailing edge
and the difference between measurements of the boundary layer parameters in the wake or at the
trailing edge is usually small (Cumpsty, 1989:172). A constant value for H_ of 1.08 was used.

Lieblein found a correlation between the diffusion ratio and the wake momentum thickness to

chord ratio, 8, /c at the reference incidence (minimum loss incidence) for American NACA 65-

(A1p) and British C.4 circular arc blades. Several authors provide correlations for Lieblein’s data,
but Starke showed in 1981 that the original constants given by Lieblein lead to values of

momentum thickness that are too large and gave the following correlation (Casey, 1987:275):

6, __ 0.0045 32)
¢ 1-095D,

Casey also suggests an addition of 0.0025 to the momentum thickness to chord ratio as proposed
by Koch and Smith (1976:419) for better predictions of efficiency. This suggestion was, however
not included in the work of Starke and excluded in Japikse and Baines (1997:5-14) and is

therefore not included in this study. It can be seen that knowledge of suction-surface velocities
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are assumed in the above equations. This data is not always available and can be obtained from a

correlation given by Lieblein:

W, cos 3, | cos’ B |
D =—"22=-""72112+0.61—{tan, —tan 3.3
"= cosh 5ty -anfi) (33)

Because the form parameter is so close to unity, Lieblein has demonstrated the simplified
relationship between the wake momentum thickness ratio and the stagnation pressure loss, valid
for unstalled blades as:

2
07:29& c |cosB, |

¢ cosf, | cos B, 34

Lieblein’s model limits element losses to those caused by surface friction, flow separation and
wake mixing. The correlations and expressions were obtained from studies done on purely two-
dimensional, low speed cascades with NACA 65-(A,o) and British C.4 circular arc blade profiles.
Cumpsty (1989:175) states that the loss from different profile sections is very nearly the same at
subsonic Mach numbers and that Mach number does not have a large influence on total profile
losses until shock losses start to form as a result of supersonic patches. Lieblein’s correlations are
still very widely used as a means of estimating total pressure loss in the unstalled range of

operation of blades commonly employed in subsonic axial compressors (Dixon, 1998:74).

3.2.2 Koch and Smith

Compressible boundary layer theory has been employed as a rational means to extend the two-
dimensional, low speed correlation of Lieblein into the Mach and Reynolds numbers that are of

interest to compressor designers.

The effects of blade surface curvature were neglected for simplicity. In their study, Koch and
Smith assumed the boundary layers to be turbulent everywhere and that an adiabatic wall
condition existed. They calculated the blade surface boundary layers over ranges of Mach

number, Reynolds number and streamtube contraction for diffusion ratios, W, . /W, of 1.3 up to

the wvalue at which the turbulent boundary layer was predicted to separate
(Koch and Smith, 1976:413).
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From this it was possible to arrive at functional relationships at the trailing edge of the form:

6, /c
H

te

}: £ (Wans ! Wy, M RS,y 1 ) (3.5)

with &, and A&, being the blade height at inlet and outlet respectively.

The results of the boundary layer calculation were then compared to the correlation presented by
Lieblein. This was done by converting the calculated trailing-edge momentum thickness to a

wake momentum thickness with a form factor of 1.08.

It was found that for diffusion ratios below 1.7 the calculated wake and trailing edge momentum
thickness are virtually the same. For higher diffusion ratios the wake momentum thickness is
greater than the trailing-edge momentum thickness by a significant amount. Koch and Smith
(1976:413) reported higher values than Licblein for diffusion ratios below 1.7. This is probably

due to the considerable amount of laminar flow that existed in the cascades studied by Lieblein.

To account for blade surface roughness, Koch and Smith defined a roughness Reynolds number

below which the airfoils can be considered hydraulically smooth. This criterion is taken as:

Wik <90 (3.6)
Y .

In fluid mechanics, roughness is usually specified in terms of an equivalent sand grain size, &

To relate this equivalent sand roughness to compressor blade surface finish, the following

equation can be used:
k, =6.2kg,, 3.7

where k_,, is the centreline average of the roughness particles and is defined as the arithmetical

average deviation expressed in microns measured normal to the centreline.

The methodology suggested by Koch and Smith {1976:412-415) to predict blade profile losses
due to the results obtained from their calculations is summarized below. Where appropriate,
contributions were taken from Wilson and Korakianitis (1998:361).
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The suction surface diffusion ratio, W, /%, , is calculated from the cascade geometry and the

vector diagrams, accounting for blade thickness, annulus contraction and compressibility effects.

To simplify matters, a semi-empirical formulation is provided in Equation 3.8. This formulation

is similar to Equation 3.3 derived by Lieblein, but is somewhat more representative of the

conditions in a compressor as opposed to two dimensional test cascades. A detail derivation of

Equation 3.8 can be found in Koch and Smith (1976:423). The equivalent diffusion ratio, D, , at

minimum loss incidence is

p F¥wle
CmY, W

(3.8)

where ¥, is the relative velocity in the passage throat and V., is the maximum possible relative

velocity in the blade passage throat region.

They can respectively be given by:

| (o
V
/ = (sin B, —0.24450T)" + cosh_1 | (3.9)
(I noan
L P/l
V ( ! )
max/  =11+0,7688-2% .- 0.6024 3.10
4, =1 voross e rosozar e.10
The area contraction ratio from blade inlet o throat is given by
+ f -
4,= 1—0.44580[‘&*—]/(;% (Bi+ ) -t 4 | 3.11)
c 2 L 34 )
and the density in the passage throat by
M2 tanB, )
/p,=1———*—1- A —0.2445 Lol | . 3.12
Po P l—Mzzk F cos B, (312
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The circulation, I", for a two-dimensional, incompressible cascade is given by

C, -1, C
L N (3.13)
rmo-pp; '

The ratio of trailing edge momentum thickness to chord length, 6,/c, and trailing edge form
factor, H,

e

can found from Figure A.2.1 and Figure A.2.2 in Appendix A.2. These correlations

given are for nominal conditions for a Reynolds number of 1x10°, hydraulically smooth blades,
a streamtube height ratio, #,/4,, of 1, and a Mach number of 0.05. Corrections have to be

applied for conditions other than nominal and the correctional multiplier correlation figures are

also given in Appendix A.2.

With the new values for trailing-edge momentum thickness to chord ratio, 8, /¢, and form factor,

H

. » known, a new trailing-edge freestream velocity can be determined from iteration and
therefore changes to the initial estimate for the diffusion ratio. This continues until all the

trailing-edge parameters converge.

It is now possible to estimate the total pressure loss by calculating the mixing of the freestream
and the boundary layers in a control volume analysis. According to Wilson and Korakianitis
{1998:362), the use of Equation 3.1, derived by Lieblein, is satisfactory to calculate the total

pressure loss, but with, 8, /¢, insteadof 0,, /c.

3.3 Endwall losses

The endwall loss is the most difficult loss component to understand and predict and virtually all
prediction methods rely on very little underlying physics. Much effort and many papers have
been directed to endwall flows in cascades. Unfortunately, these flows are not representative of
the flow in compressor blade rows and the correlations derived from them should be used with

the greatest caution. (Cumpsty, 1989:355)

Hiibner and Fottner (1996:2) also states that: “...the flow in the endwall region is not well
understood in spite of the research over a period of more than two human generations, However
the process of loss generation still remains not very clear up to now and thus the losses cannot be

predicted with reasonable accuracy.”
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Classic denominations of endwall losses are: annulus boundary layer loss, tip clearance loss and
secondary loss. The term secondary loss is also sometimes used to describe all the losses in the
endwall region. The effects of tip clearance are overwhelming on the endwall flow development
and on the blade-to-blade flow near the tip and it would be somewhat artificial to treat it in a

separate section as is done in many instances in the literature.

The first modelling of tip clearance losses in compressor cascades seems to be that done by Betz
in 1926. Chauvin, Cyrus and Senoo published reviews in the 1980’s on improved correlations
{Hiibner and Fottner, 1996:8).

Early methods by Betz, Vavra, and Lakshminarayana, referenced by Hiibner and Fottner (1996:9)
tended to work in terms of the induced drag on the blades, analogous to the drag on an aircraft
wing. This is, however an inviscid effect. Rains assumed the kinetic energy of the leakage flow
driven by the pressure difference between the pressure and suction side as lost. Another method
is to consider the pressure rise of the cascade in terms of the blade loading and authors following
this approach are: Bauermeister, Scholz, Baljé, Grieb, Hultsch and Sauer and Cyrus (Hiibner and
Fottner (1996:9).

More recent studies, for example by Storer in 1991 and Papailiou in 1995, measured the tip
leakage flow in great detail and modelled it in terms of the mixing loss between the tip leakage
and the main flow. Denton (1993:638) states that there is no known work on the flow processes

over shrouded compressor blades and the current study confirms this.

Several methods that calculate the annulus boundary layer displacement thickness via a two-
dimensional boundary layer calculation along the whole endwall of a compressor has been
published e.g. De Ruyck and Hirsh (1983). Denton (1993:640) states that such methods that use
conventional boundary layer theory must be regarded as dubious, because during their interaction
with the blade rows, the boundary layers cannot be considered as conventional boundary layers.

Their reasonable predictions are a result of considerable empiricism.

The models of the following authors are discussed in detail and are thought to be a good
representation of a lump of the work done: Howell assumed the endwall loss to be made up of
friction at the annulus walls and a secondary loss that was greatly influenced by the tip clearance
(Cohen et al, 1996:210). Koch and Smith (1976:416) relate the loss of efficiency due to the
presence of endwall effects to two properties of an endwall boundary layer, i.e. the averaged
displacement thickness and the tangential-force thickness. Denton (1993:640) presents models
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for the tip clearance losses and endwall losses separately and defines them in terms of entropy
generation. His models were again included in this study (Appendix A.3) due to their effort to
find models that are based less on empirical results and calculate the loss as an entropy increase.
Hilbner and Fottner (1996:8-11) give a short overview of the available tip clearance loss
correlations and propose an improved approach for the calculation of these losses. Roy and
Kumar (1999) modelled some secondary losses by lumping them with the blade profile losses. A

hub endwall loss model and a tip clearance loss model accounted for the remaining losses.

3.3.1 Howell

Howell (1945:115-131) realized as early as 1945 the importance of loss at the annulus walls and
provided a rough estimate for the axial compressors of the time. Several assumptions were made
for simplification. He further assumed the endwall losses to be made up of a so-called annulus

loss and a secondary loss. Figure 3.3 gives a graphical representation of this reasoning.

s MR S s 20 (o
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{a) Annulus Loss {(b) Secondary Losses

N

Fig. 3.3 Three Dimensional Flow Effects according to Howell

From Figure 3.3 it can be seen that the annulus loss is the loss due to friction on the annulus walls

or annulus drag and a drag coefficient was assigned a constant value:

Cp, = 0.02—;— (3.14)

@ Modelfing of losses in multi-stage axial compressors with subsonic conditions 21
School of Mechanical and Materials Engineering



CHAPTER 3 LOSS PREDICTION METHODS

In turn, the secondary loss drag coefficient was related to the reduction in blade circulation in the

blade end region and was derived by analogy with the trailing vortex loss behind aircraft. With
Cp, =0.018(C, )’ (3.15)
and C; the blade lift coefficient outside the endwall region calculated from:
C, =207 (tanﬁ, —tanﬁz)cosﬂm (3.16)

with the value of the vector mean angle, j,, , calculated from:

tan 3, =%(tan;31+tan[32) (3.17)

The mean pressure loss coefficient over a blade row due to the endwali losses can now be

calculated from:

C, +C, )ocos?
@ = ( Da "-3) b (3.18)
cos’ 3,

Cumpsty (1989:337) stated that, although there are no grounds on which the model for the
secondary losses can be proven accurate, nor to believe the separation of loss into two
components, this did provide a way of introducing the loss of approximately the right magnitude.
He also states that later work confirmed that the secondary losses were actually proportional to

the square of the lift coefficient as shown in Equation 3.15.

3.3.2 Koch and Smith

The influence of the endwall boundary layer is modelled in terms of its averaged displacement

thickness, & , which contributes directly to an efficiency decrease, but is partly offset by the
reduction in the tangential blade force in the boundary layer (Japikse and Baines, 1997:5-27).

The displacement thickness is a measure of the mass flow reduction caused by the presence of the
endwall boundary layer, compared to the mass flow if the free-stream flow profiles (flow without

endwall losses) were extended to the wall. Another variable, the tangential-force thickness, v, is
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introduced and represents the reduction of the tangential component of blade force from its free-

stream value due to the presence of an endwall boundary layer.

Koch and Smith {1976:416) made detailed measurements of the flow profiles in several low-

speed multistage compressors for the hub and casing boundary layers behind both rotors and

stators, Values for § and v, were deduced from these measurements. The thickness of the hub

and casing boundary layers were added and represented by 25 , and the rotor and stator exit

values were averaged and normalized by the averaged staggered spacing, g = scosé , at the mean

diameter. They found that by assuming v, to be a fixed fraction of 3 , it was possible, with the

help of a representative profile model, to construct fairly accurate pressure rise and efficiency
characteristic curves for a series of stages with aspect ratios, —, varying from 2 to 5 and tip
¢

clearances varying from 0.8-3.6 percent annulus height. Their resulting correlations are given in

Appendix A4, It shows —2_2 and i plotted against the stage static pressure rise coefficient
4 g

relative to the maximum static pressure rise coefficient which the stage is capable of as well as a

correction for the axial spacing of the blade rows.

The stage stagnation-to-stagnation efficiency can now be calculated from

NREC i3
*1-(2v,/26)(25/¢)(2/h.)

(3.19)

where 7 is the stage efficiency and 7, is the free-stream efficiency, i.e. the efficiency if there

were no endwall losses, and g/h, is the weighted average rotor and stator mean diameter

staggered spacing to annulus height ratio. The weighting function is again the blade row inlet
dynamic heads.

Koch and Smith (1976:318) realize that their model is of limited scope and questionable general
applicability. They suggest that the mode] should not be used for aspect ratios less than unity.

For calculating the free stream axial velocity, due to blockage from the boundary layer, for use in
other models like the profile loss model, % is taken as 0.17 if the value deduced from the

figures is greater than 0.17.
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3.3.3 Hiibner and Fottner

Hiibner and Fottner (1996:8) classified some loss correlations for the endwall losses into two
groups. They state that the one group (Vavra in reference to Mehldahl - 1960, Vavra in reference
to Rains - 1960, Scholz - 1965, Baljé - 1968, Lakshminaraya - 1970, Grieb - 1975, Storer and
Cumpsty - 1993) considers the loss as a linear superposition of the secondary and the tip
clearance losses:

wmdwaﬂ' = msccandary + w:ipfci‘eamnce (320)

In this case the secondary losses are the endwall without a tip gap.

The second group {(Bauermeister - 1963, Hultsch and Sauer - 1979, Cyrus - 1992) looks at the hub

and the tip region separately and defines the mean value as the total endwall loss:

1
wtﬂdwalf = E(Wsecondary,kb + wsecondary,z ) ‘ (321)

They compared the correlations of Equation 3.20 and Equation 3.21 with experimental
measurements from a highly loaded, linear cascade with high speed flow and NACA 65-K48
profiles. It was noted that the definition, as presented by Equation 3.20, was physically not well
founded and suggested the use of the definition given by Equation 3.21. The reason is that the

endwall losses are a strong function of the tip clearance.

The correlation of Bauermeister was identified as the best to start from for an improvement.
Hiibner and Fottner (1996:10,11) changed Bauermeister’s correlating parameters for the
secondary losses of the tip region according to their experimental data and experience. Thus, the

endwall loss is given by Equation 3.21 where:

0.165. . ,
D econdarys — —kYC_\:COt (ﬁl - 90) —cot (ﬁg _90)] sm (ﬁl —90) tanh[BS

1) +0.0288 (3.22)
[

and

Bty = 2%{0.0505(c0t2 (B, - 90) - cot’ (B, — 90)) - 0.01313 Jsin” (8, - 90) (3.23)
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The subtraction of the 90 degrees is necessary because their angles were measured with respect to
the tangential direction. For this study, the relative flow angles for the rotor are negative,

therefore absolute values are used.

3.3.4 Roy and Kumar

The profile model used by Roy and Kumar was based on the model} proposed by Leiblein with

different values for 8 applicable to transonic blades. It is, however, fundamentaily based on
¢

models obtained from subsonic tests. It is also the only model included in this study that
explicitly gives a magnitude to the loss due to tip clearance. It must be stated that every effort
was made to. follow the literature carefully, but that some error might have slipped in due to
limited detail and unclear nomenclature supplied by the authors. A boundary layer loss model
(from the hub), transposed to the midspan section, and a tip clearance loss model accounted for

the endwall losses.

The boundary layer endwall loss model is based on a model presented by Vavra in 1960. The
effect of aspect ratio has been included and then the loss was transposed to the midspan section to

give:

ac cos’ B,

@,, =0.04C; -
h cos’ 8,

(3.24)

It is suggested that Equation 3.24 be used only for 4R <2.0 and that for high aspect ratio blades

a different model may be necessary.

The tip clearance loss model is based on an assumption that the kinetic energy in the gap flow
normal to the blade chord is lost due to the interaction between the tip leakage flow and the main
flow. The most important factors in the model are the prediction of the mass flow through the
clearance and the magnitude of the velocity component of the leakage jet normal to the tip
clearance. The high velocity leakage jet mixes with the main flow to result in high shearing

losses and ultimately flow separation (Roy and Kumar, 1999:2).
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The total pressure loss is modelled as the sum of the pressure loss inside the tip gap and the

pressure loss due to the leakage jet mixing with the main flow. Thus:

AP,

@, = total ' (325)
q,
AP:alal = Apgap + A‘F:nixing (326)
3 1.5
AP, =0.5cptH; B(C, ) (3.27)
AP, = 0.5cpTV ), (3.28)
In the above equations, W, is the entry flow velocity to the tip gap, ¥, is the leakage jet velocity
and these values can be approximated from simultaneous calculation of:
K!jet
o =C,C, (3.29)
1
anermax - A\/F (3 30)
W f '
V.fe: =1 'OSVW‘PJ + 050. (UCOS Gcamber - V;xjesmax) fO?’ U cosecumber > V;ljetmax (3 3 1)
Vje{ = 1'051/;11'8: fbr Ucosecamber < anetmax (3‘32)
In the above equations, V.., is the maximum normal jet velocity in the tip gap, C, is the static

pressure coefficient across the tip gap, C, is the discharge coefficient across the tip gap, 4 and

B are gap loss coefficients, U is the average relative wall speed, and 8 is the camber angle

camber

of the blade at the tip.

The static pressure coefficient, C,, across the tip gap is the static differential between the

pressure surface and the suction surface divided by the inlet dynamic head of the blade row. The
tip gap loss coefficients and the discharge coefficient were determined for four tip gap geometries

and are given in Table 3.1,
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Table 3.1: Tip gap loss coefficients and discharge coefficients

Uniform 1 0.24 0.84
Parabolic 0.87 0.19 0.87
Inverse Parabolic 0.74 0.11 0.72
Triangular 0.8 0.15 0.76

The geometries are considered for their shape across the thickness of the blade. Since the blade
thickness changes along the chord the shape of the gap may change. Also, if the blade tip section
is at a stagger, the gap between the blade tip section and the casing, which has a circular

curvature, is decided by the stagger angle.

For example if the tip section is flat, then the tip gap will increase up to mid-chord and decrease
thereafter towards the trailing edge. This is corrected by curving the tip section appropriately.
Hence there are a number of possibilities of the gap geometry across the tip and only a few have

been properly considered in the model.
The endwall loss can now be given by:

wfotal = m-ew + wr (333)

3.4  Part span shroud losses

Part span shrouds are often found in compressor stages. Their main purpose is the damping of
possible damaging resonance and improving strength characteristics. Denton (1993:649) and
Koch and Smith (1976:418) established an appropriate loss model based on the drag coefficient
of the shroud member.

The components of the drag force are the shroud profile drag and an interference drag due to the
interaction of the shroud and the blades. The shroud profile drag is modelled as a simple airfoil
or a curved section, whereas the interference drag was determined purely empirically (Japikse and
Baines, 1997:5-28).
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The model presented by Koch and Smith (1976:418) gives the shroud drag coefficient based on

shroud frontal area, C D, » 88

Cp, = fo

Dy

1 (3.34)
EpnoV:’Ask cosﬁao

where F), is the drag force, V, is the vector mean of the upstream and downstream velocities,

P, 1s the density at the vector mean velocity, f3

oo

is the vector mean flow angle and
Ay =27, . (3.35)

In Equation 3.35, 4,, is the shroud frontal area and 7, and ¢, is the shroud radius and thickness

respectively. To estimate the magnitude of C,,, , Koch and Smith gives the following expression

2
c, =Ks,,l0.012 Calls oy gopd| ] |4ap2 [fi]{ Lot }L (3.36)
* cos f3 b \Con /|

w0 \ csh

where K, is an empirical constant that must be determined from experience or empirically.

Koch and Smith used the value of 1.8. Also, c,, is the shroud chord in the axial direction and:

P, =(1-MZ2cos’ B.)", (3.37)
2nr .
b= N - with N the number of blades (3.38)
B
M, = Ve (3.39)

© JYRIL,

The entropy increase, thus a quantification of the loss produced due to the shroud addition is

given by:
( AN
As=| C,, Lm2 S R (3.40)
L 2 by
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3.5 Other losses

In Chapter 2, it was seen that only the mechanisms producing a steep velocity gradient are usually

taken into account when it comes to predicting the losses.

There are, however, numerous other mechanisms of loss, which are mostly small, but can become
significant in special cases (Denton, 1993:647). Denton advises further reading of Chapter 8 of
literature published by Glassman in 1973 for more details about these other loss mechanisms.

The most important of these are briefly discussed in the following sections.

3.5.1 Losses due to unsteady flow

Wakes, vortices and separations often mix out in the downstream blade row. This leads to mixing
in an unsteady environment and is a lot different from that which is modelled or observed in

cascade tests.

For wakes, the mixing loss is usually relatively small and normally takes place close to the
trailing edge. Therefore, the added loss of this effect is mostly insignificant. A flow separation
can be thought of as a large wake, but in this case the added mixing loss can be large and might
have a noticeable affect on the entropy generation. The magnitude of such a process is, however,
difficult to quantify.

The vortex from one blade row will be convected through the downstream blade row in much the
same manner as a wake, but with different effects on the loss generation. If a vortex is stretched
longitudinally, from moving through the downstream blade row, it can be shown that its
secondary kinetic energy varies as the square of its length. When viscous effects then dissipate
this increased kinetic energy, it will increase the loss. Again the magnitude of such an increase is

not known, but it could have important implications in certain cases,

Other means in which unsteady flow can affect entropy generation are through dissipation of the
spanwise vorticity shed from a trailing edge as a result of changes in blade circulation, the
presence of unsteady velocity profiles due to wake passage and unsteady boundary layer
transition (Denton, 1993:648).

It is assumed that the aforementioned losses are usually small enough to justify their elimination
in loss modelling. Nevertheless, it is important that the reader is aware that such losses do

contribute to the total loss and might, in special cases, be larger in magnitude than anticipated.
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3.5.2 Windage loss

According to Denton (1993:648), windage loss is the loss caused by viscous shearing on all parts
of the machine other than the annulus boundaries and the blades, where it has already been

accounted for.

Denton describes this loss in terms of the entropy increase experienced wherever fluid is moving
relative to a solid boundary layer. This entropy finds its way into the flow and is present at the
exit of the machine. He observes that loss does not only occur on rotating surfaces, but on any
surface exposed to the flow and that some reheat effects are noticeable. The reheat effect is

thought of as frictional heat production, which increases the work input of downstream stages.

Roelke presented a simple estimate of the ratio of the power lost by windage to useful power in
1973. He applies a skin friction factor, which is a function of the Reynolds number, to all
rotating surfaces for estimating these windage losses. This ratio, assuming an axial flow machine

with a two-sided disk, is given by

AWwindage =0 IEL Dhb 1

=01-LZH_ (3.41)
W isepa wd h, 1+4h/D,
where C, is the skin friction factor, D,, is the hub diameter of the disc and:
C
== 3.42
V=1 (3-42)
[ Ahy
¢ = \_h} J | (3.43)
Siage
C, =0.398C, (3.44)
The value of C,, can be determined from Figure 3.4
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Fig. 3.4 Moment coefficient for frictional torque on smooth rotating disks

The fraction of lost power for most machines is very small with C, in the order of 0.002. It is

most significant for compressors with short blades and low flow and loading coefficients. Of

course, the loss can be much greater for disks that are not smooth.

3.6 Losses due to High Subsonic Mach Numbers

This study does not present a detail review on shock loss models as it only deals with purely
subsonic compressors. However, a short discussion on this subject follows for the sake of

completeness and to increase this thesis’s value as a reference.

The conditions where the maximum velocity on the suction surface reaches sonic velocity, is
called the critical Mach number. The critical Mach number depends on many variables like the
overall blade thickness, mean camber, distribution of thickness and camber along the blade chord
and most importantly the angle of incidence (Cumpsty, 1989:181). Cumpsty also states that the
achievement of critical conditions does not in itself have a major influence on the cascade
performance, even if the sonic patches are terminated by a shock at slightly higher Mach
numbers.

According to Denton (1993:636) the maximum suction surface velocity for conventional axial

compressors is well above the inlet velocity and will reach sonic conditions at an inlet Mach
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number of about 0.7. Cohen et al. (1996:217) also states figures from 0.7 to 0.85 for typical
subsonic cascades at zero incidence. The real performance penalties result from shocks that are
so strong that they cause the blade boundary layers to separate and not reattach again. This is
most likely when the inlet Mach number is greater than 1.4. Consequently, this study will assume
shock losses to be crucial only when the inlet Mach number increases beyond 0.8 and therefore it
is recommended that further reading of Cumpsty (1989:132-194) and Koch and Smith (1976:415)
must be pursued if transonic conditions need to be modelled.

3.7 Off-minimum loss prediction

Almost all off-minimum loss predictions are done with primarily two types of off-minimum loss
prediction methods. The first of these methods use correlations to calculate the off-minimum loss
as a function of the minimum total profile loss and the difference between the local incidence and
the minimum loss incidence, with incidence being the difference between the inlet flow angle and
the blade ‘metal’ angle:

@ = [ (il ~ i) (3.45)

Cohen et al. (1996:217) presents the effect that Mach number has on the off-minimum losses for

a typical subsonic cascade as shown in Figure 3.5
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Fig. 3.5 Loss coefficient presentation at minimum and off-minimum loss condition, showing the effect
of Mach number
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Casey (1987:276) uses a correlation given by Jansen and Moffatt in 1967 which correlates a
graph similar to Figure 3.5. This correlation is given as

=1+0.1667x + 0.833k? (3.46)

ML

where x is an off-minimum loss factor related to incidence and operating range. Chapter 4 gives

a more detailed discussion on predicting the operating range, §8 . The off-minimum loss factor

can be calculated as follows:

|:'—1 :

th oo

The second method is very similar to the prediction of the minimum profile loss by

Lieblein (1959), but the diffusion ratio, D, is corrected away from minimum loss incidence.

This value is then used in the calculation of the off-minimum momentum thickness to chord ratio.
Lieblein (1959) suggested a correlation for the off-minimum loss equivalent diffusion ratio by

using his minimum loss correlation, but applying a shift to account for the incidence angle.

D EEEE:’_lv_lzdFk(\i_iml)l'ﬂ +0.615)§;nﬂ(tamﬁ2 —ta.:mB])Jl (3.48)

“ cosp

In the above equation £ =0.0117 and k =0.007 for the NACA 65-(Ao) blades and C.4 circular
arc blades respectively (Dixon, 1998:74). Starke (1980:7) suggested a value of 0.013 for their
experimental setup which consisted of 9C7/32, 5C50 blades with a circular camber line. Wilson
and Korakianitis accept £ =0.0117 as a satisfactory approximation for all biade shapes. The
momentum thickness to chord ratio can now again be calculated by the correlations, Equations

3.2, used for the minimum loss case.

3.8 Summary and conclusions

The main groupings for predicting minimum total loss in this chapter were: Blade profile losses,
endwall losses including literature on tip leakage and secondary losses, part span shroud losses,

other losses and losses due to high subsonic mach numbers.
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For the blade profile losses, most authors use a technique developed by Lieblein using a diffusion
factor. Koch and Smith’s correlations seem to be the most complete, accounting for
compressibility, Reynolds number and streamtube contraction effects. This is also the only
model available that takes blade passage blockage into account. The loss from different profile
sections is very nearly equal at low to moderate subsonic Mach numbers. If necessary, the

correlations by Lieblein can be used for simplification purposes.

The literature on endwall losses consists of many different groupings of components. The model
of Koch and Smith appears to be the most complete and comprehensive as it does not distinguish
between loss components and models the endwall loss as a function of tip clearance and annulus
boundary layer parameters. If is further advantageous due to the fact that it gives a value for
endwall blockage resulting from the boundary layer and additional correlations are not necded to
calculate this quantity for performance prediction. Unfortunately, it requires a great amount of
iteration during performance prediction, and correlations from other authors can be used where

less complexity is desired.

Part span shroud losses should be included when applicable. Losses due to unsteady flow are
usually negligible, but can become important in special circumstances. There is, however, no
present way of predicting their magnitude. Windage loss is small in most cases, except if large
solid areas other than the annulus or blades are present in the flow path and especially if these

surfaces are not smooth.

Off-minimum loss predictions are done with primarily two types of prediction methods. The first
method calculates the off-minimum loss as a function of the minimum total profiie loss and the
difference between the local incidence and the minimum loss incidence. The second method
corrects the diffusion ratio away from minimum loss incidence. This value is then used in the
calculation of the off-minimum momentum thickness to chord ratio that is used in calculating the

off-minimum loss.

It would seem rather pointless to do parametrical studies of the influence of loss parameter
changes based purely on the loss models, because these effects can almost be seen directly from
the correlations from which the models were constructed. The study of these models can
therefore not be viewed in isolation from the concepts involved in axial compressor performance

and its prediction. Chapter 4 presents the concepts involved in performance prediction.
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Chapter 4

PERFORMANCE PREDICTION

The study of the models that predict subsonic axial compressor losses cannot be viewed in
isolation from the concepts involved in axial compressor performance prediction. This chapter
therefore attempts to provide the reader with a framework into which the loss models can be

integrated through presenting the theory required for a meanline compressor analysis.
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4.1 Introduction

Chapter 3 discussed several loss models that can be used to quantify the internal losses in axial
compressors. These models cannot be used in isolation, because their input variables are
dependent on other performance prediction calculations and in turn, the other performance
prediction models need values for losses in order to give realistic predictions. The loss models,
therefore, need to be solved implicitly with other performance prediction models in order to

obtain realistic predictions.

This chapter attempts to provide the reader with a framework into which the loss models can be

integrated as well as the non-loss models and theory involved.

4.2 Method of performance prediction

Three-dimensional calculation methods are relatively new and extremely complex. 1t is therefore
still common to consider the flow in two separate, but interrelated two-dimensional surfaces. The
meridional plane, aiso known as throughflow, connects the flow in the radial direction and the
flow at various sections is required to be compatible and to satisfy the momentum equation. The
intersecting two-dimensional surface is usually a surface of revolution and is normally referred to
as the blade-to-blade flow and calculations are made in relation to the passage between adjacent
blades. Figure 4.1 represents these surfaces (Cumpsty, 1989:96),

Casing
[~Blade element D T N N W .

Streamiine

ub
/<<%\

Surface of ' Maeridional
revolution plane

Fig. 4.1 Conventional description of flow on surface of revolution and on meridional plane

For this study, the relative influence and magnitude of the losses and their parameters on axial
compressor performance need to be analyzed. The performance prediction is therefore not aimed
at calculating the fine details of the flow pattern, but rather at generating a simple method of

estimating the stage performance from knowledge of the compressor geometry. This, together
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with the fact that the radial entropy or loss gradient is commonly assumed negligible; the
throughflow calculation will be excluded altogether. Dixon (1998:138) states that this
simplification can be justified if the blade height is small compared to the mean radius and
suggests that radial velocities should be incorporated for hub to tip ratios less than 0.8. For

simplicity it is also assumed that the mean streamlines intersect the blades with right angles.

Analysis at only one radial station at the root mean square radius (RMS) is performed. Values of
quantities at these radii are taken to represent the whole stage annulus and such methods are
commonly known as one-dimensional or mean-line analysis. The RMS radius divides the
annulus into two equal annular areas and is the mass averaged mean radius for a uniform flow.
This radius is also more or less independent of the axial velocity profile for stages with gradients

of axial velocity with radius. It is defined as:

2 2
r :H% (4.1)

Usually, the stages are modelled individually. They are then stacked sequentially for modelling
of the whole compressor with the outlet conditions of the one stage taken as the inlet conditions
for the next stage. Song et al. (2001:89), however, suggests that the interstage parameters should
be calculated simultaneously rather than sequentially when the compressor is linked with other

components in a gas turbine environment.

4.3 Ideal stage analysis

The rotor and stator blades are arranged to diffuse the fluid., Diffusion can be described as a
process whereby a moving fluid is decelerated, thus transforming kinetic energy into internal
energy. This leads to a rise in static enthalpy and pressure. A point of minimum blade passage
area occurs at or near the leading edge after which the passage increases downstream of this

peint.

The vector relation between velocity components in an axial compressor stage is represented by
velocity triangles at a specific radial location as shown in Figure 4.2 taken from Japikse and
Baines (1997:5-3). The relative velocities, measured with respect to the rotating system, are
denoted by W and the absolute velocities, measured with respect to.a fixed system by C. The

absolute velocity tangential component is designated by C, and the blade speed by U .
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The velocity triangles can be completed in all cases by using the vector relation:
W+U=C" 4.2

The relative flow angles are denoted by § and the absolute flow angles by a and both are

measured with respect to the axial direction (direction parallel to the rotating axis). The
convention is that flow angles are positive with the direction of rotation. The subscripts / to 3
indicate the stations used for analysis, with Station 1 the inlet to the rotor, Station 2 the outlet of
the rotor and inlet of the stator and Station 3 the outlet of the stator.

Stator

Fig. 4.2 Axial compressor stage velocity triangles

The fluid approaches the rotor with a high level of relative velocity and relative kinetic energy at
station one. Thereafter, the fluid is diffused in the rotor passage and the external work input from
the rotating blade row increases the total enthalpy. The combined effect of the aforementioned

actions leads to a higher fluid static enthalpy and static pressure at station two.

In the stator, the diffusion takes place in the absolute frame of reference with a high absclute
velocity approaching the stator. The absolute velocity is reduced and the kinetic energy is again
transformed into internal energy, resulting in a higher static pressure at Station 3. The stator,

however, is fixed and no external work transfer occurs. The total enthalpy therefore remains
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constant over the stator. Japikse and Baines (1997:5-3) give a graphical representation showing
changes in fluid properties and velocity through an axial compressor stage. The enthalpy —
entropy or Mollier diagram of the compression process is also shown and the relative contribution

of the rotor and stator can be seen. These figures are reproduced in Figure 4.3 and Figure 4.4.
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Fig. 4.3 Changes in fluid properties Fig. 4.4 Mollier diagram of compression
and velocities

In the analysis of a compressor stage, both relative and absolute velocities.are considered and
therefore it is necessary to define a different absolute and relative stagnation state, but the static

state will be the same. Thus, for enthalpy:

1
hy=h+—C? 4.3)
2
hy,, =h %
or =H+ W (4.4)
2
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The subscript A, denotes the stagnation enthalpy in the absolute frame and h,, the stagnation

enthalpy in the relative frame. The same principle applies to stagnation temperatures in the
absolute and relative frame. In an isentropic (no losses) compression process for a semi-perfect
or ideal gas in the absolute and relative frame;

r

The Euler turbomachinery equation stems directly from the energy and momentum equations
applied to a blade row. For adiabatic, steady flow through a rotor it follows that the work input

per unit mass flow rate is given as the change in total enthalpy between any two points 1 and 2:
Ahy =U,Co —UCyy (4.6)

When Equation 4.6 is applied along a streamline, thus a fluid element is only influenced by the
blade-to-blade pressure gradient; an invariant thermodynamic property called rothalpy can be
deduced as shown in Cumpsty (1989, 6). In rotating blade rows, rothalpy has properties
analogues to stagnation enthalpy in stationary passages. Rothalpy is conserved along a streamline
through a rotor and is defined by:

1 1
hy = hy,, —EUE = Iy, —EUJ 4.7

Equation 4.7 can be written for a perfect gas to give the relative total temperature increase by:

Uzz - Ul2

Cp (T;J?.r _T;)lr) = 2

(4.8)

It therfore follows that if, no change in radius occurs, T,,, =T, throughout the rotor. In the
stator, the work input is zero and the total enthalpy is conserved, h, = h,, thus assuming a
perfect gas, T, =T;,. The conservation of rothalpy in a rotor and total enthalpy in a stator is true

even in the presence of friction, loss and radius change.
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For an inviscid and isentropic process, i.e. an ideal stage, the total pressure based on rothalpy or,
if no change in radius occurs, the relative total pressure is constant in the rotor and the absolute

total pressure is constant in the stator. The total pressure based on rothalpy might be defined as:

B =P£ iy J 49)

The aforementioned equations provide the basis for analysis of an ideal stage. In a real stage, the
compression is not isentropic and usually an increase in entropy leads to a decrease in the
respective total pressure. This is often used as a basis for assessing the loss of an axial
compressor stage or element and is included through the use of non-dimensional loss coefficients.
Other phenomena, for which estimates should be included in order to obtain a realistic mean line
analysis, are blockage at the annulus walls, minimum loss incidence, deviation and estimates for
the onset of stall and choke. With the magnitude of these quantities known, the ideal stage
analysis can be adapted to represent a real stage and the efficiency and other performance

parameters can be computed.

Values for these phenomena are, however, not amenable to confident mathematical models and
normally come from correlations constructed from experimental data. This data usually comes

from two-dimensional cascades, tested under controlled conditions.

4.4 Real stage parameters

This section discusses the estimation of the performance prediction parameters that are based on
correlations obtained from test data and need to be included in order to obtain a realistic meanline
analysis of a stage or are needed by some loss models. The parameters that need to be discussed
here are: Loss coefficients, blockage at the annulus walls, minimum loss incidence, deviation and

estimates for the onset of stall and choke.

4.4.1 Loss coefficients

Loss coefficients are introduced in Chapter 3 and are the dimensionless quantities used to express
the loss obtained by some loss models. An in depth discussion and comparison of the different
loss coefficients used for axial compressor blade rows are given by Brown (1972). The form of
loss coefficient that is most common for compressors and diffusers is the pressure loss

coefficient. It describes the drop in available total pressure, in the respective frame, in terms of
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the inlet kinetic energy approaching the component. In adiabatic flow, a connection exists

between entropy increase and stagnation pressure decrease.

For a rotor the compressible loss coefficient is defined in terms of the relative frame as:

B"l _Prz B)lr (4.10)
B)ir _‘Pl f;"l

T =

For a stator, in the absolute frame, the pressure loss coefficient is given by:

m=-2_0 (4.11)

4.4.2 Blockage

Frictional shear forces of the flow on the blades or annulus walls cause low momentum fluid to
accumulate and form boundary layers. This leads to a reduction in effective flow area and an
increase in axial velocity. The blockage is perhaps the most critical quantity in high-speed
compressor design, but its creation is not well understood nor is its magnitude accurately
predictable (Cumpsty, 1989:311). The endwall blockage in axial compressors has been the
subject of several investigations over a period of many years. Horlock (2000:218-224) gives a
detailed comparison of the available methods and the attributes of each. The work of Smith and
Khalid et al. are discussed in detail in this paper and it is concluded that Smith’s method would be
the most appropriate for determining the absolute stage blockage through a multi-stage

COmMpressor.
For the purpose of this study the effect and magnitude of the endwall blockage will be included

through the use of an annulus blockage factor ( ABF ). This factor, which is a function of the
endwall boundary layer displacement thickness, is calculated as:

ABF=1—% (4.12)

The value of the ABF is restricted to 0.83 if the value deduced from the model is greater.
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Values for the endwall boundary layer thickness are calculated in the Koch and Smith endwall
loss model, or when other endwall loss models are used, assumed a constant value provided by
the user. Estimates for this parameter can be obtained while using the Koch and Smith endwall
loss model. Taking into account the uncertainty involved in predicting the blockage and its
dependence on tip clearance and stage pressure rise, this method provides the best possible
solution without including additional correlations and is, in any case, based on the same data used
by Smith. '

Endwall blockage leads to a reduction in the effective annulus flow area, which in turn leads to an

increase in the free stream axial velocity due to the conservation of mass, where

m=(pAV)  =(pAV),_, . The effective flow area is related to the geometrical flow area

according to:
Aeﬁecrive = Ageametrimi’ AB F (413)

The ABF grows gradually through the compressor in a multi-stage environment. As stated
before, however, the ABF is limited to 0.83 so that the boundary layer increases in the first few
stages and then assumes a constant value in later stages where the limit is exceeded. The
boundary layer growth is simulated by inputting the exit boundary layer from a previous stage or
inlet guide vanes as an iniet boundary layer to the next stage or some form of inlet ABF reduction

throughout the stages.

4.4.3 Minimum loss incidence

Lieblein introduced the concept of minimum loss incidence in 1956. It is the incidence at which a
cascade will experience an absolute minimum loss. Many authors assume this value to be zero,
but as was seen in Chapter 3, it serves as the reference value for predicting the off-minimum loss

coefficients, and needs to be caiculated for more accurate results.
The correlation assumes an equation of the form

imin = i(} + nBcamber (414)

where §, is the minimum incidence angle for a blade with zero camber and nis the slope of the

variation in incidence with camber (Lieblein, 1960:578).
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The value of » can be found from Figure B.1.1 from Appendix B.1. i, can, in turn, be calculated

from:

i, =K,K, (:’0)10 (4.15)

In Equation 4.15, (i, ), is the minimum loss incidence for a NACA-65 cascade of zero camber
and 10 percent thickness to chord ratjo. Values for (4, ), can be found from Figure B.1.2 for a
range of inlet air angles. Further, K, and K, are correction factors for different shape
distributions and thickness to chord ratios as for the (i) correlation respectively. K, can be

obtained from Figure B.1.3 and K, is assumed 1.1 for C-series blades and 0.7 for DCA blades,

S

with NACA-65 having a value of one (Japikse and Baines, 1997:5-18).

Finally a correction of —1 degree should be applied to the predicted minimum loss incidence
according to Casey (1987:275). This correction allows for operation at constant stagger angle

whereas the measurements of Lieblein were carried out at a constant air angle.

4.4.4 Deviation

Deviation can be described as the difference in the outlet flow angle and the blade angle at the
trailing edge of the blade. Predictions of this value are based on empirical correlations as

described in the following sections.

The correlation that is still used most often, but with modifications and adaptations by various
authors is known as Carter’s rule. Another common, but more complete and accurate, correlation
is the one provided by Lieblein (1960} and is calculated somewhat similar to his correlation for
the minimum-loss incidence. This correlation is used rather than Carter’s rule due to its direct

connection with the definition for minimum-loss incidence.

The deviation at minimum loss incidence is given by
6min = 60 T (_"ibjemmbar (416)
o3

with m the slope factor of the deviation angle variation with camber at a solidity of unity.

Values for m can be obtained from Figure B.2.1. & is the solidity exponent variable with air
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inlet angle and can be found from Figuré B.2.2. §, is the reference minimum-loss deviation

angle at zero camber and can be represented as:

8, = K4K,(8,),, (4.17)

Similar to the minimum loss incidence, (8,),, is the basic variation for the NACA-65 blade

profile with a ten percent thickness distribution. Figure B.2.3 gives values for (5,),. K, is a

correction for blade shapes with other thickness distributions than the blades used to obtain the

(6,),, correlation and K, is the correction necessary for blades with a maximum thickness other

than 10 percent (Lieblein, 1960:580). Values for K, are assumed the same as for the minimum-

loss incidence and X, can be obtained from Figure B.2.4.

For off-minimum loss deviation, a correlation that is a function of minimum-loss deviation and

incidence is used:

6 = Oy +("“'m){L%f’J (4.18)
z min

In Equation 4.18, Lﬁj represents the slope of the deviation angle variation at the minimum-

min

loss incidence angle and can be found from Figure B.2.5.

Lieblein’s correlation only gives a correct estimate for axial velocity density ratios of one,
however, there is no satisfactory correlation available for predicting the deviation for other axial
velocity density ratios. Usually, an addition of one or two degrees to the result is employed to
account for this (Cumpsty, 1989:171). This addition will, however, not be implemented in this
study due to further lack of support for this statement.

4.4,5 Stall and choke

The stalling incidence of a blade row is usually determined from cascade data, while the choking
incidence is a function of the cascade throat area and the inlet Mach number. From Chapter 3, if
using loss as a measure, a factor of two times the minimum profile loss for stalling and three
times the minimum profile loss for choking (see Figure 3.5) is a common measure for preliminary

estimates of the corresponding incidences (Miller, 1987:249-250). Alternatively, some authors
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use an off-minimum loss correlation that employs an operating range parameter. The operating
range is defined as the range of inlet flow angle within which the loss coefficient is less than

twice the minimum loss value and can be calculated from the following correlation

op =6B.K,, (4.19)
where 8f, is the operating range of the NACA-65 series cascades at low Mach number and X,
is a correction for the effect of Mach number. Analysis of NACA data by Hugentobler in 1986

has led to the following correlation for the operating range at low Mach number for
30°< B, £70°:

0.001(1 + \/E)(—40 ~7(8, —45)+0.25(8, —45)" —0.02(B,, —45)3)
cf

camber

8B, =21+ (4.20)

The correction for Mach number is taken into account as proposed by Hoheisel in 1969 (Casey,
1987:275):

K, =1 Jor Mach number <0.2

K, = 10 23(M-02)" for Mach number > 0.2 4.21)

Casey (1987:277) assumes that stall and choke will occur in terms of incidence at the root mean

square radius when:
li =i | = O.SLEﬁ- ‘ (4.22)
2)

The aforementioned criterion provides crude estimates for predicting when a blade row will stall
or choke. These estimates, however, provide no information on when the stage as a whole stalls
or chokes or the maximum static pressure rise that can be obtained in a stage at the stall point.
This value needs to be calculated in order to correctly predict the endwall losses as given by Koch
and Smith. Casey (1987:277) assumed very roughly the stage to be choked when no pressure rise
is being produced.

De Haller recognized in 1955 that the endwall boundary layers limit the pressure rise achievable

by any cascade of compressor blades. His work, however, provides only a very preliminary
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guideline and cannot really be used with confidence in this study. Koch (1981) found the
maximum static pressure rise coefficient to correlate well with a standard two-dimensional
diffuser performance when plotted against a passage width to length ratio and this seems to
provide a better estimate for predicting the stall point of a stage. According to Koch (1981:646),
“It does, however, give the peak pressure rise capability of an individual stage operating in a
muiti-stage environment, and used in conjunction with a stage stacking off-design performance
prediction method, it can indicate when the limiting conditions that de-stabilize the system and

lead to surge will occur within a multi-stage compressor.”

The geometry parameter used by Koch is the meanline arc length of the cambered airfoil, divided

L
by the cascade trailing edge staggered spacing, —. The stage average value of the length to
g

width ratio is calculated by using the blade row inlet dynamic head of rotor and stator as the
weighting factor. The static pressure rise coefficient is based on the mean effective dynamic head
at inlet to the rotor and stator. The effective inlet kinetic energy takes into account the ability of
compressor blades with high stagger angles t{o re-energize low momentum boundary layer fluid
leaving an upstream blade row as this fluid impinges on the following blade row in the other
frame of reference (Casey, 1987:277).

Casey (1987:277) modified the correlation by Koch to provide an even better fit to the diffuser
data and this is given in Figure B.3.1, also showing the De Haller diffusion limit and the fit used

by Koch. The maximum value of the effective static pressure rise coefficient is calculated as

Cp. =Cp KaK K 5 (4.23)

where Cp, is the maximum static pressure rise coefficient from the diffuser data, K  is a
Reynolds number correction factor form Figure B.3.2, K, a correction for tip clearance effects

given by Figure B.3.3 and K ; a correction for axial spacing between the blade rows from
Figure B.3.4.

For a stage, Casey assumes the stage to choke when the stage produces no pressure rise and for

simplicity this is also accepted in this study.
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4.5 Loss and efficiency

The definition of entropy allows for the easy summation of entropy gains or losses. For a perfect
gas,

As=C mrLTwaRm{LPIJ, (4.24)

where the temperatures and pressures can either have total or static values, as long as it is

consistent, and the equation can be used for rotors (relative frame) and stators (absolute frame).

Therefore, in a component, the total entropy increase is equal to the sum of all the entropy

increases due to the various losses. For a stage:

As,  =As

stage rotor

+As (4.25)

Stator

The entropy increase due to all the losses through an axial compressor can then similarly be found

from:

AS pmpressor Z sage » | = Number of stages (4.26)

1

The loss of efficiency of a stage or compressor is directly proportional to the increase in specific
entropy and also to its exit temperature (Denton, 1993:624), Efficiency is the ratio of work into‘
the ideal compressor or stage to actual work at a given pressure ratio and mass flow rate. In an
ideal compressor or stage, which is adiabatic and reversible, no entropy change due to losses
occurs and the process is therefore considered isentropic. The corresponding definition of

efficiency is isentropic efficiency, with the work input equal to the rise in stagnation enthalpy:

hy, —hy
; —tew _ Tin 4.27
n Tk (4.27)

k.

in

This definition is also known as the total-to-total isentropic efficiency. Other variations include

static-to-static or total-to-static and represents respective values of enthalpy used.
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On a Mollier diagram (Figure 4.4), the local slope of the pressure lines are given by the local
value of the respective temperature. If the assumption is made that these pressure lines have a

constant slope, the efficiency definition can be given in terms of the entropy increase:

Y

m =l (4.28)

4,6 Summary and conclusions

This chapter presents the performance prediction theory for a meanline analysis at the RMS
radius. The rotor and stator blades are arranged to diffuse the fluid by decclerating it, thus
transforming kinetic energy into internal energy. This leads to a rise in static enthalpy and
pressure. Through an ideal rotor, rothalpy and total pressure based on rothalpy are conserved and
through an ideal stator, total enthalpy and total pressure are conserved. Furthermore, the losses
manifest itself as entropy increases in the fluid and equivalently reduce the respective outlet total
pressure. Losses are usually expressed with the use of dimensionless loss coefficients, with the

pressure loss coefficient the most commonly used as can be seen in Chapter 3.

Together with estimates for the losses, estimates for annulus blockage, minimum loss incidence,
deviation and the onset of stall and choke also need to be obtained in order to include real fluid
effects found in compressors. These quantities are found from correlations obtained from cascade
or compressor data. In this study, the correlations from Lieblein are used for the minimum loss
and deviation predictions and the correlation provided by Koch will be used for obtaining
estimates for the stalling stage pressure rise. For the annulus blockage factor, values will be
obtained from the endwall loss model from Koch and Smith and detail regarding the

implementation thereof is given in Chapter 5.

1t was seen that values for entropy increases due to the different losses can be obtained for each
blade row. The sum of all the entropy gains can then be used to estimate the efficiency of single-

stage or multi-stage compressors as well as individual stages of multi-stage compressors.

In this stage of the study, enough information is available to generate a preliminary multi-stage
performance prediction code. Chapter 5 consequently presents the reader with the methodology
employed for implementing the theory and correlations obtained from the literature and given in
Chapters 3 and 4.
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Chapter 5

IMPLEMENTATION

Chapter 5 presents the methodology employed in this study for the generation of a performance
prediction code, with general applicability to subsonic multi-stage compressors with different
geometries and working fluids, which allows the interchanging of loss models. It utilizes the

theory and models described in Chapters 3 and 4.

Modelling of losses in multi-stage axial compressors with subsonic conditions
School of Mechanical and Materials Engineering



CHAPTER 5 IMPLEMENTATION

5.1 Introduction

Chapters 3 and 4 presented the reader with the available literature regarding loss models and the
basic theory for performance prediction. Some models were identified as the most suitable to use

in this study and these were described in more detail.

This chapter will focus on the methodology employed to generate a performance prediction code
from these chapters, with general applicability to subsonic multi-stage compressors with different
geometries and working fluids, which allows the interchanging of loss models. It is further
necessary for this code to have the capability to be used for parametric studies, reflecting the
influence of input variable changes on particularly the loss magnitudes and this relation to other

performance variables.

5.2 Methodology

From the previous chapters, it was seen that an implicit approach is necessary and it was decided
to use a software package called Engineering Equation Solver (EES) Academic Version 6.867-3D
(F-Chart Software, 2003). The basic function provided by EES is the solution of a set of
algebraic equations, but it has the advantage of automatically identifying and grouping equations

that must be solved simultaneously.

The EES code can consist of several ‘sub-sections’ or ‘sub-equation groups’ employing modules,
procedures and functions. Some of the advantages of using a modular approach are that it makes
it easy to switch between different loss models and also aids in applying the same equations in
both the relative and absolute frames by just calling them with the respective variable inputs.
Future users can easily modify or replace certain ‘parts’ of the code almost independently, as long
as the inputs and outputs of the calling argument are satisfied. Modules can be considered to be
stand-alone EES programs that can be called from the main EES program or from other modules
lower in the equation window. When EES calls a module, it adds the equations in the module
into the main equation set, as opposed to conventional procedures and functions, which are solved

separate and sequentially, but supports logical control statements like IF-ELSE.

A recommended algorithm to generate the code is presented in Appendix C.1 and was developed
in such a way that easy implementation in lower-level programming languages would be possible
in future studies. Unfortunately, it was found that EES becomes unstable when trying to solve
too large equation sets, especially when employing modules due to the increase in sensitivity to

the guess values used. Consequently, for this study, each stage of a multi-stage compressor was
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solved in a separate EES program and the required variables from the one stage exported to an
ASCII (American standard code for information interchange) file. The next stage then imports
the required boundary condition values from the file generated by the previous stage and so on.
The entropy and total enthalpy change from each stage is also saved to an ASCII file for each
stage and used in the compressor performance calculations. This method is commonly known as
‘stage stacking’, however, it is recommended, that when a more stable solver has been employed,
the compressor as a whole should be solved simultaneously according to Appendix C.1. Some of
the advantages of using such an approach are that easier parametrical studies on the whole

compressor can be performed and boundary variables can be chosen as required.

Table 5.1 gives the loss models that have been implemented in the code for evaluation in the
order in which they were implemented according to their complexity. The next step was to
identify the variables that need to be supplied by the user for including the models given in
Table 5.1. These variables, and how they are supplied to EES, through the use of lookup tables,
are given in Appendix C.2.

Table 5.1: Loss models implemented for evaluation

Lieblein Koch and Smith

Lieblein

Hiibner and Fottner Roy and Kumar Koch and Smith

by b At

Denton

Each loss model was implemented in its own sub-section and is then called from the sub-sections
containing the equations for the performance prediction variables for the rotor and stator as

necessary, providing the input variables from the respective frame.

A logical discussion of the code and practical information covering the generation thereof are
given in the following sections. The sub-sections containing the equations for the loss models are
discussed first, followed by a discussion of the code as a whole showing where and how the

models are called and giving the equations for the performance prediction and the input variables
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to the loss models, The complete EES source code is given in Appendix C.6, with the formatted
equation sets for the loss models and performance prediction given in Appendix C.3 and
Appendix C.4 respectively. The code is essentially generated for the NACA-65 blade profile
family, but can be easily adapted to include the other profile families commonly used in subsonic

axial compressors.

5.3 The loss models

In this section, a discussion on the implementation of the loss models is presented. The formatted
equation sets from the code for the loss models are given in Appendix C.3. The equation
numbers from Chapter 3 is also shown and the input varjables and outputs from each model can
clearly be seen from the sub-section declaration, with the output variables shown to the right of

the colon,

5.3.1 Profile loss model implementation

Section C.3.1 shows the formatted equations for the Lieblein profile loss model. The correlations
of Casey for the momentum thickness to chord ratio have been implemented for evaluation. Two
equations for calculating the pressure loss coefficient have been included, with the one assuming
the form factor to be one and excluded the terms containing it. The one not used is commented
out when running the code. To satisfy the requirements of the calling argument to this module, it
is necessary for this sub-section to return a value for blade blockage and a constant value of zero

has been used as this model was not indented to be used with a blockage value.

Section C.3.2 shows the formatted equations for the Koch and Smith profile loss model.
Corrections for conditions other than nominal are made to the momentum thickness to chord ratio
as well as the boundary layer form factor. Unfortunately, the correction factors are given in the
literature in a graphical format as given in Appendix A.2 and curve fits had to be performed in

order to obtain equations that could be implemented in the code.

The curve fit equatibns for the correction factors are contained in separate sub-sections that return
the values for the correction factors to the profile loss sub-section. Linear interpolation was
necessary in some cases and a sub-section to facilitate this function was also generated. Koch
and Smith limit the applicability of their model to equivalent diffusion ratios below 1.7 and a
warning mechanism was included in one of the correction factor sub-sections to warn the user
when this is not the case. These correction factor sub-sections and the sub-section to do linear
interpolation between the desired values are given after the profile loss sub-section in
Section C.3.2.

@ Modeiling of losses in multi-stage axial compressors with subsonic conditions 51
|/ School of Mechanical and Materials Engineering



CHAPTER 5 ' IMPLEMENTATION

5.3.2 Off-minimum loss model implementation

The formatted equations for the sub-section containing the equations for the off-minimum loss
model of Casey are shown in Section C.3.3 and those of Lieblein in Section C.3.4. A value of

0.0117 was used for the constant in Equation 3.48.

5.3.3 Endwall loss model implementation

The formatted equations for the implementation of the Howell, Hiibner and Fottner and Roy and
Kumar endwall loss models are given in Section C.3.5, C.3.6 and C.3.7 respectively. The sub-
section for the Roy and Kumar mddel also employs a function for calculating the leakage jet
velocity. This function is showed below the sub-section containing the Roy and Kumar endwall

loss equations in Section C.3.7.

The Koch and Smith endwall loss model, presented in Section 3.3.2, gives predictions for the
endwall loss of a complete stage. However, in order to enable the evaluation of the endwall loss
in single bladerows and to see the contribution of each bladerow to the total endwall loss, the
model needs to be converted to be applicable to single bladerows. It also makes the comparison
between the different loss models simpler, because the other models are component-based.
Unfortunately, the Koch and Smith endwall loss model requires predictions of parameters like the
stalling static pressure rise coefficient from the correlation by Koch and the stage static pressure
rise coefficient. The implicit nature of the code can now be clearly seen from the fact that these
values are calculated for the whole stage while being input values to the rotor and stator modules.
It is further necessary for the stage freestream efficiency to be inputted to the Koch and Smith
endwall loss model sub-section. Consequently, the Koch and Smith endwall loss sub-section is
called from the stage sub-section, with the inputs for the stage stalling static rise coefficient, stage
static pressure rise coefficient and the stage freestrcam total-to-total efficiency as input
parameters, In turn, the entropy generation due to the endwall loss from each bladerow and the
endwall boundary layer displacement thickness are returned and given as input parameters when
calling the rotor and stator sub-sections. The methodology for adapting the Koch and Smith

model to be used in such a manner are explained below.

From Appendix A.4 it was seen that the endwall parameters for a stage was correlated against the
static pressure rise coefficient divided by the maximum static pressure rise coefficient of the

stage, | AP +APu, \ 18R, +AP,, ) | The comelations were again only available in
L q.. T, J L q._. 1T, Jlm

iatar

graphical format (Appendix A.4), but curve fittings were done and these equations and how they

are used are presented in the formatted equations shown in Section C.3.8. A warning procedure,
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halting the calculations if the stage static pressure rise coefficient is bigger than the stage stalling

static pressure rise coefficient and thus warning the user that the stage is stalled, is also included.

For the stalling static pressure rise correlation of Koch, the static pressure rise coefficient is based
on the mean effective dynamic head at inlet to the rotor and stator. The effective inlet kinetic
energy takes into account the ability of compressor blades with high stagger angles to re-energize
low momentum boundary layer fluid leaving an upstream blade row as this fluid impinges on the

following blade row in the other frame of reference.

An effective inlet dynamic head is therefore calculated for each bladerow according to equations
given by Koch (1981:646). This parameter was used to obtain a ‘row factor’ by dividing it by the
sum of the rotor and stator inlet dynamic heads and was also given as an input parameter to the
loss model. The entropy generation due to the endwall loss of the whole stage is then multiplied
by the row factor for the specific bladerow to obtain an entropy generation value for each

bladerow which is then given as an input parameter to the rotor or stator calling arguments.

It was necessary to manipulate Equation 3.19 so that it gives an entropy change instead of a new
efficiency value. Consequently, an expression for entropy change due to the endwall loss through

the stage was therefore derived as

[ 1-{26/g)(2/#) 1)

Ll—n,, 1-(2v,/28)(25/g)(2/h) JM"

As = .1)
Ty :

where g and 4 are the weighted stage staggered spacing and blade height respectively and As

is the stage freestream entropy change value. Further detail about the usage of Equation 5.1 and

the application of the row factor can be seen in Section C.3.8.

5.3.4 Part span shroud loss — Koch and Smith

Section C.3.9 shows the formatted equation set for the part span shroud loss sub-section.
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5.3.5 Windage loss - Denton

The windage loss is given as a fraction of lost power to useful power in the literature., For the

purpose of implementing it in the code, it has to return either a pressure loss cocfficient or an

entropy increase. The windage loss does attribute to an efficiency decrease. An entropy change

must, therefore, be returned from this sub-section as shown in Section C.3.10. It is known that

the work input to a stage per unit mass is equal to the change of total enthalpy through the stage.

The windage loss sub-section is only applied to the rotor and if it is accepted that As = Ay , the
0z

entropy change due to windage loss can be written as:

AW,
As = windage (52)
T

The loss models have now been presented in their specific sub-sections. However, these sub-
sections do not function on their own and realistic input variables have to be supplied. This is
done, by generating performance prediction sub-sections from which these loss models can be

called. The following sections present the generation of the performance prediction code.
5.4 The performance prediction code

5.4.1 The compressor code

A multi-stage axial compressor consists of a number of stages. Ideally, as proposed in
Appendix C.1, a single code should represent such a compressor and a sub-section that contains
the necessary equations for each stage is called according to the number of stages. As stated
previously, however, EES becomes unstable with too large equation sets and each stage has to be
solved in a separate EES program. The outputs are then written to an ASCII file for use as inputs
to the next stage and for the calculation of efficiency and other performance parameters for the
stage as a whole. For this study, the compressor code is therefore defined as an EES program that
reads the necessary variables from the ASCII files that were generated sequentially from stage
one for cach stage. The ASCII files imported as lookup tables are then used to calculate
performance parameters like compressor total-to-total adiabatic efficiency, total-to-total pressure
ratio and total-to-total temperature ratio. Section C.4.1 shows the formatted equations used in the

compressor code.
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5.4.2 Stage

Each stage consists of a rotor and a stator and the stage code calls the sub-codes for the rotor and
the stator. Values for the stage stalling static pressure rise coefficient, the static pressure rise
coefficient, the freestream efficiency and the row factor for each bladerow are also calculated
here. These values are used as inputs when calling the Koch and Smith endwall loss model and
values for the endwall loss entropy generation and the endwall boundary layer displacement
thickness are supplied when calling the rotor and stator sub-codes. When using another endwall
loss model in the rotor or stator sub-code, the entropy generation value from the Koch and Smith
model is not used, but the boundary layer displacement thickness parameter is still used for
calculating the endwall blockage. Section C.4.2 shows the formatted equations for a stage. In
this case, the total-to-total adiabatic efficiency is a function of the sum of the entropy increases

and the sum of the stagnation enthalpy increases of the rotor and the stator.

5.4.3 Rotor and Stator sub-sections

The Rotor and Stator sub-sections contain equations for calculating the required rotor and stator
variables respectively. Equation sets that are applicable to both the rotor and stator, contained in
different sub-sections, are called when needed. These include the equations for minimum loss
incidence, deviation, stalling static pressure rise coefficient, operating range, a test to determine
whether the cascade is stalled, and the different losses. In the case of the losses, there can be
switch between the different models simply by calling the appropriate sub-section and

commenting the other calling arguments or assignments it the code,

The author found it very difficult to give the code a sequential structure for increased readability,
due to the implicit nature of the code and the fact that several sub-sections are called. Some
effort has been made. However, it must again be emphasized that the equations are not solved
sequentially in the sub-sections and that the equation order or form has no real importance in EES
and solves as long as the number of equations and variables are equal. Section C.4.3 shows the
equations and variables used in the Rotor sub-section and Section C.4.4 for the stator. Extensive
commentary has been included and a detailed discussion is therefore not given here. The

following points should however be noted.

The fluid property calculations were done using built-in EES functions that return the required

value with static pressure and temperature given as arguments. C, and C, were assumed

constant throughout the bladerows, but different values for p, p and a was calculated at the

inlet and outlet of each bladerow.
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The ABF is calculated in a sub-section as a function of the annulus boundary layer displacement
thickness parameter, which is calculated by the Koch and Smith endwall loss model in the stage
code, and the inlet ABF passed from a previous stage or supplied by the user,

For the profile loss calculations, blade blockage has to be taken into account. This was done
using a blade blockage factor ( BBF ). The BBF increases the outlet freestream velocity, used in
the profile loss calculations, due to a reduction in effective area in the blade passages caused by
the presence of blade boundary layers. The BBF is calculated as a function of the blade
boundary layer displacement thickness, given in the code as block and calculated by the Koch
and Smith profile loss model. When using ancther loss model, this parameter is returned with a
value of zero. At off-minimum loss conditions, the value of this parameter is necessarily
assumed to be the same as at minimum loss conditions, because it is only calculated for the

minimum profile loss.

The windage loss model can be called if applicable. In this model, the windage loss also leads to
a pressure loss and reduces the efficiency through an increase in entropy. It is only applied to the
rotor disk.

In order to facilitate the interchanging of the various loss models, a method was devised where
the applicable loss model sub-code could retum either a pressure loss coefficient or an entropy
increase value. The returned value was then also converted into the other parameter, resulting in
quantities of pressure loss coefficient and entropy increase for each loss used in the calculation.

This was done using a relation derived in Appendix C.6 for the rotor:

(5.3)

A similar relation is used in the stator calculations, but the thermodynamics of the stator applies.
The outlet conditions of the rotor are taken to be the inlet conditions of the stator and the required

variables are passed accordingly.
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5.4.4 Annulus blockage ( ABF)

It is calculated from an annulus boundary layer parameter returned from the Koch and Smith
endwall loss model, the average blade height and the inlet ABF value. Section C.4.5 shows this
sub-section and includes the limit set by Koch and Smith of 1< ABF <(.83.

5.4.5 Minimum-loss incidence ( Min,, )

Section C.4.6 shows the formatted equations for the prediction of the minimum loss incidence.
The lines for the different solidities in Figure B.1.2 are distributed evenly enough so that curve
fits were only performed for a ¢ of 0.4 and 2 and linear interpolation was performed for values
inbetween. The same applied to the estimation of the slope factor and a single polynomial fit

could be found for the deviation in maximum thickness correction factor.

5.4.6 Deviation ( Deviation )

Section C.4.7 shows the sub-section containing the equations for predicting the deviation at
minimum loss and off-minimum loss conditions. Figure B.2.3 was implemented by obtaining
polynomial curve fits for the lines o = (.4, 1.2 and 2 and performing linear interpolation for the
values inbetween. Curve fits were also obtained for Figures B.2.1, B2.2 and B.24 and
implemented for finding these values. In Figure B.2.5, the graph is evenly distributed for the
lines B, =0, 30, 40 and 50. Polynomial curve fits were obtained for 8, = 0, 50, 60 and 70 and

linear interpolation was used to find the values inbetween.

5.4,7 Stall and choke

A prediction of the operating range, thus the range of inlet flow angle for stable operation, was

implemented in a sub-section called Oppy,,... Section C.4.8.1 shows the formatted equations for

this sub-section. Casey assumes that stall and choke will occur in terms of incidence at the root

mean square radius when:

|I - l!min

_ael 98
-—0.8( 2) 5.4

This criterion, based on the operating range calculated in the sub-section Oppy,,,, , is used as one

of the measures to ensure that the rotor or stator is not operating in the stalled range. A sub-
section was generated, testing if the cascade is operating in these limits and if not, returns a
warning message to the user. This sub-section is shown in Section C.4.8.2. When the endwall

loss model by Koch and Smith is used, a further test is conducted and a warning is given when
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the static pressure rise increases beyond the predicted stalling static pressure rise coefficient as

seen in Section 5.4.3.

The prediction of the maximum static pressure rise coefficient, thus the value at stall according to

Koch and modified by Casey were implemented in the sub-section called Stall,,.. Curve fits

were again performed on the correlation figures as given in Appendix B.3 for implementation
purposes. The curve fit for the Reynolds number correction factor was facilitated with the aid of

three straight lines as can be seen from the formatted equations for this sub-section given in
Section C.4.8.3.

As stated in Chapter 4, this study makes the same assumption as Casey for choking and this is
assumed to happen when the stage produces no pressure rise. No additional correlations were

therefore implemented for predicting choke.

5.5 Summary and Conclusions

This chapter presented the methodology and generation of a performance prediction code, with
general applicability to subsonic multi-stage compressors with different geometries and working
fluids, which allows the interchanging of loss models. A software package called EES was used
for implementation. A modular approach was foliowed and different sub-sections were used to
structure the code, implement logical operations in EES and limit programming time by calling

common sub-sections from the relative and absolute frame respectively.

The correlations were mainly given in the literature in a graphical format and were implemented
by obtaining curve fits containing the specific variables. The loss models were implemented as
given in the literature, with the exception of the Koch and Smith endwall loss model that was
transformed from a stage based approach to a component-based model. The performance
prediction was implemented using a separate EES program for each stage that calls sub-sections
for the rotor and stator, which in turns uses the loss models from the respective frame. The stage
programs are run sequentially from the first stage to the last through exporting outputs from each
stage to an ASCII file so that the following stage can import applicable input variables from the
previous stage. An EES program was then generated that utilizes the output ASCII files to
calculate the multi-stage compressor performance variables. A method was devised where loss

models could return either an entropy increase value or a pressure loss coefficient.

Blockage was implemented with the aid of blockage factors. An annulus blockage factor ( ABF )

is used to reduce the geometrical annulus area to an effective annulus area due to the presence of
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an endwall boundary layer. This factor is a function of the endwall boundary displacement
thickness calculated by the endwall loss model of Koch and Smith and an inlet annulus boundary
layer parameter which can be supplied by the user or obtained from the output blockage value of
the previous stage. For the blade blockage due to the blade boundary layers, a blade boundary
layer factor ( BBF') is used that increases the velocity used for the profile loss models. This
factor is a function of the blade boundary layer displacement thickness, which value is zero for
the Lieblein profile loss model and calculated by the Koch and Smith profile loss model.

For the prediction of stall, this code uses the endwall loss model from Koch and Smith to test if
the static pressure rise is larger than the stalling static pressure rise coefficient as predicted by
Koch. Another test, that was implemented, is the correlation and stall criterion given by Casey.

Choke was assumed to occur when the stage has no pressure rise.

The generated code must be verified and the methodology validated before it can be used for
obtaining interesting conclusions. Chapter 6 verifies the code against a commercial sofiware
package called NREC and evaluates the different loss models according to their simplicity and

accuracy.
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Chapter 6

VERIFICATION AND EVALUATION

Chapter 6 verifies the code, developed in Chapter 5, against a commercial software package
called NREC and evaluates the different loss models according to their simplicity and accuracy.
A loss model combination is chosen according to the results and the performance prediction from
this code is then compared to predictions from NREC, This is first done for a stage and then for

a multi-stage compressor.
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6.1 Introduction

Chapter 5 presented the reader with the methodology to generate an axial compressor
performance prediction code from Chapters 3 and 4, which presented the available literature
regarding the loss models and the basic theory for performance prediction respectively. This
code aims at having general applicability to subsonic multi-stage compressors with different
geometries and working fluids which allows the interchanging of different loss models. It is also
envisioned that the code will have the capability to be used for parametric studies, reflecting the
influence of input variable changes on particularly the loss magnitudes and this relation to

compressor performance.

In this chapter, the accuracy and validity of the code will be verified against a commercial
performance prediction package called NREC (Concepts NREC ETI Inc, 2003). The version
used in this study is Version 7.5.3 and the module is called Axial. The loss models will be
interchahged and evaluated according to their deviation from the norm set by NREC and
conclusions are made about the sensitivity of compressor performance prediction to certain

aspects of modelling and the different loss models.

6.2 Methodology

A four stage compressor test case was implemented in NREC and EES. It uses helium as
working fluid and employs the NACA-65 blade profile for all the blades. Appendix D.1 gives the
values of the parameters needed for implementation in EES. Detail verification will be done for a
single stage and, because of the time incurred for solving multi-stage compressor cases and the
stability problems posed by EES when such a large amount of variables are calculated, a four

stage compressor will be used for verification of multi-stage prediction.

It would, of course, be ideal to test a much broader spectrum of cases, with experimental data,
especially when evaluating the applicability of the different loss models. Ii is advised that this be
done in further work when more compressor design specifications are available and a more stable
solver has been employed. It is, however, thought to be adequate, for the purpose of this study, to
verify the methodology used and gain confidence in the code to perform parametrical studies of

the loss parameter changes on performance and especially the loss magnitudes.

NREC offers three basic model selection options for fans, compressors and pumps. For each of
these basic options, the user can choose to stick to standard models which NREC recommends for
this basic choice or different models can be selected according to the user’s preference. For this

study, the Koch and Smith basic option was selected.
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Figure 6.1 illustrates how user inputs can be done in NREC and specifically shows the model
selection used for each blade row; in this case the first stage rotor, used for the verification. A

description of the standard model used in each case is also included.

Fig. 6.1 Illustrates inputs and model selection for a bladerow in NREC

It can be seen from Figure 6.1 that models for part span shroud loss and windage loss (Disk
friction loss) are by default not included in the NREC simulation for compressors. However,
even when specifically selecting models for these values, NREC seems to ignore them and the
values are always given as zero. This might be an error in NREC and accordingly, no results
were available to verify these models included in EES. It will thus not be verified in this study
and assumed that the EES models are correct, until further work can verify these models. This
assumption can be supported by the fact that these loss models are usually excluded from
compressor performance prediction due to their small values. A constant profile from hub to tip

was initially used for the blades in NREC which only requires input values for the RMS [ocation.

In some cases, variables have to be supplied that are not needed for the EES model. In these
cases, values representing standard design practices were used according to the assumptions made
while constructing the EES model. A forced variable blade profile (twisted blades) was then used
to construct a variable blade profile test compressor in NREC, representing a more realistic
compressor. NREC uses fixed design rules to obtain reasonable values at the hub and tip for each

blade. Figure 6.2 shows the variable blade compressor as represented by NREC,
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Fig 6.2 Graphical representation of test compressor as given by NREC

The constant profile blade compressor and the variable profile blade compressor were compared
against each other, using the same performance and loss models to illustrate the validity of
performing an analysis and parameter study at the RMS location as done in this study. The
results for the total-to-total adiabatic efficiency at minimum and off-minimum loss cases in the

stable operating range are shown in Figure 6.3 for a rotational speed of 9000 rpm.
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Fig 6.3 Comparison between constant blade profile and variable blade profile efficiency prediction

It can be seen that the comparison is satisfactory, with the variable profile case giving slightly
lower efficiency values. The variable blade profile compressor will be used further in this chapter
for verification purposes with EES. This is done to emphasize the ability of the EES model to
predict multi-stage compressor performance of realistic compressor designs and that realistic

trends will be obtained when doing the loss model parametrical study.
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The next section presents a detailed verification of the first stage of the compressor as presented
above. This verification will display the EES model’s ability to predict the performance of a
stage, without the influence of inlet blockage, which will be observed at other stages in a multi-
stage compressor. A section showing the comparison of the multi-stage compressor data between

the two codes then follows.

6.3 Single stage verification and loss model evaluation

The first stage of the test compressor was used for this purpose. The NREC model and EES code

was adapted to calculate only the first stage parametets.

6.3.1 Verification of non-loss theory and correlations

In verifying the velocity triangles and non-loss (ideal stage) parameters, the losses and deviation
were initially excluded from the simulations. Great discrepancies were observed when
comparing the predictions of the fluid properties from NREC and EES. It was found that the
values of the fluid properties, for example, specific heat capacity and density are especially
critical in the performance prediction, but that EES calculates different values than the NREC

code.

After inspection of the method in which NREC and EES calculates the fluid properties, it was
found that NREC uses input files from which constants and coefficients for the equation of state

are read. The NREC default file gave helium’s specific heat capacity at constant pressure, C,, a

constant value of 7899.2 J/kg-K, while EES gives a value of 5190 Jkg-K at the pressure and
temperature concerned. After careful consideration, it was decided to adapt the NREC input file
to the values, ranges and reference quantities used by EES for successful comparison between the
two packages.

EES uses the fundamental equation of state given by Rainer Tiller-Roth in Fundamental
Equations of State published in 1998 and ancillary equations are provided by R.D. McCarty and
V.D. Arp in "A New Wide Range Equation of State for Helium" published in 1990.

The range of applicability of the thermodynamic properties is from the triple point temperature
2.1768 K to 1500 K at pressures up to 100 MPa. Tt was further found that the density predicted
by EES and NREC still differ by a constant value of 0.18 kg/m® at all the evaluation points
through the stage and over the entire mass flow range considered. The percentage difference over
the entire range, calculated by Equation 6.1, is less than 3%. There are numerous reasons why

this might be, but it was deemed to be outside the scope of this study to continue the investigation
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and it will be assigned for further work. Consequently, the calculation of density in EES was
adapted by simply adding 0.18 kg/m’ to-the result.

Table 6.1 shows the comparison between the major non-loss parameters as well as the percentage
error between the two models at the compressor design point. The term ‘design point’ is used,
because this point is not precisely the minimum loss point for the stage as defined in this study
and small off-minimum loss values will be present at this point. The values were rounded to the
second decimal. Comparisons of these parameters at other mass flows are given in
Appendix D.2.

1t can be seen that the non-loss parameters compare very well at all the mass flows considered. It
can thus be concluded that the non-loss theory and methodology used in the EES code are
correctly applied and implemented. In the following paragraphs, the correlations for predicting
minimum-loss incidence and deviation are included in the simulations and compared for

verification purposes.

The percentage difference was calculated by

(F)pes ~Derc

% Difference = ( )
* ) ees

x100 (6.1)

where x is the value of the parameter being compared from EES and NREC respectively.

Tabie 6.1: Ideal stage parameter verification at the design point

G 157.95 157.99 0.03
W, 346.50 346.50 0.00
B, -63.52 -63.51 0.02
U, 342.99 342.99 0.00
C, 213.06 212.87 0.09
W, 245.96 247.79 0.73
a, 44 45 4396 1.11
B, -51.80 -51.80 0.00
U, 342.49 342.49 0.00
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C, 166.02 16833 137
W, 166.02 168.33 137
a, 23.00 23.00 0.00
B, 23.00 23.00 0.00
P, 479234 4788.58 0.08
T, 306.98 306.88 0.03

Figure 6.4 and Figure 6.5 show the prediction of the minimum-loss incidence angle and deviation
angle over a range of mass flows for the rotor and stator respectively and how it compares to the
values predicted by the NREC model. The verifications are done for a range of mass flows at
9000 rpm. It must be emphasized that, due to the fact that the predictions for the minimum loss
incidence, deviation and the losses are based on correlations, this study can merely provide a
comparison between the models used in EES and NREC. However, it is not possible to conclude
which models are in fact more correct because of the lack of experimental data. NREC will
therefore be used as the benchmark, but future work should definitely compare the concluded

model with experimental data.
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Fig 6.4 Minimum loss incidence angle at design and off-design conditions according to NREC and EES for
(a) rotor and (b) stator

NREC assumes the minimum loss incidence angle to be a constant value for both the rotor and
the stator at all mass flows. The EES code calculates these values and every effort were made to

ensure the correctness of the correlations employed. It can be seen that the difference for the
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rotor is relatively small, but that it is quite large for the stator predictions amounting to more than
two degrees at the highest mass flow. NREC employs the Lieblein model, but with corrections
for 3-D effects for the standard option in this case. However, no change occurs in the prediction
when selecting the Lieblein model without the 3-D corrections. At the design point (148 kg/s) for
the stator the values compare well, but this is not the case for the rotor. It is suggested that these
correlations are revisited in future studies and verified against experimental data and that studies
are performed on exactly the sensitivity of compressor performance prediction to the minimum

loss incidence.

~
-]

@«
tn an
&

Deviation angis - deg
-3
wn
\ 4

Devlation angla - deg

IS

w
n

130 140 150 160 170 180 190 200 140 150 160 170 180 150 200

-
(74
=1

Mass Flow - kgis Mass flow - kg's
L [—e—wEe e
(a) (b)
Fig 6.5 Deviation angle at design and off~design conditions according to NREC and EES for (a) rotor and
(b) stator

The predictions for the deviation compare fairly well, with the largest difference of just less than
one degree noticeable at the stator for the higher mass flows. NREC and EES follows the same
trend, however, the EES model has larger gradients. NREC uses the Lieblein model as employed
in the EES code, but apply cormrections for 3-D effects. Unfortunately, there is no way of
selecting a model without the corrections and it must be assumed that the difference between the
NREC and EES predictions can be ascribed to them. It was further noted that, when using only
the minimum deviation values, the comparison is better, but no proof could be found that NREC
excludes the off-design deviation correction. The values compare well at the design point for
both the rotor and the stator. It is, however, again suggested that these correlations are revisited
in future work and verified against experimental data and that the EES model be updated with the

3-D corrections.
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6.3.2 Verification and evaluation of the loss models

Different combinations of the loss models were used by interchanging the models in the EES
code and comparing the results to the NREC model. For easier comparison with NREC, the
pressure loss coefficient was used in all the cases and not the entropy increase values as supported
by this study.

A potential error was identified in NREC for assigning the profile loss model. According to
NREC (see Section 6.2), the default profile loss model for the Koch and Smith basic option is the
profile loss model from Koch and Smith. In other words, when choosing the ‘standard’” model,
NREC is supposed to use the profile loss model from Koch and Smith. However, when selecting
the ‘standard’ option for the profile loss calculation, NREC uses a model from Wright and Miller.
It was then decided to specifically select the Koch and Smith model in NREC for the profile
losses, but after a tedious process it was discovered that this option uses the model from Casey.
Furthermore, when selecting the provided user file for the Koch and Smith profile loss, the results
are unrealistically high and out of range. It was consequently decided to use the model of Casey

in the verification by selecting the Koch and Smith model in the NREC software.

It was necessary 1o set the deviation and minimum loss incidence to constant values in the NREC
and EES models in order to perform an accurate comparison of the loss predictions. This was

done because of the differences noted in the prediction of these values between the two models.

For verifying and evaluating the profile Joss models, all other losses were excluded and
Figure 6.6 and Figure 6.7 were generated for the rotor and stator respectively. When evaluating
the stator, the profile loss magnitudes from NREC were inputted in EES for the rotor in order to
avoid the repetitive difference resulting from the difference in the rotor comparison. The figures
show the prediction of the profile pressure loss coefficient according to the different models and
variations thereof according to a variation in mass flow for a constant rotational speed of
9000 rpm.

The models used are the NREC Casey (by selecting Koch and Smith} profile loss model, the EES
code with the Koch and Smith profile loss model selected, the EES code with the Lieblein profile
loss model selected and the Lieblein profile loss model with the simplified equation for
calculating the pressure loss coefficient by assuming the blade boundary layer to be unity. The
Lieblein model in EES uses the correlations as provided by Casey and for successful verification

should compare almost exactly with the NREC predictions.,
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Fig. 6.6 Comparison of profile loss predictions from the various models used in this study for the rotor

From Figure 6.6 it can be seen that the simple Lieblein model in EES, with the simple pressure
loss coefficient equation used, compares exactly with the predictions from NREC, with the two
lines on top of each other. The reason for this is because NREC uses precisely the same
correlations, provided by Casey (1987:275), as this EES model when selecting the Koch and
Smith option as mentioned previously. When the form factor is included as a constant value of
1.08 in the pressure loss coefficient equation, the predictions at the lower mass flows are slightly

higher, but is expected to have an almost negligible effect on the efficiency predictions.

It can furthermore be seen that the EES Koch and Smith model has a steeper slope than the
predictions using the Lieblein model with the Casey correlations. Possible reasons for this could
be the fact that the Lieblein model was derived from linear two dimensional cascades and no
three-dimensional or compressibility effects are included in the model. The higher loss
predictions at the higher mass flows are further also attributed to more parameters taken into
account in the Koch and Smith model, like the blade roughness etc.

It is the author’s opinion that the Koch and Smith model be used when detail design is required
and that the Lieblein simple model be used for predicting the profile losses when quick
preliminary values are needed. Unfortunately, it is only possible to validate the Lieblein model
employed in EES due to the exact comparison with NREC using the same model. It is, however,
seen that the Koch and Smith model is in the correct range and shows the same trend and it is

concluded that this model was correctly implemented.
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Fig. 6.7 Comparison of profile loss predictions from the various models used in this study for the stator

It can be seen from Figure 6.7 that the trend for the stator is similar to that predicted for the rotor
in Figure 6.6 and that the Koch and Smith model in the EES code gives higher values than those
predicted by NREC. This might again be attributable to the reasons given in the discussion for
the rotor. The predictions from the Lieblein model and the Lieblein model using the simple
equation for calculating the pressure loss coefficient gives, as for the rotor almost exactly the

same results as NREC with the lines lying almost on top of each other.

The off-minimum loss or incidence loss values are verified and evaluated next. In order to obtain
the best possible means of comparing the predictions from NREC and EES, values for the profile
loss, obtained from NREC, at the different mass flow increments were inputted into the EES code
using the Casey off-minimum loss model. When evaluating the stator, the incidence loss
magnitudes from NREC were inputted in EES for the rotor in order to avoid the repetitive
difference resulting from the difference in the rotor comparison. For comparing the incidence
loss predictions from the Lieblein model, the Lieblein minimum loss profile loss were calculated
and subtracted from the total profile loss prediction. This is necessary, because the Lieblein off-
minimum loss model gives total values for the profile loss, including the incidence loss
component. Figure 6.8 shows the comparison of the incidence loss pressure loss coefficient for
the rotor from the two EES models with NREC.
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Fig. 6.8 Comparison of incidence loss predictions from the various models for the rotor

Good agreement exists between the NREC model and the Casey and Lieblein models used in the
EES code in the region of the minimum loss point. However, a reasonable difference is noticeable

at points far removed.

The Lieblein model predicts a more ‘open’ parabola than both the other models tested, especially
for higher mass flows. The comparison between the Lieblein model and Casey model is good at
negative incidence only. Reasons for this difference can be attributed to the two-dimensionality
and incompressible nature of the cascades used for generating the correlation as well as the high
degrees of laminar flow that existed on the cascades. The model uses the pressure loss coefficient
equation that includes the boundary layer form factor parameter. It was found that using the

simple equation leads to even lower values for the negative incidence region.

It is suggested that this model could be considered for calculations in the region of the minimum-
loss point during the preliminary design phase due to its simplicity and the fact that it calculates
the total profile loss at minimum and slight off-minimum loss conditions relatively accurately.
The Casey model must be used where more accuracy at the off-minimum loss conditions are
desired. It is advised that further study be performed, or that verification with experimental data
be performed, before making any conclusions about which model (NREC or EES-Casey) is the

best to use for this specific test case. Figure 6.9 shows the comparison for the stator,
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Fig. 6.9 Comparison of off-minimum loss predictions from the various models for the stator

The comparison for the stator leads to the same discussion as for the rotor. The Casey model
again shows a good qualitative comparison with the NREC model, with the Lieblein model

predicting lower magnitudes for the incidence loss across the range of positive incidence.

The endwall loss models were tediously verified and evaluated by inputting the profile and
incidence loss magnitudes predicted by NREC into EES and comparing the endwall loss
predictions to those from the NREC model. When evaluating the stator, the endwall loss
magnitudes from NREC were also inputted in EES for the rotor in order to avoid the repetitive
difference resulting from the difference in the rotor comparison. When other models than the
Koch and Smith endwall loss model is used, the value calculated for the Koch and Smith model
will be assigned for the endwall boundary layer displacement thickness parameter needed by the
EES code to obtain magnitudes for the ABF.

It was seen in Chapter 3 that the endwall loss is the most difficult loss component to understand
and predict and virtually all prediction methods rely on very little underlying physics. It was
furthermore stated that the correlations come mostly from experimental data from cascades,
which is not representative of real compressor bladerows, and that they should be used with great
caution. The reader should keep these comments in mind when evaluating the next section.
Figure 6.10 shows the comparison of the different endwall loss models used in EES with the
NREC prediction for the rotor.
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Fig. 6.10 Comparison of the endwall loss predictions from the various models for the rotor

Large variations can be seen in the predictions of the magnitudes of the endwall loss from the
various models for the rotor. It can be seen that all the models display the same trend, i.e. a
decrease in endwall loss, but their magnitudes differ tremendously. This is an expected result as
stated in the aforementioned discussion on the heavy reliance of the correlations on empiricism.
The Koch and Smith model compares well to the NREC model, which also uses Koch and Smith,
and gives confidence to the methodology employed in this study for applying the stage based
correlations to single bladerows. Reasons for the slight difference might be different curve
fittings obtained for the correlation figures given in the literature and different methodologies
used for applying the model to single bladerows. The Roy and Kumar model also compares
reasonable to Koch and Smith, with higher values in the lower mass flow range. These higher
values could be the result of the scparate prediction of an endwall loss and tip clearance loss

magnitudes used in the Roy and Kumar model.

The Howell and “Hiibner and Fottner” models both predict much higher values for the endwall
loss. In both instances, the correlations were generated from data obtained from linear cascades.
Hiibner and Fottner used a highly loaded cascade and it was already mentioned that cascade data
is not representative of real compressors. The deviation in the predictions from Howell is
somewhat understandable due to the extreme simplicity of the model, and the fact that tip
clearance is not even taken into account. It can be concluded that the Hiibner and Fottner and
Howell models are not recommended for endwall loss prediction in detail studies, but that
conservative and representative trends can be obtained from these simple models for preliminary
design purposes. Figure 6.11 shows the comparison of the different endwall loss models used in
EES with the NREC prediction for the stator.
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evaluated and conclusions about the loss models were made according to their comparison with
each other and NREC.

In this section, the complete stage performance prediction capability of the EES code is verified
and evaluated against the NREC model. The loss models will be interchanged in order to
investigate the sensitivity of compressor stage efficiency prediction to the prediction of the loss
magnitudes. Figures are then generated showing efficiency and pressure ratio against mass flow
for constant speed lines for the stage in the stable operating range using the optimum complete
EES model and compared to NREC.

The predictions of the stall and choke mass flow for each speed line was done with the NREC
software and these boundaries were used to ensure that the simulations were in the stable
operating range according to NREC. In Chapter 5, however, methods for predicting stall and
choke were discussed and implemented in the EES code, but it is accepted that verification and
improvement of these methods will be left for further study due to it falling outside the scope of
the current focus. The error functions halting the calculations in such cases were consequently
converted to warning functions, warning the user that a bladerow in the stage is outside the

operating range according to the EES model, without stopping the simulation.

In a real compressor stage, all the variables and correlations are dependent on each other and
different combinations of loss models lead to different performance prediction. The
combinations that were chosen for this study are given in Table 6.2 and were chosen in an effort
to lead to sensible conclusions about the sensitivity of perforrnance prediction to using different
models and with the individual loss comparisons and resulting conclusions in mind. The
comparison was done for the constant speed line of 9000 rpm and the predictions for the

minimum incidence and deviation angles were unrestrained.

Table 6.2: Loss model combinations used for stage performance prediction

1 Lieblein Casey Koch and Smith
2 Koch and Smith Casey Koch and Smith
3 Koch and smith Casey Howell
4 Lieblein Koch and Smith
i 5 Lieblein Howell |
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Figure 6.12 shows the comparison of the models using the loss combinations as given in
Table 6.2 with the NREC model for predicting the total-to-total adiabatic efficiency of the stage.

The numbers used in the legend corresponds to the numbers in the table.
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Fig. 6.12 Comparison of total-fo-total adiabatic efficiency predictions for a stage
using different loss models

From Figure 6.12 it can be seen that the choice of loss models has a noticeable effect on
efficiency prediction, especially when nearing choking conditions. It can, however, be concluded
that for preliminary design point estimates, it is acceptable to use the simpler loss models. This
conclusion is further supported by the results obtained when using Combination S and it can be
secn that in this instance, the comparison at off-design conditions is also relatively good with the
largest deviation from NREC equal to less than 3%. In this study, Combination 2 compares the
best with the NREC model and the higher profile loss values is neutralized by the lower incidence

loss values from the Casey model at off-design conditions.

From Combinations 1 and 2 it can be concluded that either Lieblein or Koch and Smith can be
used for predicting the profile loss at the design point, but a noticeable difference can be seen at
the higher mass flows. As mentioned earlier, Koch and Smith is a more comprehensive model
and should therefore be used if possible. The same holds for the incidence loss prediction and
can be seen from the comparison between Combinations 2 and 4. From the comparison it can be
seen that the endwall loss model plays an important role in obtaining accurate results at the design
point and it can be recommended that Koch and Smith again be used wherever possible due to its
comprehensiveness and the fact that both combinations using the Howell model gives lower

design point values.
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Combination 2 was used and figures were generated showing efficiency and pressure ratio against
mass flow for constant speed lines for the stage in the stable operating range and compared to
NREC. This comparison for total-to-total adiabatic efficiency and total-to-total pressure ratio of

the stage can be seen in Figure 6.13 and Figure 6.14 respectively.
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Fig. 6.13 Comparison of stage efficiency prediction between NREC and EES for constant speed lines

It can be seen that the comparison between EES and NREC is excellent for all mass flows and
rotational speeds considered. This verifies that the implementation and usage of the EES model is

done correctly according to the commercial software package NREC.
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Fig. 6.14 Comparison of stage pressure ratio prediction between NREC and EES for constant speed lines
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Figure 6.14 shows that there is a good comparison between the EES code and NREC for the total-
to-total stage pressure ratio predictions. However, EES predicts slightly lower values than NREC
and this becomes more evident in the higher speed lines. Possible reasons for this deviation in the
predictions can be the fact that NREC uses variable blade profiles (twisted blades) for their

prediction and differences in the definition of blockage between the two codes.

The EES code was successfully validated in this section for performance prediction of real stage
performance. Valuable conclusions were also made regarding the loss models and their influence
on performance prediction as well as the penalties induced for using the simple preliminary
models. The next chapter uses the validated EES code to perform parametrical studies of the
influence of varying the parameters, contained in the models used, on performance prediction. In
the next section, however, the EES code’s ability to predict multi-stage performance is

investigated and again verified against NREC.

6.4 Multi-stage compressor performance prediction

The previous section evaluated the influence of using different loss models on the performance
prediction and verified the EES code for stage performance prediction with NREC. This section
deals with using the EES code for muiti-stage axial compressor performance prediction through
comparing its results with that given by NREC. The four stage compressor described in
Section 6.2 is used here and was implemented in EES and NREC.

When using the outlet ABF value from the one stage as input ABF to the following stage, the
EES model predicted much lower efficiency values than NREC, especially at the higher mass
flows. It is possible that the methodology is incorrect and it was decided to simulate the growth
of the endwall boundary layer through the compressor by reducing the inlet ABF by one
percentage for each stage starting at stage two. Further work needs to be done specifically on
multi-stage compressor blockage and how it is increasing throughout the compressor due to it

falling outside the scope of this study.

The results of the comparison between NREC and EES for the performance prediction of the four
stage compressor are shown in Figure 6.15 and Figure 6.16. Figure 6.15 shows the comparison
for the compressor totai-to-total adiabatic efficiency and Figure 6.16 shows the comparison for

the total-to-total compressor pressure ratio.
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Fig. 6.16 Comparison of compressor pressure ratio prediction between NREC and EES for
constant speed lines

It can be seen that the comparison is good and it can be concluded that the EES code is capable of
doing successful and accurate performance prediction for multi-stage axial compressors. The
slight differences can be ascribed to the same reasons as given in Section 6.4 for the differences
in the single stage comparison. It can further be concluded that the loss models and the
methodology employed in this study for implementing them in a multi-stage axial compressor

performance prediction code are correct and well founded.
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6.5 Summary and conclusions

In this chapter, the accuracy and validity of the engineering code generated for axial compressor
performance prediction was verified against a commercial performance prediction package called
NREC. The loss models were interchanged and evaluated according to their deviation from the
norm set by NREC and conclusions were made about the sensitivity of compressor performance
prediction to certain aspects of modelling and the different loss models. Furthermore, the ability

of the EES code to predict stage and multi-stage compressor performance was verified.

It was seen that the non-loss parameters compare very well at different mass flows and it was thus
concluded that the non-loss theory and methodology used in the EES code were correctly applied
and implemented. NREC assumes the minimum loss incidence angle to be a constant value for
both the rotor and the stator at all mass flows. The EES code calculates these values and it was
seen that differences in the stator predictions amounts to more than two degrees at the highest
mass flow. The predictions for the deviation compare fairly well, with the largest difference of
just less than one degree noticeable at the stator for the higher mass flows. It was accepted that
the difference between the NREC and EES predictions can be ascribed to the changes made by
NREC to the model for incorporating 3-D effects. It was further noted that, when using only the
minimum deviation values, the comparison is better, but no proof could be found that NREC
excludes the off-design deviation correction. It was, however, suggested that the minimum loss
incidence and deviation correlations should be revisited in future work and verified against

experimental data.

For the profile losses, it was suggested that the Koch and Smith model be used when detail design
is required and that the Lieblein simple model be used when quick preliminary values are needed.
Good qualitative comparison was obtained between the NREC model and the Casey and Licblein
models for the incidence loss predictions in the region of the minimum loss point, although a
reasonable difference was noticeable at points far removed. It was suggested that the Lieblein
model could be considered for calculations in the region of the minimum-loss point during the
preliminary design phase due to its simplicity and the fact that it calculates the total profile loss at
minimum and slight off-minimum loss conditions relatively accurately. The Casey model must
be used where more accuracy at the off-minimum loss conditions are desired. It was advised that
further study should be performed, or that verification with experimental data be performed,
before making any conclusions about which model (NREC or EES-Casey) is the best to use for

this specific test case.
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Large variations were seen in the predictions of the magnitudes of the endwall loss from the
various models. This is an expected result because of the heavy reliance of the correlations on
empiricism. The Koch and Smith model compares well to the NREC model, which also uses
Koch and Smith, and gives confidence in the methodology employed in this study for applying
the stage based correlations to single bladerows. Conclusions from the endwall loss verification
are that the Howell, “Hiibner and Fottner” and “Roy and Kumar” models are not recommended
for endwall loss prediction, but that conservative and representative trends can be obtained from
these simple models for preliminary design purposes. It was furthermore also recommended that
Koch and Smith be used wherever possible. The added bonus of using Koch and Smith is the fact

that it eliminates the need for additional blockage correlations.

The choice of loss models has a noticeable cffect on efficiency prediction, especially when
nearing choking conditions. Valuable conclusions were made regarding the loss models and their
influence on performance prediction as well as the penalties induced for using the simple
preliminary models. It was, however, concluded that for preliminary design point estimates, it is
acceptable to use the simpler loss models. In this study, using the Koch and Smith profile loss
model, the Casey incidence loss model and the Koch and Smith endwall loss model were

identified as the best combination of loss models to use.

It was seen that the single stage and multi-stage performance prediction comparison between EES
and NREC is excellent for all mass flows and rotational speeds considered. A good comparison
was also obtained between the EES code and NREC for the total-to-total stage pressure ratio
predictions. However, EES predicts slightly lower values than NREC and this becomes more
evident in the higher speed lines. It was recommended that further studies be performed on the
aspects regarding blockage, especially through a multi-stage compressor.

In Chapter 7, the EES-code is used to perform parametric studies on the influence of varying the
geometric input parameters on overall stage loss and efficiency prediction. The aim is to form an
idea as to which geometrical input parameters are the key players in improving efficiency and

which loss parameters are crucial to accurate predictions.
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Chapter 7

PARAMETRIC STUDIES

In this chapter the EES-code is used to perform parametric studies on the influence of varying the
geomelric input paramelers on overall stage loss and efficiency prediction. The aim is to form an
idea as to which geometrical input parameters are the key players in improving efficiency and

which loss parameters are crucial to accurate predictions.
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7.1 Introduction

Chapter 3 presented the reader with the models obtained from the open literature for predicting
the losses through an axial compressor. It was, however, found that it would be advantageous to
include the models in a performance prediction code, because of their extreme dependence on
each other and some of the other variables included in performance prediction and due to the
implicit nature of the calculations. Chapter 4 then presented the concepts and theory needed for
generating a basic mean line performance prediction code for including the loss models.
Chapter 5 discussed the implementation of the models and theory in a software package called
EES and in Chapter 6 the accuracy and validity of the generated code was verified against a

commercial performance prediction package.

This chapter aims at illustrating the capability of the code, generated in this study, for performing
parametric studies. These studies can be used to aid in understanding compressor design and
performance or for basic optimization problems. This is done, staying with the focus of this
study, by showing the results from several parametric studies where some of the loss parameters
were varied in the EES code and also by presenting an illustrative parametric study for optimizing
the rotor inlet blade angle.

7.2 Methodology

It was seen in Chapter 5 that the performance prediction for a multi-stage compressor comprised
of sequentially obtaining predictions for the individual stages by using the outlet conditions of the
one stage as the inputs for the next. It was also seen that each stage uses the same set of
equations for obtaining the predictions. It was, therefore, decided that it would be sufficient for
this study to do the parametric studies for a single stage only for illustrating the application of the
code for design or optimization purposes. Further study can, of course, use the code more
extensively to determine, for instance, the influence of varying some geometric parameter in the

third stage rotor to overall compressor performance etc.

The stage used is again the first stage of the four stage compressor used in Chapter 5 with its
initial input values given in Appendix D.1. Koch and Smith’s profile and endwall loss models
and the incidence loss model of Casey was used due to the confidence given to their validity by
the comparisons to NREC in Chapter 6 and the fact that this combination includes the most input
parameters in the loss models. Furthermore, the part span shroud loss model was included for the

rotor and the stator and the windage loss model from Denton for the rotor.
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Some of the parameters given in Appendi){ C.2 for the stage geometrical inputs and used as input
values for the loss models are parametrically varied and the influence on efficiency prediction is
investigated. This is done by keeping all the input parameters constant with the values given in
Appendix D.1, except one parameter which is varied. The first set of parametric studies
investigates the influence of the loss parameters on stage total-to-total adiabatic efficiency. These
parameters were chosen on the grounds that they are input parameters only to the loss models, or
other relevant correlations, and would have no effect on a simulation excluding the losses or

deviation.

Next, an illustrative parametric case study is presented which investigates the effect of a major
variable change (the rotor inlet blade angle), on the loss magnitudes to illustrate their dependence
on the performance prediction variables and each other. The effect of this loss change on stage
efficiency and pressure ratio are also shown. The EES code was adapted to include the
predictions for stall and choke as discussed in Chapter 4 and Chapter 5 and aided in determining
the range for the parametric studies. Further restrictions for the range between which the
variables are varied are obtained from the correlation figure boundaries. The following sections

presents the results as obtained from the parametric studies with the EES code.
7.3 The influence of some loss parameters on stage efficiency

7.3.1 The effect of axial spacing on stage efficiency

The axial spacing between the blade rows were varied between 0.1 and 20 mm. The effect of this
parameter is included in the stage performance prediction through the correction factor
implemented in the Koch stalling static pressure rise coefficient model and the Koch and Smith
endwall loss model. These correction figures are shown in Figure B.3.4 and Figure A.4.2

respectively. Figure 7.1 shows how this influenced the stage efficiency for this compressor stage.

From Figure 7.1 it can be seen that the efficiency decreases with an increase in axial spacing
between the bladerows. The slope also decreases with an increase in axial spacing, showing that

its effect is most dramatic in the range close to zero spacing.
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Fig. 7.1 Effect of varying axial spacing between bladerows on stage total-to-total adiabatic efficiency

It can be concluded that the axial spacing between the bladerows has a definite influence with a
stage efficiency variation of 0.8 % for the range considered and that closer blades means higher
efficiency. It must, however, be remembered that the models used for predicting profile loss and
deviation does not take this parameter into account and the influence of extremely close
bladerows are therefore unknown on these predictions. Furthermore, this parameter is usually
limited mechanically due to the fixing methods and associated stresses due to wake passing

excitation.

7.3.2 The effect of tip clearance on stage efficiency

The tip clearance values for the rotor and stator were varied in this investigation to see the
influence of tip clearance on the efficiency of an axial compressor stage. The effect of tip
clearance is included in the performance prediction in a correction applied to the Koch stalling
static pressure rise coefficient mode] as well as being one of the correlating parameters in the
Koch and Smith endwall loss model as seen in Figures B.3.3 and A.4.]1 respectively. Both
bladerow’s tip clearances were varied simultaneously between 0.01 and 2 mm and the effect of
this on the stage efficiency is shown in Figure 7.2. Varying the tip clearance for only the rotor
and keeping the value for the stator constant and vice versa, showed a similar trend and it is not

reproduced here.

It can be seen that the stage efficiency decreased almost linearly when increasing the tip clearance
for the range considered. The efficiency decrease is rather large, almost 4%, and it can therefore
be concluded that tip clearance plays a major role, as expected, in compressor efficiency.
According to Cumpsty (1989:344), however, the endwall loss model from Koch and Smith is the
most reliable model available, but it cannot be valid for stages with small or vanishing tip

clearance. Flow visualizations have indicated that there exists a definite optimum tip clearance
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for bladerows, as opposed to zero clearance, which counteracts detrimental secondary flows,
which in turn causes separation in the endwall region, Cumpsty (1989:344) further states that
“Although the clearance flow seems to be beneficial when very small, typically not more than 1%
of chord, at larger clearances the loss and the inception of stall appears to be dominated by the
clearance flow behavior.” It can therefore be suggested, according to the aforementioned, that a

good preliminary estimate for tip clearance could be about 0.5 % of chord.
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Fig. 7.2 Effect of varying tip clearance of bladerows on stage total-to-total adiabatic efficiency

7.3.3 The effect of maximum blade thickness on stage efficiency

The maximum blade thickness is input parameters to the correlations for the Koch and Smith
profile loss model as well as the correlations for the deviation and minimum loss incidence angle
predictions. As for the tip clearance study, the thicknesses of the rotor and stator blades were
increased simultaneously and the effect on the stage efficiency was investigated. The values
were varied between approximately 3% and 11% thickpess to chord ratio, which is between

1 and 4 mm for the test stage blades. The effect on stage efficiency is shown in Figure 7.3.

Figure 7.3 shows that the slope of the graph increases with an increase in maximum blade
thickness. For this test case it can also be seen that no real efficiency decrease is suffered up to a
blade thickness of about 5% thickness to chord ratio. Furthermore it was stated in Chapter 3 that
the loss from different profile sections is very nearly the same at subsonic Mach numbers.
Cumpsty (1989:141) gives evidence that the result might be correct by stating that, nowadays,
most applications would call for much thinner blades, typically around 5% for subsonic inlet flow
conditions. According to these results, it can therefore be concluded that the blade thickness
should be kept as thin as possible, taking into account manufacturing restraints and strength
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considerations. For the test compressor, the efficiency can be increased by 0.5% by using blades

with half the maximum thickness it currently uses for the rotor and the stator.
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Fig. 7.3 Effect of varying maximum blade thickness on stage total-to-total adiabatic efficiency

7.3.4 The effect of blade chord on stage efficiency

The blade chord parameter is used directly and/or indirectly in all the loss models and
performance correlations in the EES code and the performance prediction is very much dependant
on this parameter. The blade chord parameter for the rotor was varied between 25 and 50 mm,
while the chord value for the stator was kept constant at the given value of 35.6 mm. The same
was done for the stator while keeping the rotor chord value constant. Finally, the rotor and stator
chord parameters were varied simultaneously between the specified values. The effect of these

variations on stage efficiency is shown in Figure 7.4.
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Fig. 7.4 Effect of varying blade chord on stage total-to-total adiabatic efficiency

Modelling of losses in multi-stage axial compressors with subsonic conditions 85
School of Mechanical and Materials Engineering

C



CHAPTER 7 PARAMETRIC STUDIES

Figure 7.4 suggests that there is an optimum blade chord length for both the rotor and the stator
for the test stage considered. This can be deduced from the fact that, when keeping the stator
chord length constant, the stage efficiency reaches a maximum for this test case with the rotor
chord length equal to about 44 mm. It can also be deduced that, when keeping the rotor chord
constant, the stage efficiency would reéch a maximum when the stator chord length is equal to
some value smaller than 25 mm. From the graph showing the simultaneous variation of the chord
lengths for both the rotor and stator, it can be seen that the maximum stage efficiency according
to the EES code would be at the current value of about 35 mm. The difference in stage efficiency
was about 1% for the range of chord lengths considered and it can be concluded that there exists
an optimum chord length for maximum stage efficiency for each blade row. However, for a
preliminary design estimate, chord lengths for the rotor and stator can be taken as equal or

according to manufacturing constraints due to the small influence on stage efficiency.

7.3.5 The effect of blade pitch on stage efficiency

The blade pitch parameter for the rotor was varied between 17 and 35 mm, while the pitch value
for the stator was kept constant at the given value of 19 mm. The same was done for the stator
while keeping the rotor pitch value constant at 19 mm. Also, the rotor and stator pitch parameters
were varied simultaneously between the specified values. The effect of these variations on stage

total-to-total adiabatic efficiency is shown in Figure 7.5.
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Fig. 7.5 Effect of varying blade pitch on stage total-to-total adiabatic efficiency

It can be seen that, for this specific stage, the influence of varying the stator pitch has a small
effect on the stage efficiency and it seems as if the pitch of the rotor has the most influence on the
stage efficiency. As with the blade chord, there seems to be an optimum pitch value for the rotor

and the stator to obtain maximum stage efficiency with the other parameters constant.
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For this study, it can be seen that the maximum efficiency will be achieved with the pitch value
for the rotor and stator set to about 27.5 mm. For this test stage, the stage efficiency increases by

0.3% when increasing the pith of the stator from 19 mm to 27.5 mm.

7.3.6 The effect of blade surface roughness on stage efficiency

In this section the effect of using rough blades opposed to blades that with a smooth surface finish
is investigated by inspecting the effect that this has on the stage efficiency. The range of the
investigation falls outside the criteria for hydraulically smooth blades, which is corrected only for
Reynolds number in the Koch and Smith profile loss model. The parameter that is varied is the
centerline average of the roughness particles, &, ,, and is defined as the arithmetical average
deviation expressed in microns measured normal to the centreline. The parameter is varied
between (.2 and 2 microns for the rotor and stator simultaneously and the effect of this on the

stage efficiency can be seen in Figure 7.6.
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Fig. 7.6 Effect of varying blade surface roughness on stage total-to-total adiabatic efficiency

The effect of increasing the surface finish of the blades is quite dramatic and it can be seen that
the stage total-to-total adiabatic efficiency is decreased by almost 3%. Even a small improvement
in the surface finish seems to have a relatively significant influence on the stage efficiency and, in
practical terms, it can be deduced that fouling during operation must be minimized due to the
large effect on efficiency. The test compressor’s efficiency can be increased by 0.7% by
improving the centreline average particle roughness of the rotor and stator surface finish from 0.5
microns to 0.2 microns. The parametric study can, of course, also be done for only one blade row
at a time as well to investigate the effect when the rotor are smooth and the stator are not etc.
Also, it would be interesting to perform a study on the cost implication of improving blade

roughness compared to the gain in stage efficiency. This will, however, be left for further work.
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7.3.7 The effect of the part span shrouds on stage efficiency

There are three parameters which need to be supplied for including the model for the part span
shroud loss in the performance prediction code. These are the shroud radius, shroud maximum
thickness and the shroud chord. For this investigation, a shroud will be included only for the
rotor and the effect on the stage total-to-total adiabatic efficiency will be investigated when
varying the respective shroud parameters. Figure 7.7 shows the influence on the stage efficiency
for a shroud at a radius of (.36 m, a thickness of 2 mm and varying shroud chord values between
5 and 20 mm. Figure 7.8 and Figure 7.9 shows the influence on the stage efficiency when
varying the rotor shroud thickness and radius respectively while keeping the other parameters
constant at their given values. The thickness was varied between 0.5 and 3 mm and the radius was

varied between 0.3 and 0.4 m.
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Figure 7.7 shows that there is an optimum chord value for the part span shroud, with the other
parameters at their constant values, resulting in maximum stage efficiency. Furthermore, it can
be seen from Figure 7.8 that the efficiency decreases with an increasing slope with an increase in
shroud thickness, leading to the conclusion that the shroud should be kept as thin as possible.
Also, from Figure 7.9, it is seen that when the part span shroud is moved from the hub towards
the tip, the efficiency decreases by a small percentage, however, it is uncertain if this correlation
takes the boundary layers and the interaction that would occur with them into account.
Consequently, it is advised that this correlation should only be used when the part span shroud is
placed well away from the endwalls until further study has confirmed the results. This parametric
study can similarly be performed for the stator in order to access the influence of a part span
shroud and its parameter magnitudes on the stage efficiency. The next section investigates the
effect of major variable changes like, for instance, the blade angles on the loss magnitudes to
illustrate their dependence on the performance prediction variables and each other. The effect of

this loss change on stage efficiency and pressure ratio will also be shown.

7.4 Ilustrative parametric case study

A case study is presented in this section for iilustrating the capability of the EES code to perform
such studies and to try and show the dependence of the loss models on the performance variables
and each other. The effect of changing the rotor blade inlet angle on the different loss
components, total loss, stage efficiency and pressure ratio will be investigated in an effort to
obtain an optimum rotor blade inlet angle value for maximum stage efficiency. The rotor inlet
blade angle was varied and the effect on the entropy change values for the different loss
components for the rotor and the total entropy change through the rotor was investigated. The

effect for the different loss components are shown in Figure 7.10.
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Fig. 7.10 The effect of varying the rotor inlet blade angle on the magnitudes of the loss components
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From Figure 7.10 it can be seen that varying the rotor inlet blade angle from -50 to -64 degrees
has an influence on all the loss components included in the performance prediction model for the
rotor. The profile loss shows a decrease with a blade inlet angle increase. Furthermore, it can be
seen that the endwall loss and part span loss values also show a decrease with an increase in inlet
rotor blade angle, while there seems to be an optimum inlet blade angle for the smallest incidence
loss. This is understandable, because the incidence angle is a function of the inlet blade angle.
The windage loss shows a small decrease for the increase in the inlet blade angle values. For this
specific compressor stage it was found that excluding the windage loss from the performance
prediction caused an increase in stage efficiency of approximately 0.65 % and it can therefore be
concluded that the contribution from this loss is somewhat significant. Reasons contributing to
large windage loss values are disks that are not smooth or, as in this case, short blades with low

flow and loading coefficients, as stated in Chapter 3.

The effect of all the losses are combined by adding their entropy changes and the resulting total
entropy change through the rotor, with the specified variation in inlet blade angle, is shown in
Figure 7.11. The effect on the total stage entropy change can be seen in Figure 7.12.
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Figure 7.11 and Figure 7.12 shows that there was little change in the total entropy change through
the stator because of the variation in the rotor inlet blade angle. This can be deduced from the
similar form of the two graphs. To investigate the relationship that this variation on stage entropy
change has on the stage efficiency and pressure ratio, Figure 7.13 and Figure 7.14 were

generated.
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It can be seen that, according to this investigation, there exists a different optimum angle for the
rotor inlet blade angle for maximum stage efficiency or minimum entropy generation, i.e. loss.
However, the larger the rotor inlet blade angle, the higher the pressure ratio for this case study.
From the figures it can be seen that, for maximum stage efficiency, the rotor inlet blade angle
must be changed from the current -59.5° to a value of approximately -55°. Although small, this
change will increase the stage efficiency by about 0.3% and the pressure ratio by about 0.004.

7.5 Summary and conclusions

Chapter 7 aimed at presenting the reader with an illustration of the capabilities of the performance
prediction code that was generated from this study. Furthermore, the influence of varying some
of the loss parameters on stage efficiency was investigated in the hope that some conclusions can
be made about their relative importance to accurate loss and stage efficiency prediction. In an
attempt to illustrate the applicability of the code as an optimization or educational tool, a
parametric case study was presented that investigated the influence of varying the rotor blade

inlet angle on several performance variables.

It was found, from the parametric study of the influence of the axial spacing between the
bladerows on stage efficiency, that closer bladerows leads to lower losses and higher stage
efficiency. It was also seen that the effect becomes less important the further the blades are
moved apart. However, it must be remembered that the models for deviation and profile loss do
not take this parameter into account and further study on this result is advised. For a tip clearance
increase, a large efficiency decrease was observed and it can therefore be concluded that tip

clearance plays a major role, as expected, in the accurate prediction of efficiency. According to
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Cumpsty (1989:344), however, the endwall loss model from Koch and Smith cannot be valid for
stages with small or vanishing tip clearance and he further states that “Although the clearance
flow seems to be beneficial when very small, typically not more than 1% of chord, at larger
clearances the loss and the inception of stall appears to be dominated by the clearance flow
behaviour.” From the blade thickness investigation, it was concluded that the blade thickness
should be kept as thin as possible, taking into account manufacturing restraints and strength
considerations. It was also seen that 5% thickness to chord ratio is a good preliminary thickness
estimate for modern subsconic compressor blades. Furthermore, it was found that there exists
optimum chord and pitch values for the rotor and stator to obtain maximum stage efficiency, but
the pitch of the rotor has the most influence. The effect of blade surface roughness also seems to
be quite dramatic, and it was found that in this case, even a small improvement in the blade

surface finish could improve the stage efficiency noticeably.

For the parametric studies concemning the part span shrouds, it was found that, as for the
compressor blades, there exists an optimum shroud chord for maximum efficiency. It was also

seen that the shroud should be as thin as possible and rather positioned closer to the hub than the
tip.

An illustrative parametric case study was also presented. For this case study, it was investigated
which value of the rotor inlet blade angle would give the highest stage efficiency with all the
other parameters constant. It was found that there existed an optimum value for this parameter
and the capability of using the code for basic optimization purposes was therefore successfully

demonstrated.

The following chapter gives a brief summary and a condensed conclusion of the study on the
modelling of losses in multi-stage axial compressors with subsonic conditions. It also gives
recommendations for further research based on the knowledge gained as to the shortcomings of
this study.
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Chapter 8

CONCLUSION

Chapter 8 concludes this study by giving a short summary of the preceding chapters, conclusions

that can be made from the results obtained and recommendations for future research.
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8.1 Summary

In Chapter 1, the background leading to the study as well as a short overview of the main
concepts contained in the study was given. Further aspects that received attention were the
primary restrictions, the expected contributions and outline of the study. Chapter 2 described the
mechanisms mainly responsible for the losses and gave more detail about the mechanisms that are

commonly used in loss modelling.

Chapter 3 presented the reader with a comprehensive, but summarized literature survey regarding
loss prediction methods for subsonic axial compressors. It was found that the loss mechanisms
are interactive and complex by nature and methods of predicting them rely greatly on empirical
correlations. Also, the open literature is rather diffused and the main groupings used in this
chapter were: Blade profile losses, endwall losses including literature on tip leakage and
secondary losses, part span shroud losses, other losses, losses due to high subsonic mach numbers

and off-minimum losses.

Chapter 4 attempted to provide the reader with a framework into which the loss models can be
integrated through presenting the theory required for a meanline compressor analysis. This
chapter included discussions on methods of predicting minimum loss incidence, deviation, stall
and choke as well as methods of estimating blade and annulus blockage. Chapter 5 presented the
methodology employed for the generation of a performance prediction code, with general
applicability to subsonic multi-stage compressors with different geometries and working fluids,
which allows the interchanging of loss models. This utilized the models described in Chapters 3
and 4.

In Chapter 6 the code, developed in Chapter 5, was verified against a commercial software
package called NREC and the different loss models were evaluated according to their simplicity,
ease of implementation and accuracy. Finally, in Chapter 7, the validated EES-code was used to
perform parametric studies on the influence of varying the geometric input parameters on overall
stage loss and efficiency prediction. The aim is to form an idea as to which geometrical input
parameters are the key players in improving efficiency and which loss parameters are crucial to
accurate predictions. This was done to illustrate the ability of the code for performing such
studies to be used as an aid in understanding compressor design and performance and for basic

optimization problems.
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8.2 Conclusion

In Chapter 1 it was stated that this study aims to contribute by improving subsonic multi-stage
axial compressor expertise through investigating, and serving as a reference on, the internal loss
mechanisms, the methods of predicting their magnitudes, their implementation and their use. It
was further stated that the possibility of developing performance prediction software, with
general applicability to subsonic multi-stage compressors with different geometries and working
fluids, would be investigated.

The aforementioned were addressed by firstly providing the reader with a description of the loss
mechanisms and the most influential of these were described in more detail. The next step was to
present a comprehensive literature survey that improves this thesis’s value as a reference on the
available methods of quantifying the loss mechanisms. It was seen that it would be advantageous
not to view the loss models in isolation from the concepts involved in axial compressor
performance prediction. Therefore, this study also presents the theory for axial compressor ideal
stage analysis as well as methods of predicting the other basic real fluid effects that are necessary
for basic performance prediction. A software package called Engineering Equation Solver (EES)
was used to implement the performance prediction theory and models. This code has the
capability for the considered loss models to be interchanged and evaluated against each other or
predictions from other performance prediction software. Verification was done by comparing the
results from the EES-code with those of a commercial software package called NREC at different
levels of complexity. This verification showed that the methodology used for implementing the
loss models was employed correctly and that the basic performance prediction theory was correct.
It is recommended that more test cases be considered for complete verification of the correlations
and that, if possible, experimental data should also be used. However, this is not considered part
of the scope of this study and will be left for future work.

The EES code was subsequently applied and it was found that the models given by Koch and
Smith for the minimum profile loss, endwall loss and part span shroud loss (when applicable)
with the model by Casey for the incidence loss and Denton’s windage loss model was the most
comprehensive combination of the loss models considered. For preliminary estimates near the
design point, it was seen that the Lieblein model can be used for calculating the total profile loss,
i.e. including the incidence loss. Also, any endwall loss models can be used, due to the large
amount of uncertainty involved. Unfortunately, when using another endwall model than the one
given by Koch and Smith, additional estimates for annulus blockage have to be included.

Furthermore, parametric studies were performed to investigate the influence of some of the loss
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parameters on stage efficiency and it was also illustrated how the EES-code can be used as an aid

in understanding compressor design and performance and for basic optimization problems.

8.3

Recommendations for further research

The secondary outcome of this study resulted in a preliminary meanline performance prediction

code. However, the code needs to be verified in more detail and some further research needs to

be done before the code can be considered ready to be used with confidence. The following

recommendations can be made regarding further work with the idea of improving the preliminary

code:

The EES-code should be reproduced in a lower-level programming language for
increased stability and the equation sets for a whole compressor can then be solved
simultaneously, rather than one stage at a time. This approach can be very advantageous
when including the code in network analysis software.

Further research should be conducted regarding the prediction of stall and choke and the
models should be upgraded to reflect the state of the art for meanline methods.

Further research should also be conducted on the aspect of annulus blockage and the
prediction thereof. Especially, the blockage and how it is passed in simulations from one
stage to the next, i.e. how it “grows” through the compressor, should be investigated and
correctly implemented.

A much broader spectrum of test cases, preferably experimental data, should be used for
verification of the correlations used in the code as to derive correlations that would be the
most suitable to the most cases and can be accepted as default correlations for all cases.
More research should be done on methods of predicting the endwall loss due to the large
variation seen in this study from the different correlations. Unfortunately, it was noted

that great uncertainty surrounds this loss and ways to predict it.

* The code can be improved by including correlations for transonic and supersonic flows.

It can also be considered to include simulations at other radial stations as the meanline.

Finally, the conceptualism that internal loss manifests as an entropy increase through the
compressor was accepted in this study and it is recommended that future loss modelling
be done with this in mind. Denton (1993) did groundbreaking work in this regard and he
rightfully suggests that every effort should be focused on understanding exactly how the
loss mechanisms work rather than to blindly use the available correlations. It is,
therefore, emphasized here that future studies on loss models should try and decrease the
dependence on empirical data. The ultimate goal would be to generate models that are
totally based on physical laws and are expressed in terms of the entropy increase it

generates.
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Appendix A.1

DENTON’S BLADE PROFILE LOSS MODEL

Denton’s (1993:633-636) profile loss model for axial compressor blades supports the
conceptualism of loss being equivalent to entropy production. Although not used in this study, it

is included for the sake of completeness through presenting it in this appendix.

Denton (1993:633-636) estimated the two-dimensional loss coefficient for the blade boundary
layers by dividing an expression for the total entropy produced in the boundary layers by the mass
flow rate and a reference dynamic head. Thus, for low speed flow, the following expression

results

v G e (MY g,
gs_zzpmﬁI jocd(Wl)d( /C,) (A1)

where the summation is for both blade surfaces, C, is the total length of the blade surface and x
is the surface distance. Also, C, is the dissipation coefficient and resembles a dimensionless

entropy production rate in the boundary layer. If the blade surface velocity distribution and the

variation of C, are known, Equation A.1.1 can be used to estimate the loss coefficient. This is,

however, rarely the case.

It can be assumed that at the high turbulence levels in turbo machines, the transition from laminar

to turbulent boundary layers will be in the Re, (Reynolds number based on momentum
thickness, @) region of 200 — 500, while the Re, at the trailing edge is usually in the range
v

500 — 2000 with some exceptions. For such conditions, C, can be assumed constant at 0.002.
This is a very crude approximation and, according to Denton, more detailed correlations and
estimates for C, can be found in papers published by Schlichting in 1979 and Truckenbrodt in
1952 for laminar flow. If the inlet and outlet flow angles are specified and a plausible velocity

distribution are known or guessed, the pitch to chord ratio can be calculated from the tangential

momentum change. An estimate of the loss can then be obtained from Equation A.l1.1 while
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APPENDIX A.1 DENTON’S BLADE PROFILE LOSS MODEL

keeping C, constant at 0.002. This method produces a value for minimum loss that corresponds
to an optimum pith-chord ratio. Varying the velocity distribution until an optimum 2 ratio is
¢
found, this minimum loss can be estimated. Denton found that this method underestimates the
minimum loss value and the prediction for the corresponding optimum ratio is too high. The
minimum loss will occur when the boundary layer is on the verge of separation and this method
seems not to take account of this. For more accurate results the loss should rise rapidly with
diffusion factors greater than 0.55. The optimum pitch-chord ratio occurs just above that which
gives a diffusion ratio of 0.55. For a complete stage the entropy generation should be considered

relative to the stage enthalpy change. An isentropic velocity, #,, is defined as
W, =, |-+ (A.1.2)

and then the overall specific entropy increase due to the blade surface boundary layers may be

estimated from
3
W CnC, (W
As=AR2—LY Zo| 24| B | g(x/C Al3
TG ) dwed (A1)

where ¥, is the blade surface velocity. Denton confirms that a major contribution to the blade

profile losses is the mixing loss from the blade boundary layers at the trailing edge. Some
empirical results have been obtained and published for a large number of trailing edge shapes, but
most of these are for turbines and he suggests an alternative method based on subtracting
calculated blade boundary layer loss from measured profile losses. Denton (1993:653) presents a

trailing edge loss coefficient as

(A.1.4)

~C .t 2

& & £

where the first term on the right hand side is the loss due to the low base pressure acting on the
trailing edge and is obtained from empirical data. The second term is the mixed out loss of the
boundary layers on the blade surface just before the trailing edge and the third term arises from
the combined blockage of the trailing edge and the boundary layers. Further, in Equation A.1.4,
¢ is the throat width between the blades.
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Appendix A.2

KOCH AND SMITH BLADE PROFILE LOSS CORRELATIONS

The correlation figures for the blade profile loss model for axial compressors from Koch and

Smith are presented here. The ratio of trailing edge momentum thickness to chord length, 8, /¢,

and trailing edge form factor, /,, can found from Figure A.2.1 and Figure A.2.2 respectively.
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A correction for inlet Mach mumber other than 0.05 is applied to the momentum thickness and
form factor. Multipliers are given in Figure A.2.3.
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Fig. A.2.3 Effect of inlet Mach number on nominal trailing edge momentum thickness and form factor

Momentum thickness and form factor are cormrected to streamtube convergence other than unity

from the curves given in Figures A.2.4 and A.2.5.
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A correction for Reynolds numbers other than 1x10° and blade surface roughness are then made

according to Figure A.2.6 for momentum thickness.
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Fig. A.2.6 Effect of Reynolds number and surface finish on calculated trailing edge momentum thickness.

Reynolds number effects are only included for roughness Reynolds number below or equal to 90.
Above this value the boundary layer characteristics do not change with Reynolds number and
depend only on the ratio of blade surface roughness to chord. A similar correction factor is also
applied to the form factor, but a —0.06 power variation is applied for all hydraulically smooth
blades over the whole range of Reynolds numbers. In other words no tramsition effects are

assumed for the form factor.
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Appendix A3

DENTON’S ENDWALL LOSS MODEL

Denton (1993:640) presents loss models for the tip clearance losses and endwall losses separately
and defines them in terms of entropy generation. His models were included in this section due to
bis effort to find models that are based less on empirical results and calculate the loss as an
entropy increase. The simple theory for the tip leakage flow of unshrouded blades was developed

for incompressible flow, but can be extended to compressible fiow.

Figure A.3.1 shows a graphical representation of tip leakage viewed as jet in a cross flow.

dm Vs

Ve

Fig. A.3.1 Tip leakage viewed as a jet in a cross flow

From Figure A.3.1 it can be seen that the leakage flow passes over the blade tip with the same
velocity as the surface velocity on the pressure side, ¥, , of the blade. The leakage flow rate is
determined by a discharge coefficient, C,, and the static pressure difference between the suction

and pressurc sides of the blade. The discharge coefficient can be calculated theoretically or

determined empirically; Storer finds a typical value to be 0.8. The entropy generation caused by

the mixing of the leakage flow, with velocity ¥, and the surrounding flow with velocity ¥, can

be calculated from

Crc 1 | ¥ f 7y dz
W,hpdcosﬁl jﬂﬂz[l_li] ( 52_ ‘:) c
T

AS = (A3.1)
where the integration is along the cord of the blade for a length dz .
@ Modelling of losses in multi-stage axial compressors with subsonic conditions 104
School of Mechanical and Materials Engineering



APPENDIX A3 DENTON’S ENDWALL 1. OSS MODEL

The average values of ¥, and ¥, can be estimated crudely, if they are not known, by assuming

the blade loading uniform along the blade span. From blade circulation
V.-V = ¢ ‘ A32
- p~?(tanﬁ2—tanﬁl) (A3.2)

and continuity, assuming thin blades,

V,+V, = 2€, (A3.3)
cos B

with C, the flow velocity in the axial direction. By assuming tan 8 to vary linearly in the axial
direction, cosf# may be reasonably estimated. Equation A.3.1 can now be numerically

integrated to estimate the leakage loss of a blade.

Denton (1993:640) gives a short overview on the available methods to account for endwall fosses,
but cannot provide any alternative method to predict these losses and emphasizes the complexity
of the flow in the endwall region. He suggests the use of the method proposed by Koch and
Smith, but warns that it can only be used reliably with experimental data and on similar

COMpressors,
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Appendix A.4

KOCH AND SMITH ENDWALL LOSS CORRELATIONS

This section present the correlations obtained by Koch and Smith for the endwall boundary layer.

Figure A.4.1 shows g plotted against the stage static pressure rise coefficient relative to the
g ,

maximum static pressurc rise coefficient of which the stage is capable. The maximum static
pressure rise of which the stage is capable is the static pressure rise coefficient at the stalling
point. The different lines are for different stage averaged normalized clearance values, which is
the weighted average of the stator and rotor clearances normalized by the staggered spacing at the
mean diameter. The weighting function is the inlet dynamic heads of the respective blade rows.
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The lines shown in Figure A.4.1 are related by

+ z,d_gi APro!or + A})statar APmror + A‘E:'m!or Il ( A41)
I\ % T, Do " Ve S |

Figure A.4.1 was obtained for configurations having axial gap (axial distance between blade

%
g g

/=0

rows) / tangential gap (pitch) ratios in the range between 0.3-0.4. For ratios outside this range a

correction must be applied to 5 according to Figure A.4.2. This applies only to axial gap/pitch

ratios of less than 0.7. For ratios larger than 0.7 the effect of the annulus wall skin friction drag

should be included.
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Fig. A.4.2 Effect of axial gap between blade row edges on endwall boundary layer displacement thickness

The tangential force thickness data obtained from the measurements showed no consistent trend
in the data and a single line, shown in Figure A.4.3, has been adopted. The data points for the

different configurations can also be seen.
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Appendix B.1

MINIMUM LOSS INCIDENCE CORRELATION FIGURES

The minimum loss incidence correlation figures of Lieblein (1960) are presented here. Figure
B.1.1 shows the slope of the variation in incidence. Figure B.1.2 presents the minimum loss
incidence for a NACA-65 cascade of zero camber and 10 percent thickness to chord ratio and

Figure B.1.3 gives the correction factor for different thickness to chord ratios.
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Appendix B.2

DEVIATION CORRELATION FIGURES

In this section the correlation figures for calculating the deviation at minimum loss condition and
off-minimum losses are presented as given by Lieblein (1960). Figure B.2.1 gives the slope
factor of the deviation angle variation with camber at a solidity of unity. Figure B.2.2 shows the
solidity exponent variable with air inlet angle and Figure B.2.3 gives the basic variation for the
NACA-65 blade profile with a ten percent thickness distribution. Figure B.2.4 presents the
correction necessary for blades with a maximum thickness other than 10 percent. The slope of

the deviation angle variation at the minimum-loss incidence angle and can be found from

Figure B.2.5.
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‘S ®»® @ b

[

Slope at minimum-loss incidence

Fig. B.2.5 Slope of the deviation angle variation at the minimum-loss incidence angle

Modelling of losses in multi-stage axial compressors with subsonic conditions 110
School of Mechanical and Materials Engineering

C |



APPENDIX B.3 KOCH’S STALLING STAGE PRESSURE RISE CORRELATION FIGURES

Appendix B.3

KOCH’S STALLING PRESSURE RISE CORRELATION FIGURES

This section gives the correlation figures for predicting the stage stalling static pressure rise
coefficient according to Koch (1981) and adjustments made by Casey (1987). Figure B.3.1 gives
the modified correlation of Koch according to Casey for the static pressure rise coefficient from
the diffuser data to provide even a better fit and also shows the De Haller diffusion limit and the
fit used by Koch. Figure B.3.2, B.3.3 and B.3.4 gives the Reynolds number correction factor, a
correction for tip clearance effects and the correction for axial spacing between the blade rows

respectively.
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Fig. B.3.1 Modified correlation of Koch according to Casey for diffuser data
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APPENDIX C.1 PROGRAM ALGORITHM

Appendix C.1

PROGRAM ALGORITHM

The algorithm given in Figure C.1.1 presents the recommended basic logical structure of the code
for axial compressor performance prediction. The arrows point both ways to indicate that inputs
are given when called and the necessary outputs are provided to the calling structure. Modules,
procedures and functions can be used and updated separate from the code, as long as values for
the required input variables are provided. It must be emphasized that the modules are solved
implicitly in one equation set with the main program and that the equation order in modules or the
calling of program structures are not important. The Koch and Smith endwall loss model is
called in the stage module and values for the endwall boundary layer displacement thickness and
stage endwall loss are returned with each run to the rotor and stator modules. The endwall
boundary layer displacement thickness are used in the annulus blockage factor (4BF) calculation
and the endwall loss entropy change for the stage are assigned to the respective bladerow by

means of a row factor when the Koch and Smith model is used.

Fig. C.1.1 Basic code algorithm
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APPENDIX C.2

USER VARIABLE INPUTS

The values that need to be supplied by the user for this study are given in Table C.2.1.

Appendix C.2

USER VARIABLE INPUTS

Table C.2.1: User supplied variables

Variable Description Units
N Compressor rotational speed rpm
Fluid Defines working fluid — EES variable -
Ty Compressor inlet stagnation temperature K
B, Compressor inlet stagnation pressure kPa
o, Compressor absolute inflow angle — Either from IGV or zero e
ABF, Inlet annulus blockage factor -
Compressor inlet mass flow rate kg/s

- Value to simulate interstage bleed flows and represents the bleed kg/s
Mbleed flow rate
AS Axial spacing between blade rows m
Rotor
T Rotor tip clearance m
£, Rotor stagger angle °
X s Xa, Rotor blade metal angle at leading and trailing edge °
" Rotor blade tip radius at leading and trailing edge m
(3 2
L Rotor blade hub radius at leading and trailing edge m
{ Maximum rotor blade thickness m
mmrl'
c Rotor blade chord
laid
8oy Rotor blade pitch
kera Rotor blade surface roughness
sl sCop Part span shroud radius, thickness and chord m

@
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APPENDIX C.2 USER VARIABLE INPUTS
Stator
. Stator tip clearance
E. Stator stagger angle
B 0 Stator blade metal angle at leading and trailing edge
r, Stator blade tip radius at trailing edge. Leading edge radius assumed
; equal to rotor trailing edge radius
7 Stator blade hub radius at trailing edge. Leading edge radius
hibs B ;
assumed equal to rotor trailing edge radius
e Maximum stator blade thickness
. Stator blade chord
X Stator blade pitch
S, Stator blade surface roughness
Faolo 0o Part span shroud radius, thickness and chord

The user inputs are supplied to EES using Lookup tables. The user can change the variables
An example of the Lookup tables with

representative input values are given in Figure C.2.1 and C.2.2, with each row representing a

without having to change values in the code.

stage and its position in the compressor in the Stage input table.

Fig. C.2.2 Part of EES Lookup table for stage user input, each row represents a stage

Modelling of losses in multi-stage axial compressors with subsonic conditions
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APPENDIX C.3 LGSS MODEL FORMATTED EQUATION SETS

Appendix C.3

LOSS MODEL FORMATTED EQUATION SETS

Chapter 5 presents the discussion on the implementation of the loss models into EES for
generating the performance prediction code for axial compressors with subsonic conditions. This
appendix gives the formatted equations for each loss model and shows how they are implemented
in EES using modules, procedures and functions. In the calling arguments for modules and
procedures, the variables to the right of the semicolon are returned to the calling program
structure.

C.3.1 Profile loss — Lieblein

MODULE  Profile oss tebisi (B1, B2, 0, © : ©pmin, block)

Hex = 1.08
2

cos (§z) cos " (py) '
Dy = - |142 + 061 ~————— - (tan ~ tan Equation 3.3
eq 08 (51D [ p ( {Pz2) (B12)
Gy 0.0045
—_— = —————_— Equation 3.2
C 1 - 095 In(Deg) !

Profile loss caiculation

o = 2‘5_“_ il [ EoBiB) : Equation 3.4
mm ¢ cos (f2) |08 (B2)

hiock = 0 Module needs 1o return blockage value

END Proﬂle._,,,,._,..,..;,.

C.3.2 Profile loss — Koch and Smith

The implementation of the Koch and Smith profile loss correction factors are done through
including them in functions which return their values to the Koch and Smith profile loss module.
The correction factor functions are given here below the module, but in EES they need to be

above the calling program structure,

MODULE  Profile oss koch, Smith (fms. 1, frms.2, Ctheta, 1, Cineta2, REe, I €, KcLa hraio, At, Az, 5, Imax, B1, Bz, W, W2, My, Mz.1, 1 ©min, block)

r = Tmsd ' Cog — fms2 * Caz
[r,m,J * foms2 ] e W Eguation 3.13
2
1I'I'Ill
Ap = | 1 - o580 —mm—m | |4 - ["“ e Equation 3.11
[IH * B2 ) 3 M
cos | —m
]
2
W, tan i
Py S [1 = by - 02445 - (B1) -0’-1‘) Equation 312
P 1 — Moy cos (B}
@ Modelling of losses in multi-stage axial cotnpressors with subsonic conditions 116
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APPENDIX C.3 LOSS MODEL FORMATTED EQUATION SETS

Else
H ((1.3 «= Dgg) and (Deq = 1.5)) Then

Y1 = 1 — 000205 - M - 0.10085 - M2 CarrecﬁunfactnrsquaﬁonforD,q=1.3

Y2 = 1 - 00293 - W - 041103 - M? Coreection factor equation for Deq= 1.5

KMM = imterpol (1.3, 1.5, Y1, Y2, Dg)
Eise '
If ({15 <= Dog) and (Dyq == 1.7)) Then
Y4 = | — 002935 - M — 011103 - M2 Correclion factor equation for Deg=1.5

¥2 = 1 — 002627 - M — 0151 - M2 Canection factor equation o Deg=1.7

KWW = Iterpol (1.5, 1.7, Y1, Y2, Deq)

Eise
Call WRARNING ( Eqg Diffusion ratio » 1.7 u.' ) Dispiay waming if Deq is out of range
KMM = 1 — 002627 - M - D151 - M° Use value of Deq = 1.7 101 highervalues of Dyq
Endif
Engif
Endif
End KMM

Function KMH (M, Deg)
Function for caiculating correctional mutipliers for mach number effects on form factor - Figyes A2.3
If ({1 «= Dgg) and (Deg = 1.3)) Then
Y1 = 1 + 008796 - M + 0.27474 - M2 Currectiunfa.clnraquationfurD.,t:1
Y2 = 1+ 004192 - M w» 01985 - M7 Caorrection factar eguation for Deq =13
KMH = Interpol (1, 1.3, Y1, Y2, D)
Else
M ((1.3 == Daq) 800 {Deq < 1.5)) Then

Y1 = 4 + 004162 - M + 01095 - m? Corraction factor aguation for Deg = 1.3

¥2 = 1 + 001736 - M - 014414 - W ? Correction factor equation ot Dyg= 1.5
KMH = Interpol {1.3, 1.6, Y1, Y2, D)
Else

If ({15 <= Deq) and (Deq <= 1.7)) Then

¥{ = 1 # 001736 - M + 014474 - w7 Carrection factor equation for Deg= 1.5

Y2 = 1 + 002241 - M + 009155 - M2 Carraction factor equallon for Deq=1.7
KMH = interpol (15, 17, Y1 | Y2, Dug)

Else

KMH = 1 + 0.02241 - M + 009155 - M? Conaction factor equation far Deg=1.7

Endif
Engif

Endif

End KMH

W Modelling of losses in multi-stage axial compressors with subsonic conditions 118
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APPENDIX C.3 1.OSS MODEL FORMATTED EQUATION SETS

Funciion KSTM {heio)
Funtiion for calcuating correction factor for strearn lube cantraclion ratio effects on momentum thickness - Figure A2 4
KSTM = 0.45 ® 055 - hye

End KSTM

Funetion KSTH (hratio, Deg)
Functien for calculating correction factor far stream lube coatraction ratio effects on form factor - Figure A2 5
If ({1 <= Dgg)and (Deg < 1.3}) Than

Y1 = 102114 — 0.02057 - hgy

Y2 = 100820 — 0.00714 - hge Correction factor eguation for Deg = 1
KSTH = Iintarpol (1, 1.3, Y1, Y2, Deq)
Else

If ({13 <= Deg) and (Deqg * 1.5)) Then
Y1 = 100829 -~ 000714 - heaio Correction factor equation for Deg = 1.3
Y2 = 095457 + 0.04571 - hpmi Correctian factor equation for Deg=1.5
KSTH = Interpol (1.3, 1.5, Y1, Y2, Duq}
Else
If (1.5 «= Dag) and {Dyq <= 1.7)) Then
Y1 = 095457 + 0.04571 - heatio Caorrection factor equation far Deg = 1.5
Y2 = 084457 + 015571 - hatie Corraction facter equalion for Deg =17
KBTH = Interpol (1.5, 1.7, Y1, Y2, Deq)
Else
KSTH = 084457 + 015571 - hems GCorrection factor eduation Tor Deg=1.7
Endif
Endif

Endif

End KSTH

Function KRSM (Reo, kcua c, Wi, o1
Functior for catculating correction factor for Reyaotds rumber and surface finish efecls an Momentum thickness ralio - Figue A28

ke = 62 - koia Equation 3.7
Kk
RR = AL
¢ Relative roughness
_ ks Wy - p
RRe = —--—'u— Roughness Reyroids number

i (RRe <= 890} Then
Equatian 3.6
It {(Re. = 2000060) Then

KRSM = 600178 - Re, 04 Momentum thickness vary as the -0.5 power of chord Reynolds humber
Eise

KREM = 10.224 - Re;~ 0.16 Momentur thickness vary as the -0.166 power of chord Reynolds nrumber

EndIf

Else
KRGM = 23389 - RRY Power il of relatien of Relative roughness to comection
Endif
End KRSM
@ Modelling of losses in multi-stage axial compressors with subsonic conditions 119
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APPENDIX C.3 LOSS MODEL FORMATTED EQUATION SETS

Function KRSH (Ree, kcwa €, Wi, 0, 10

Function for calculating correction factor for Revnolds number and surface finish effects on Form factor- Figure A.2.6
ks = B2 - kgpa

Eguation 3.7
ks
RR = r Relstive roughness
RRe = kWi - p Roughness Reynolds number
1

ff {RRe «= 90) Then Equation 3.8

KRSH = 2201 - Re, "™ Form factor vary as the -0.06 power of chord Reynolds number
Else

KRSH = 23.388 - RR"¥ Pawer fit of relation of Relative roughness o correction
Endif

End KRSH

The function below does linear interpolation and are also called from some other sub-
programs.

Fuﬁcuun e linearly interp oiate between two paoints
Function Inmerpol (A, B, Y1, Y2, %)
If {¥1 »= Y2} Then

~15 . -
Interpol = l-A ~ (X MRELAL ﬂ “Y1 e !] + Y1

A - 8]
Else
A - [X+10x10"% iyt - vz
interpal = -~ ( [ * XIA — B]|) (l |)_ vt
Endlf
End Interpol

C.3.3 Off-minimum loss — Casey

MODULE  OfT 1450 Casey (@min. 1, imin, Bbeta : ©)

Equation 3.47
2

—_— = . R "
Em = 1 + 0.1667 1+ 0.8333 A Equatlun 246
END mloss.tasey

C.3.4 Off-minimum loss — Lieblein

MODULE  Off uoss, Lisblein (B1, B2, 0, €, i, imin - ©)

k = 00117
F
_ cos (pa) L 1.4 cos " (py) )
Deqoit = e [1‘12 + k- (|| — itrin |) + 061 - —_— (tan () - tan(m))] Equatien 3.48
Hexe = 1.08
@ Modelling of losses in multi-stage axial compressors with subsonic conditions 120
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Bex 0.0045
€ = 7 - 095 In{Dued Equation 3.2
5.2 fw o [eemipn ) 2 B P R
C cos {pz) cos {p3) 3 1 c cos (pz) Eguation 3.1
HEX
END  Off nss, Liebiein
C.3.5 Endwall loss — Howell
MODULE Endwallios; yowst (B1, Bz, 8, h, 6 @) .
tan (fmy = 0.5 - (tan (pg) + tan (pz2)} Equation 317
c = 002 - 3
pAT TR T h Equation 316
2
CL = — (tan (B1) — tan (82)) - GoS (Bm) Equation 316
Cps = 0.018 - ¢.? Equation 3.15
— C + C g cos’
o = (Coa p) 2 (84) Equation 3.18

cos * ( gm)

END Endwally,., ,Howek

C.3.6 Endwall loss - Hiibner and Fottner

MODULE  Endwallipes up Fon (h, C, B1, B2, 7. 8)

I AL T 90) - tan -2 g in 2 90y - tanh [35 - |+ pooes
W = (tan = " (3y - 90) - (pz — D) - 8in“(py ~ an c : Equation 3.22
¢
— 1 -
o = 2 1~ (00505 - (tan~7(By - 90) - tan”¥(pz - G9) - 0.01313) - sin'{f; ~ 90) Equation 3.22
- »y tOw
® o= Equation 3.21

END  Emiiwaliocs, Hub,Fon

C.3.7 Endwall loss — Roy and Kumar

MODULE Endwallicss Roy kumar (B1, 2,5, 1, C, P1,T, Cr W1, U, G1, Soarmber | @)

A= 1

Assume uniform tlp gap - from Table 3.1
B = -0.24
Csg = 084

tan (pr) = 05 - (t8n (py) + tam (pz))
2
CL = - (tan (p1) — tan (Bz)} - cos (Bm)

2, o ¢ ces’(sy)

O = 004 - CL 3
h - cos " {pm)

Equation 3.24

Aptotsl = Apgap *+ APmixing Equation 3.26
Apgp = 05 - C-pp -5 W% B - {ce |'# Enuation 3 27
Apmiig = 05 € pyc T Vie 3 Equation 3,28
Yo _ Cq - |Cp | Egquation 3.29
Wiy
@ Modelling of losses in multi-stage axial compressors with subsonic conditions 121
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Vrjer max - , Egquatlon 3.30
w: A ,H]cp

Vig = Wi {U, oamber . Yrjetmax, Yoyt . 0) Call funttion 1o selis Vie

5, = DRl Equalion 3.25
gy - 1000
W T @ * O Equation 3.33

END Endwallics roy Komar

“FUNGON Wie (U, 8 camber, Wnjet max, Vojet, 5)
if (U oS (Boanver) * Vrjetmax ) THEN
Vig = 105 - Vo * 05 -6 (U - COS (Boamber) — Vegermax ) Equation 3.35
Else
Vit = 1.05 - Vyu Equation 3.36
Endif

End Wi

C.3.8 Endwall loss — Koch and Smith

Procedure Endwallioss, koon,smah (A ts, Dy, An0, To 3, ns, K1, K2, 519, C P atr, Crmax, Twtd, ASwtd, Gatg & Ay ks rirs &g ks o)
Crant

- CP,mn

K {((X> 07)and (X« 1)) Then

Y = - 740578 + £83BB41 - X — 13084354 - X% + 17100773 - X° - 11263951 - X* + 2934619 - X5 Pofinomial M of comalation for
tawg = Q- Figure A4.1
Else
If (X= 1) Then
Call WARNING ( ‘Stage XXXA is sfalled” |, stg) Etror procedure to halt calcudations if Gp > Cp gy
Y = 0126
Eise
Y = 0126 ForX<=17
Encit
Endit
g = LT XD Oy Retation for ines with other tau/g values - Equation A4.1

2

If (ASmg < 0.7) Then

2 4 5

AQP = D0.8301 + 1.50438 - ABya — B.51992 - ASud ~ * 16.1595 - ASwmq ~ — 20.05844 - ASwy = + 9.55128 - ASyy Only applicable

for gapipitch
rafios < 0.7
- Figure A 4.2
Else
AGP = 1.02
Endif
E = ol . AGP Correctedhcundarvlaysrdlspiacamentthickness
if (X> 07) Then
¥ = (28454 — 920627 - X + 118867 - X% - 511114 - **) - F Polinomial fit of correlation for tangential force thickness - Figure A 4.3
Else
v = 05§
For¥«<=0.7
Endir
Modelling of losses in multi-stage axial compressors with subsonic conditions 122
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1 — .
e Rewrite 3.19 to give entropy increace rather than new efficlency

Ay =

Asysar = As - Ky Asslgn entrspy change for rotor atcarding o raw factor

Asjasr = Ay - Kz Assigh entropy change for stator according 1o row factor

End Endwalliyes kooh Smith

C.3.9 Part span shroud loss — Koch and Smith

MODULE P8Bjoss (B1, B2, Cz. 8, Tsh, Nb, Cshi tsh A, R, 72 44)
tan (1) + tan (5;)

tan (pn) = 2
v 1
m ' cos (fm)
Wi
M = e Equation 3.39
=]
N Equation 3.37
Pu= (1 - Mo? cos(pml’ adatan
p o= 2T Tsh Enuation 3.38
Np
( -
= . s s Tta T 1 bt Equatian 3.36
Cosn = 18- | 0012 - | i~ 2 « 60 - Pu {csh ] 3. Pu b e
= z- 1
A = 20 %t b Equation 2.35
T 2 Am
45 = Cosn - 5 Mm -i—' R Equalion 3.40
END P88joc
C.3.10 Windage loss - Denton
MODULE Windagei,ss (Cz. U, rw.1, b2, Re, &no, B, Toz: 4
v o= 2 Equation 3.46
U
_ Anp
¢ = _U2 Equation 3.47
Do = fhba * Moz
Cm = 012654 - Re” M2 Power fit for Reynolds numbers between 10° and 10" - Figure 3.4
Cy= 0398 - Cm Eguation 3.58
Aw.ulnd:ge = 01 - Ct . Dy . 1
“m, - ° e ——-—'—1 e Equatien 3.45
* +
Dhb
As = wﬂ— Entropy increase due to windage
02
END 'Windage s
@ Modelling of losses in multi-stage axial compressors with subsonic conditions 123
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Appendix C.4

PERFORMANCE PREDICTION FORMATTED EQUATION SETS

Chapter 5 gives the methodology used to generate a performance prediction code from the
literature as presented in Chapter 3 and 4. This appendix gives the formatted equations as
implemented in EES for the performance prediction code and utilizes the loss models a given in
Appendix C.3.

C.4.1 Compressor code

COMPRESSOR PROGRAM

Tojn * Lookup {Inletcomp’, 1, To') ASsiph compressor inlet total temperature from lookup table
Tpow = LOOKUP ('STAGE4, run, ‘Columni’) Asgigh tompressor oullet total temperature from Jookup table
Poin = LoDkup (nletcomp, 1, 'Pp") Assign compressor inlet totaj pressure from lookup table

Poon = Lookup (‘BTAGE4, mn, Column') Agsigh compressor outiet total temperature from laokup table

Az = Lookup ('STAGE1, ma, 'Columnf') Assign entropy change of stagz 1 from lokup table

A;3 = Lookup ('STAGQEZ, run, Column5) Assigh enfropy thange of stage 2 from lookup table

hgy = Lookup ('STAGEJ, rn, ‘Tolumn5') Assigh eniropy change of stags 3 ftom loakup tabe
Agq = Lookup ('STAGE4, run, 'Columns') Assign entrogy change of stage 4 from Ipokup table
Appy = Lookup ('STAGE1:, run, 'Columnd’) Asgign enthalpy change of stage 1 fram lpokup table
Appz = Lookup ('STAGEZ', run, 'Columnd’) Assign enthalpy change of stage 2 from laokup table
Apps = Lookup (‘'STAGE3, run, Columnd') Assign enthalpy change of stags 3 from (ookup table
Anpng = Lookup ('STAGE4, run, ‘Coiumnd') Assign enthalpy change of stage 4 frarn lookup table
Ay = Agy t Agz v g3t Agy4 Calcuiates sum of entropy changes through all the slages
Ahp = Ahp)® Anpz* Anpat Anpe Calculates sum of enthaigy changes through all the stages
TD,nu "
TRy = —— TotaHo-1otal tamperature ratio
Tojn
PR, = Poon Total-to-total pressure ratie
=
Pon
n= 1- Joou - & TotaHo-total adizbatic efficiency
Anp
wn = 1 Indicates the run in the paramelrical takle and is varied according 1o mass flow
@ Modelling of losses in multi-stage axial compressors with subsonic conditions 124
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C.4.2 Stage code

This section presents the formatted equations for the stage code. The calling arguments to the
rotor and stator are too long to be displayed here, but can be seen in the source code in
Appendix C.6 if desired.

Assigns usar nputs from Lankup table

fiuid§ = Lookup$ (lnletcormp’, 1, Fluid') Dreflines working fluid fer use in fwid property calculaions.
N = Lookup {Inleteomp’, 1, W'} Rotationa! speed

Tor = Loowup (nletcoms’, 1, To) Inlet stegnation temperature

Po4+ = Lookup (nletcomp, 1, Fp') iniat stagnalicn pressure

a; = Lookup {nletcomp’, 1, ‘alphsy’) Absolute low inlet angle measured frem axial direction
ABFy, = Luokwp (nletcomp, 1, ABFy' ) Inlat hiade blockage factor

m = Lookup (nietcomp’, 1. Mg’ Flow rate in kpfs

stig = 1

Call rotor and stator gub-cedes
Call

Call

Lookup ( ‘Stage inputs’,

Rotor (&, Agksnr M, ABFia . 810, Ton, Pog, @1, Pro Ty fmgz, %2, Ma, P1, To, Poz, Toz. C2, Az, Myz. Cea, Cr2, Cr, Ui, Uz, Br, @
SUMOC (&5, Agjsstr , M, ABFur , oy, SI0, Tme2, 23, M2, Pz, T2, Poz, Toa, Cz, Az, Maz, Cez, Cez, Ci, U1, Ua, B, P3, T2, Toa, Ppa, o
sig, 1) — Lookup ( Blageinputs’

sig, Tiwa') * Lookup (‘Stageinpuls’, sig, Ts) — Lookup ('Stageinputs’,  sig, Twa3")

hag =

2

Avarage blade haight
Lwd = ! LN % iw Weighlad averaga for Lig, whera L Is the diffuser iength needed to calcuiate stalPRC
- a1 * G2 | e |1 G2 [ da Sianiad averay ¢ ofh pesded i ealtu
Lookup ( 'Stage Inputs’, sty , Yauy’ Lookup { ‘Stage inpuls’, sig, laugy'
g = a1 p {'Stage Inp ¥ ') . 4z . p { ‘Stage ingl ] air') wely o8 for lanip
a * qz Orr Oy + Q2 Jsar
LBl 92 5
= - + . Weighted svarage for
Oxg [lh . ﬂz] QOnr [q‘ . ﬂz] Cur L] ) ]
1 Lookup ( ‘Stage inpuls’,  stg, AS ) 2 Lookup (Btage inputs’, sig, 'AS') y
ASud = - - + - Weighta
wd [m + 0z Lookup ('Stage inputs’,  stg, ‘sar') a + oz Lookp (‘Stage inputs’,  $10, 'Sar’) ighled average for ASipdch

Crrax = StaHPRC [i_., , 7

Py - Py

Ronr + Rosy

Twtd . ASwd ] Stalting stalic prassure rise coeMcient for stage from corralation

Casy = Stafic pressure tise cosficient of slage
a1 + aqz
q1,097
Ky = m Row factor for use with Koch and Smilth endwalt loss modal for rotor
Ya,e1t
K = ﬁ Row factor far use with Koch and Smith endweall (055 mode far tator
Asts = Agtgnar * Asisar Freestraam entrapy change through stage
Toz - A i
s = 1~ ”An—nm Stape freastraam talakto-iotal efficiancy

Cali Endwalliogs kooh srih {As.1s « Mg Ang, Toz. nte, Ko, Kz, 810, Cpag, Comm . Twd, ASed . Ong :

Bur o Asprar o Bsksatr )

Ay = Agpr * Asar 8um afthe total rotor and stator entropy increases
TRy = %z— Btage tofai-o-total temperature ralie
PRy = fﬂi Stage totakto-total pressura ratio
Poa
n= 1- Iﬂi-ui Stage tota-io-total aciabaiic efficiency

To,0.8.0,3.8pha,3, DELTAR 0.DELTA S TR 1. PR3t AR =~ *

Export file fermat
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C.4.3 Rotor

MODULE ROAOF (g As ks ar M, ABFin, stg, To., Pot,eq, P1, T1y s 20 22, Mza, P2, T2, Po.2. Toz C2. Az, Mz 2, Crbetm,2, C220 C1 U Uz Bra 91 G ef

e = LOoOKup ('Stage inputs’,  stg, tauy')
e = Lookup { ‘Stageinputs’, stg, Yig')
Ttar = |Lookup ('Stageinputs’, 819, ‘thiya) |

azqc = |LoOKUP ('Slage inputs,  stg, thizar) |

i1

nz = Lookup (‘'Stageinpuls’,  sig, %)

rhng = Lookup ( 'Stage inputs’,  stg, (")
w2 = Lookup ( ‘Stage inputs’, stg, 'hwy2')
imaxar = Lookup ( ‘Slage inputs’, sty , Ymoonr')
tr = Lookup ('Stage inputs’,  stg, ‘tw’)

sar = Lookup {'Stage inpuls’, stg, 'sy')
kclans = Lookup ('Stageinpuls, sig, Kepamr')
M = m, — Lookup ¢ 'St2pe inputs’,  stg, Mgotbieed' )
fsh = Lookup ('Stageinputs’,  8ig, Yshm)

fsp = Lookup ('Stageinpuls’, sy, %har')

tsh = Lookup ('Stageinpuls’,  st9, ‘tepa)

Calcuiate other geometrical rotor parameters

Crr
g = —
Snr
2. T, 1 ‘; Vs 2 )
Np = Round
Sar
1~ The
Mo = —o——n
2 — Tho2
fy,g = 1 + o — 7
F o= ho.1 12 hb.2
2
Gcamber = Fiar — Azar
8 = Sar- CO% (&ar )
L Car -~ A - Boambar
L
360 - s [%]

Thermodynamic fluid properties assumed consiant throughout bladerow

T+ Ta _ Pyep
Cp = Cp[ﬂuius,r- 3 L p= — ’]

T, + T Py + P
Cy = C\r[ﬂuidt,T: 1 > i po! . ?]

R = G- Cy

ROTOR INLET CALCULTIONS

Rotor inlet pressure and temperature calcutations

¢|2

Ty = Tog - 7o
P

Lookup {'Stage inputs’,  stg, 1) Inputs frem lookup table

Tip clearance

Blade stapger angle

Biade inlet angle

dlade outlst angle
Tip radius atintei o biade row
Tip radiug af cutlet of blade row

Huh radius at inlet of blade row

Hub radius at outlet of blade row

Midepan maximum thickness
Biade chord at midspan
Blade pitch at mid span

Blade roughness - arithmetical svarage deviation normal to the centre line

Flow rate, comprassor injet flow rate minus bieed flow
Part span shroud radius

Part span shroud thickness

Part span shroud chord

Solidity

Number of blades iftrailing edge is assumed infinitly smaii

Biade haigth ratio

Avetage blade height
Blade ¢amber angle

Rotor staggerd spacing

Meanline iangth of thrcular arc airfoll

Braderow spacific heat at constant pressure

Bladerow specific heat at constani volume

Gas constant

Relatich of Cp 10 Cyy

Calculation for T - static temperature
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Py = — Poa
Tos [,_T—,] Calculation for P - slatic prassure
T
Wy t . Cq 2
Toar = Tog + —J—T Calculates relative stagnation temperature
Y
Poar = Poy - [.-'T-_';“_'][v -1 ] Calculates relative stagnalion pressure

hr = Cp- Tosr— 05 Uy?
=
hr T
P = | —
& Pi [Cp - Ty ]
Rotar inlet thermadynamical property calculations from built in EES functions
Pt = p(fuid§ , T=T\,P=Py}

al = T R- Ty
Wi = Visc (fluid$ , T=T; P=pP;)
inlet velocity triangle equations

Av = (8-t - ® oty ABF

ft1 * bt
fms.1 = 7
2 =N
Uy = 60 Fems 1
2-7m- N
Uy = &0 fms.1
. m
Al . A
* P A

Wio= flu - can® o+ €]

C:.!
cos (@)

O
]

Cot = Czy- tan (zq)

By = - arccos | O
1 Wi
Other required inlet yanablas
= —qar — By
Cza
My = —=L
= al
Lad]
My = —
! al
41 = Poir— Py
" H 2
1225 - (Cy - sinf{eg + By))° + 05 - Uy
Glart = O -

4. cy?
ROTOR OUTLET CALCULTIONS

Rotor oullet pressure and temperature calculations
F

Rothalpy at rotar inlet, equsl to rethalpy st rotor outlet

Calcutates pressure based on rothalpy at rotor inket

Densily affluid at bladerow inlet
Velacity of saund, mis at bladerow inlet

iscosity of fluid at bladerow inlet

Inlet annulus area with ABF taken intc account

Rms diameter atinlet of blada row

Biade pheripheral speed at rms,

Blage pheripheral speed at rms;

Inlet axtal velocity, calculated from the continuity

Iriet relative velacity

Inlet Absolute velocity

Tangential carmponent of absaluta inlet velocity

Calculates angle relative to rotor at inlet

tncidence

iniet axial Mach rumber, based on axial velocity

Redative inlet Mach number
tniet dynamic head to rotor

Efflective inlet dyhamic head for soinr

Tozr = _'.‘l_f..n(f'_u’ Outlet refative femperature, rathalpy at rofar cutlet = rathalpy af rofor infet
p
® g Pry i i
Prz = Pry — -—-P—— Outlet pressure based on rathalpy incorporating presure lossas
o.1r
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Ptz = Py - C l:u l'r Pr1 Outiet pressure based on rothalpy incorporating presure Josses
Py = Pra2

[

sz— sz]

Toz = Tn,m-—{ 7-¢C,

- [l

Paz = T

T
To [ = 1]
Poar = Poz- [—L] '

Toz

Tz = Tea-—

20,

Static pressura at outlet

Stagnation temperature at outlet

Slagnatiah pressure at oulist

Relative ouliet stagnation pressurs

Caiculation for static ferngeratura at outlst

Rotor outlet thermodynamicai propstty calcutations fram built in EES functions

pz = p(fluid$ ,T=T; P=P;)

a2 = -\h-- R - T;
2 = Misc (fluid$ , T=T,.P=P2)

Outlet velocity triangle equstions

2
Ay = (:-r132~'n-rm,,2)-AElF
2
f:,ij * Thha

fmsz = A [~

Uy = 2-®-N

L 80 Tos 2
sz m

1T 0 Ag

Wy = vr(Uz - Cap)¥ + Cua?

_ Ceaz
G2 cos (oz)
Caz = T2 tan (wz)
- Caz
Bz = - ACCOR [Wz ]

Cail Dendation [1, imn . [B11, tmacar Car. Seambar . O &rin, 6 ]

Bz = —Zzpr — &
Other required outlet variables
Cz.}
Mrz = a2
W
Mz =
C2
Mz = a2
2 - block
BBF = 1 — 2 block
9 * Amaar
W2
Wets = gpr
ABF = ABF (ABF, , &, h)

Crensily of fluid at bladerow outlet
Velocity of sound, mss at bladerow outlet

Viscostly of fluid at bladerow outiet

Outlet annulus area with ABF taken in account

Mean diameter at exit of blade row

Blade phertpheral speed at roms 2

QOutlet axial velocily - calculated from continuity

Outiet relative vetocity

Cutiet absolute velocity

Tangential component of absoiute outlet velocity
Calculates angie relative to rotor at outle:

Call sub-section for daviaticn at min loss and of-min foss

Definition of deviation

Outlet axial Mach number, based on axial velocity

Outlet Mach number, based on relative axit velociy

Outlet Mach number, based on absolute exit velocity

Blade blackage factor - block is value returned from profile loss module

Freestream autlet velocity due to BBF - blade blockage factor from and fo profile Ioss

Annulus hlotkage faztor - from Funclion ABF

@
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Other variablas neadad for calculations

Anp = Cp - (Toa — Toa) Stagnation enthalpy thange accross btaderow
Ay = Cp - (T2 — Tr) Static enthaipy change accross bladerow

Pit P2 Wy + Wy

7 ) 1 |
Ree = Chord Reynolds number
By * 2
2
o [Pt e ]
[m * ) [Cm * Caz |l 2
R 2 2 L] Reynalds numbar based in equivalent diameter
g =
K1 * Ha
2

Call BladBgas (519, 1, imin, 8 . INOP§) Test ifblade Is in stall and halt calculatiens with error message
Call Minie, [||3||. o, tmzcan Car, Bosmber © imin | Minitum loss of reference incidence fram sub-section Mini,
Call OppPRrange (M1, Liger . O, Scamber  Sbeta ) Operating range of cascade from sub-section Opp-Range
&= b Sets endwall boundary laver displacement thickness parameter equal to Kech and Smith value caleulzted In calling moduie

CALLS TOLOSS MODEL SUB-SECTIONS
Cail Profie oy, The Koch and Smith or Lieblein profile loss model is called here depending on which one is not commented

Call Off.es, The Casey or Lieblein incidence loss model is called here depending on which one is not commented
Call PsSigss

The Koch and Smith, Hubner and Fottner, Roy and Kumar or Howell endwall loss model is called here. In this case
Asew = Asker  the Koch and Smith model is used because the endwall entropy parameter is set to the value provided from the stage

1
Call Windage .. section

Equations nessacary to obtain both pressuze loss ang enfropy increase for losses

T P
Ay = Cp- In {T—i} - R [—F-T-] Total entropy change through rofor
1
Bsts = Agp * Brpss Freestraam entropy change through rotor
Ay = Aggs * Agew * Aswindage yvindage loss only influence efficiency, nol pressurs loss
S ®ew - 41 P1a
T Por Calculates pressure loss coefliclent from endwal! [oss
Aseu= —R - In
Pra
Pry — O-EEs - Pry
! Po.wr Calculates pressure loss coeflicient from par span shroud loss
fspss = —R - In 5
TA
@ = Wew * Op * Wpsst Cwindage Sum of pressure loss coeflicients for use in pressure loss equations
END Rotor
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C.4.4 Stator

MODULE  Stator (Bys, As ks s, Mo, ABF i, @1, Sta, frms 2, %2, Maa, P2, T2, Po2, To.2, Cz, A2, Me2, Ciheta.z, C22, C1, Un, Uz, 1. Pa Ta, Toua, Po.a. oes, ABF

Tor = Lookup (Stageinpuls’, slg, laug')
tar = Lookup ('Stageinputs’, stg, W'}
azsr = Lookup ('Stage inputs’,  stg, ‘thizsu')
T3sr = Lookup {‘Btageinputs’,  stg, ‘thize)
Rz = Lookup (‘Stage inputs’,  sty, na)

n3 = Lookup {'Stageinputs’, slg, M2

frb,3 = Lookup {'Stageinputs’, stg, Tws')
b3 = Lookup ('Stageinputs’, stg, Twa)
tnaxsr = Lookup {Stageinputs’ st Yawsr')
Cor = Lookup (°'Stage Inputs, sig, ‘Cgr')

Sgr = Lookup ('Stage inputs’,  stg, Sgpe)
Koiastr = Lookup (‘Stageinputs’,  sto, %ciasr')

m = me - Lookup {'Stage Inputs’,  stg, Mot pieed’ )
Tsh = Lookup ('Stageinputs’, sig, Yea'}

teh = Lookup ('Stage Inputs’,  std, Tshar')

tsh = Lookup { Stage inputs,  stg, Tsha')

Calculate other geometrical stator parameters

Cotr
g = —
Sstr
f +
2 x- [_L_"“’ 7 "“"3_)
Np = Round
Sar
hz— Mz
heamip = ———
ft3—~ s
B o= fta = Thbaz * Tt~ Thb3
2
Coambar 5 Tigr — Tig;r
g = Sar - COS (Zar)
Cotr * T Soamber
L =

]
360 - sin [ﬂ—;‘ll

Thermodynamic fluid properties assumed constant throughout biaderow

T: + Ty P_P2+P3
2 T2

Cp, = Cp [ﬂums T=

T+ T Py + P
Cy = C\r[ﬂuids,T=2 3 p=t 3]

2 ! 2
R= G- Cv
Cp
TE o
STATOR INLET CALCULATIONS

Mostly dene in Relor sub-section

qz = Ppa — P2

Inputs from looKup table

Tip clearance

Blade stagger angie

Blade inlet angle

Blade outlet angle

Tip radius atinlel of Dlade row
Tip radius at outiet of blade row
Hub radius at inlet of blade raw
Hub radius at outiet ofblade row
Midspan maximum thickness
Bladae chord at midspan

Biade pitch atmid span

Blade roughness - arithmietical avarage deviation nermai o the centre line

Stage fow rate

Partt span shroud radius

Part span shroud thickness

Pad span shroud chord

Solidity

Number of blades if fratling sdge is assumed infinitly small

Blada heigth ratio

Average blade height

Blade camber angle

Stator staggerd spacing

Meanline length of circular arc airfoil

Bladetow specifit heat at constant prassure

Bladerow specific heat at conglant volume

Gas tonstan

Relation ofCpto Cy

Inlet dynamic head to stator

ULt U
O2efi= Q02 ° 1+25 % +2 88 U Effactive inlet dynamis head for stator
4 - Cy
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Stator inlet thermadynamicat prapeny calculations from buit in EES funclions

pz = p{fuld§ T=T; P=Pz)

a2 = v R Tz

Density of fluid at biaderow inlet
Velocity of sound at bladerow inlet
Viscosity of fiuid at bladerow inlet

incidence

Conslant hy over stator

Calculation for Pp at outlet of stator

Calgulalion for T - siatic at outlet

Calculation for P - static at outiet

wz = WViSC (Muid§ , T=T2,P=P;}
i = @2 - %2
STATOR QUTLET CALCLUILATIONS
Rotor outiet pregsure and femperature calculations
Toa = Tpz
Posg = Ppa— @ U2
H
Cs
Ty o= Tog— ———-
3 0BT 9,
Fn;
P3 = ;
Toa 15 - 1
Ta

Stator outlet thermadynamical property calculations from built in EES functions

p3 = p(fulds , T=T;, P=Py)

a3 = v R- T3

wa = Visc (fuid$ , T=T3,P=P3)
Outlet velocity triangle equations

Az = (:-r;_;z—:-

2 2
Ry + T

Imsa = 7

Uy = 0
m

Cia = ———

3 Py - Ay

W= f(Us - Cod® ¢ Gua?
Cz.a

Ca = cos (a3)

Cea = C3 - Sin(og)

Cz3
By = arcl:ms[,u‘v3 ]

Call Deviation (i, Imin , @z, tmaxsr, Cor, @camber, O °

23 = Fasr *t &

Other required outiet variables

Ci3
M,y = —io
23 a3
Cy
Mo =
|
BBF = 4 - 2 |——mk
9~ lmaar
- Cs
Cats = ggr
ABF = RBF (ABFy . 5, F)

Other variablas needed far calculations
ap = Cp - (T3 — T2)

eal) - ABF

Density of luld af bla darow outiet
Veiocity of sound at bladerow outtet

Viscosity of fluid at bladerow outiet

Calpulates outiet annulus area, ABF , is due {o the erdwall boundary |ayver of this siage

Rrns dlameter at outlet of blade row

Blade pheripheral speed at rpyps 2

Outlet axial velocity - calculated from continuity

Qutlat relative velogily

Qutlet absolute velocity

Tangential component of absolute outlet velocity
Calculates angle relative to stater at outiet

B . & ) Call sub-section for deviation at min loss and off-min loss

Definition of deviation

Outiet axial Mach number, based on axiai veiotity

Outiet Mach number, based on abseiute velocity

Blade hlackage factor - block is value refurmed from profile loss boundary 1ayer equations

Freesiream outlet velocily dus to BRF - blade blockage factor from and to profile lose

Annulus bicckage factor, from function ABF

Static enthalpy rise acrass stator
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Pz * p3 Ca + C3
P : 2 © Car -
Re, = . Chord Reynglds number
a2 *
2
‘. [Az + Ag ]
P2 * pa ) [Cez + Caa il 2
2 2 x Reynolds number based gn equivalent diameler
Re =
Ha + Ha
2
Call Blatdec (S16., I, imn. 8 @ In0p§) Testif blade is in stall and halt calculations with error message

Call Ming, (a2, o, pacar Car, Boamber | imin ) Winimum loss or referance incidence from sub-saction Ming,.

Call OPPrange (M2a. E2str, O, Bcambw - Speta ) Calcualtion of aperating range of tascada from sub-section Opp-Range

& = By Sets endwall boundaty layer displacement thicknas s paramaetsr agqual 1o Koch and Smith valua calculatad in calling madule
CALLS TO LOSS MCDE]L SUB-BECTIONS

Call Profileios:  Koch and Smith or Lieblein profile loss model is called here depending on which model is not commented

Call Offss. Casey or Lieblein profile loss model is called here depending on which model is not commented

Call P88y The Koch and Smith, Hubner and Fottner, Roy and Kumar or Howell endwall loss model is called here. In this
case the Koch and Smith model is used because the endwall entropy parameter is set to the value provided from

Asew = Agiss  the stace section

Equations negsacary to obtain both pressure loss and entropy increase for losses

P
4 = Cp - In [1—:] - R In [;:—] Total entropy change thfough rofor

Bsis = Agp * Agpes Fraestream entropy change through rotor

Ay = Bsgs * Agam

bsis = Ayp * Aspss Fraestream entropy change through roter

by = Asps ® Agem
P — e .
Asay= -R-In [-U—'z—;;i;"'——q—g—] Calculates pressure loss coefficient from endwall loss
Poz - Dyes -
bspss = —R - n [-—M—F;F:L—GL] Calculates pressure ioss coefMcient from part spanh shroud loss
@ = D * Ep + Spss Sum of pressure logs coefiicients for use in pressure loss aguations
END Stator

C.4.5 Annulus blockage

Function ABF (ABF i, 5, F)

Function 1o calculate annulus biockage factar and to imit it secroding to Koeh and 8mith

If 2.5 01 Th
- 17 en

3 —
ABFy = 1 - 2 - 7 Annulus blockage factor with delta calculated in endwall loss module
Eise
ABFy = 083 Limiting value for anfulus blackage factor
Endif

If {(ABF{ - ABFy =< D.83) Then
Limiting value for annutus blockage factor

ABF = 0B3
Eisa
ABF = ABF; - ABF) N Iniet ABF taken inta account
Endif
End ABF
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C.4.6 Minimum loss incidence

Modute 1o calcutate minirum (088 (refer2nce) incidence, ig 1p and n approximated by intaTpalating between sigma 0.4 and 2 due to aven
distribution of salidity lings

MODULE Mo (B1, 0,1, €, Boamber © imin}
ipags = 0.02857143 - By Figure B.1.2 for sigma= 0.4

ipgp2 = —0.01525 + 020381 - py — 000342788 - py° » 00000862955 - py° — 7.04167x187 - §4* Figure B12
for sigma=2

ipip = Isterpol (D4, 2, igany, igap2, o)

H Figure B.1.1 for sigma = 0.4

ny = -00522 - 0.00302 - p, — D.000D3F3 - By
ny = — 0011821 + 000017691 - gy = 000000606 - 512 - Bi2x1077 - 513 Figure B.4.1 for sigma= 2

n = Imterpol (04, 2, ny, Nz, o)

Keh = 1 Shapa factor for NACA B5 blades

1 K
1 1 t )
Ky = 0.001488 + 18,395 - e 105.283 - [—c_] + 286G 4167 {c—l Figure B.1.3

I = Ken - Koo loap Equation 4.15

lmin = g * n-8 -1
mio o cambar Equation 4.14

END Minic

C.4.7 Deviation

Procedure Deviadlon {, imn, 81,1, C, Qcamber, 5 Smin, &} Procedure to talculste deviation - according to Lisblian 1960

2
1
Ke = 001277 + B.3B6 - _c-. 36.074 - [tc—] Figure B.2.4

Ky = 1 Shape factor for NACA 65 blades
if ({o== 04)and (c < 1.2)) Then

8p.p.1= 0.0043 +» 000629 - py + 0.0000374 - p12 + D000ODIOE - Byl Figure B.2.3 for sigma = 0.4

Soapz= — 001483 + 00176 - py — 0.000214 - p,° + 0.00000821 - g¢° Figure B.2.3 for sigma= 1.2

5,00 = Werpol (D4 12, 341 Bp0az ©)

Else

S0101= - 001493 + 00176 - §, - 0960214 - p,* + poocnosz1 - p,° Figure B.2.3 for sigra = 1.2

so102= — 00016575 v 0.0102 - ps + D.O00G6Z - pi° - 0.0000256 - ps° + 3.26x10~7 - py* Figure B.2.3forsigma=2

&p,10:= Imterpal (1.2, 2, 80, %9103 ©)
Endif
& = Kan 0 Ko B0

0.255 + 0.000583 - B, — 0.00000969 - g% + 2652x107 - gy
3 figure B.2.2

Equation 417

m 3 Figure B.2.1

b = 0864 — 000304 - By % 0.0009622 - g% — 0.0D0D00147 - By

m
Bon = B0 ¢ — Beamber Equation 4.16
o

Off minimum loss deviation angle

i ((pr == 70)and (py ™ 60)) Then
slopey = 1.006 — 1516 - g + D475 - o w0276 - 6 — 0132 - o Flgure B.2.5 for beta) = 60 degrees
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slopez = 1.003 — 0903 - o — 0696 - o « 102 - a° — 0288 o Figure B.2.5 for beta, = 70 degrees

slope = kderpol (€0, 70, slopey, slopez, p1)
Else
It ((p1 == 60)and (p, » 50)) Then
slope, = 0978 — 1855 o e 148 - 6> — D475 - ¢ + D046 - o Figure B.2.5 for beta; = 50 dearees

slope; = 1006 — 1626 - o + 0475 - s e 0276 - 5° — 04327 - o* Figure B.2.5 for betay = 60 degrees
2

slope = Iterpol (50, 60, sippey. slopez, Pq)

Else
slope; = 0872 — 2563 o + 2695 - o' - 1288 - ¢ + 0234 - o Figure B.2.5 for beta; = 0 degrees
slopey = D978 — 1955 - s e 1439 - of -~ 0475 - o® + 0046 - o* Figura B.2.5 Tor betay = 50 degraes
slops = Imerpol (0, 50, slope,, slopes, By)
Endlf
Endif
5 = Bmin ® (I — lmn) - slope Egquation 4.18
End Deviation

C.4.8 Stall and Choke

The following sections shows the formatted equations for calculating the bladerow operating
range according to Casey, a sub-section to determine and warn the user if a bladerow is outside

the operating range and the stalling static pressure rise coefficient from Koch.

C.481 Operating range according to Casey

Procedure OpPrange (M, 21, 0, Boamber | Boeta) Procadure to calculale opersting range of tascade

If (M < 02) Then

K = 1 Equation 4.21
Else
Ky = 1pl25 (M - 02 PR Equation 4.21
Endif
K = D001 - (—40 — 7 - {33 — 453 + 025 - (x; — 4537 — 002 - (% - 45)%) Equation 4 20
Bpaa) = 21 + K - [ﬁ;—:ﬁ-]
Boata = Sbatai K Equation 418
ENd O Range
C.4.8.2 Test to determine if bladerow is stalled

Procedure Blade sap (519, i, imin, Sbea  inop$) Procadure to determine if diada is stalled

Bhata
i {l" - lmn | > 08 - —3 | Then Equation 4,22
Call WARNING (‘A bladerow in stage X{<AL' | sig)
inop$ = In operaling range’

End Biade g
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C.4.83

Stalling static pressure rise coefficient

Function StallPRC (| g g, 'F-ZE, Tdiv.g, ASdv,s) Funclionto calcuiate stalling, thus magimum pregsure rise coefficient - Koch(1981) and Casey(1387)

f ({10000 «= Re) and (Re < 20000)) Then Flgure B.3.2
Kret = 0725 % 085 Re - 10~ %

Else
i ((20000 <= Re) and {Re = 40000)) Then

Kret = 087 + 0225 - Re - 10~ %

Else

If {(40000 <= Re) and (Re = 130000)) Then
Kret = 0842 + 0044 - Re - 10°°

Else

Krei = 0.984 +w DO045Y - T - 4073

Endlf
Endif
EndIr
f (Kpey <+ 1.05) Then Ensuring that maximum value is not more than correlation value
due to assumption of siraight lines for high Re valuas
Kre = Kprat
Elsa
Kpe = 1.06
Endif
EndIf
WG = 122435 — BABIIT - tgyg+ M2ANI -« 1gyg’ — B20.00001 - tgyg +0 2230 - T g Figurs B.3.3
Kag = 14421 = 0.926 - ASgs ** 2333 - ASgivs? — 2753 - ASgy,  + 122 - ASavs Figure B.3.4
StallPRC = (0.1636 +e 02428 - Lg, g — 0.0394 - Lavlf) © Kpe * Kuau - Kas Figure B.3.1 and torrections
End StallPRC
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Appendix C.5

DERIVATION OF PRESSURE LOSS —- ENTROPY INCREASE
RELATION

For a perfect gas the entropy change can be given by:

As=C, m{LTme—RmLme) (C.5.1)

As=C,1n| ) gig| o] (C.5.2)

Using the fact that rothalpy is constant through a rotor and the definition of the pressure loss

coefficient for a rotor,

@ = (C.5.3)
Pmr - Pl Pﬂ
the following relation was obtained:
( )
l PT| - erglPﬂ J\l |
As=—Rln! o /| (C.5.4)
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Appendix C.6

EES SOURCE CODE

This appendix presents the source code that was generated and used during this study.
Section C.6.1 gives the code for reading the output values from the four stages used for the multi-
stage axial compressor performance prediction verification and evaluation, whereas Section C.6.2
gives the code used to obtain these output files for each stage. These codes can easily be
combined in a more stable solver than EES to give the performance prediction of a complete
multi-stage compressor by simultaneously solving all the stages and their equations and not by

using a stage stacking approach.

C.6.1 Compressor code source code

"LOSS MODELLING IN MULTI STAGE SUBSONIC AXIAL COMPRESSORS”

T_Q_in =  LOOKUP('Inlet comp',1,3) "Assign compressor inlet total temperature from lookup table”
T_0 out = LOOKUP{'STAGE4' run1) "Assign compressor outlet total temperature from lfookup table”
P_0_in = LOCKUP('Inlet comp',1,4) "Assign compressor inlet total pressure from lookup table”
P_0_out = LOOKUP{'STAGE4' run,2) "Assign compressor outlet total temperature from lookup table”
DELTA_s_1 = LOOKUP('STAGE1'run,5) "Assigh comprassor inlet total temperature from lockup table”
DELTA_ s_2 = LOOKUP{'STAGEZ2'run,5) "Assign compressor inlet total temperature from lookup table”
DELTA_s 3 = LOOKUP('STAGEZ'run,5) "Assign compressor inlet total temperature from lookup table”
DELTA_s_4 = LOOKUP('STAGE4'run,5) "Assign compressor inlet total temperature from lookup table®
DELTA h 0 1 = LOOKUP('STAGE1'run,4) "Assign compressor inlet total temperature from lookup table™
DELTA h 0 2 = LOOKUP('STAGEZ'run4) "Assign compressor inlet total temperature from lockup table”
DELTA_h 0.3 = LOOKUP(STAGEJ run,4) "Assign compressor inlet total temperature from lookup tabie”
DELTA h 0 4 = LOOKUP(STAGE4' run4) "Assign compressor inlet total temperature from lockup table”
DELTA s = DELTA_s_1+DELTA s_2+DELTA s 3+DELTA_s_4 "Calculates sum of entropy
changes through all the stages”

DELTA_h 0 = DELTA_h_Q 1+DELTA_h_0 2+DELTA_h_0_3+DELTA_h 0_4 "Calculates sum of enthalpy
changes through all the stages”

TR_tt = T_0 out/T_O_in “Total-to-total temperature ratio”

PR_tt = P_0_out/P_0_in "Total-to-total pressure ratio”

eta = 1-((T_O_out{DELTA_s)(DELTA_h_0}) "Total-to-total adiabatic efficiency”

{frun=1} "Indicates the run according to the parametrical table and is varied according to mass flow"

C.6.2 Stage code source code

"IFunction to linearly interpolate between two points”
FUNCTION Interpol (AB,Y1,Y2,X)
IF (Y1>=Y2)} THEN
Interpol = (({({A-(X+1E-15))*ABS(Y1-Y2)VABS(A-B))+Y 1)

ELSE
Interpol = -{{({A-(X+1E-15))*ABS(Y1-Y2)/ABS(A-B)}-Y1)
ENDIF
END
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"Kach and Smith profile loss correction factors ="

“IFunction for calcuiating correction factors for mach number effects on momentum thickness - Figure A.2.3"
FUNCTION KMM (M,D_eq)
IF (1 <=D_eq) AND (D_eq < 1.3} THEN

Y1 = 1-0.00151*M - 0.05544*M"2 "Correction factor equation for D_eq = 1"
Y2 = 1-0.00205"M - 0.10085*M"2 "Correction factor equation for D_eq = 1.3"
KMM = Interpol(1,1.3,Y1,Y2,D_eq)

ELSE
IF (1.3 <= D eq) AND {D_eq < 1.5) THEN
1 - 0.00205*M - 0.10085*M*2"Correction factor equation for D_eq = 1.3"
Y2 = 1 - 0.02936"M - 0.11103*M*2"Correction factor equation for D_eq = 1.5"
KMM = |nterpol{1.3,1.5,¥1,Y2,D_eq}
ELSE
IF (1.5 <= D_eq) AND (D_eq <=1.7) THEN
Y1=1 - 0.02936"M - 0.11103*M»2  "Correction factor equation for D_eq =
Y2=1 - 0.02627*M - 0.151*M"2 "Correction factor equation for D_eq =
KMM = Interpol(1.5,1.7.Y1,Y2,0D_eq)
ELSE
CALL WARNING('Eg Diffusion ratic > 1.7 use value of camelation for 1.7'} "Display
warning if D_eq is out of range”
KMM = 1 - 0.02627*M - 0.151"M*2"Use value of D_eq = 1.7 for higher values of
L eq”
ENDIF
ENDIF
ENDIF
END

"tFunction for calculating correctional multipliers for mach number effects on form factor - Figure A.2.3"
FUNCTION KMH (M,D_eq)
IF (1 <=D_eq) AND (D_eq < 1.3) THEN

Y1=1 + 0.08796*M + 0.27474*M"2 "Correction factor equation for D_eq=1" |
Y2=1 + 0.04192*M + (.1995*MA2 "Correction factor equation for D_eq = 1.3"
KMH= Interpol(1,1.3,Y1,Y2.D_eq)
ELSE
IF (1.3 <=D_eq) AND {D_eq < 1.5) THEN
Y1=1 + 0.04192"M + 0.1995*M*2 "Correction factor equation for D _eq =1.3"
Y2=1 + 0.01736"M + 0.14414*"M*2 "Carrection factor equation for D_eq = 1.5"
KMH= Interpol{1.3,1.5,Y1,Y2,D_eq)
ELSE
F (1.5 <= D_eq) AND (D_eq <= 1.7) THEN
Y1=1 + 0.01736"M + 0.14414*"M*2  "Correction factor equation for D_eq = 1.5
Y2=1 + 0,02241*M + 0.08155*"MA2 "Correction factor equation for _eq=1.7"
KMH= Interpol{1.5,1.7,Y1,Y2,D_eq)
ELSE
KMH = 1 + 0.02241*M + 0.09155*M~2"Correction factor equation forD_eq = 1.7"
ENDIF
ENDIF
ENDIF

END

“IFunction for calculating correction factor for stream tube contraction ratio effects on momentum thickness - Figure
A4

FUNCTION KSTM (h_ratio)
KSTM =0.45 + 0.55%h_ratio
END

"IFunction for calculating correction factor for stream tube contraction ratio effacts on form factor - Figure A.2.6"
FUNCTION KSTH (h_ratio.D_eq)

IF (1 <= D_eq) AND (D_eq < 1.3) THEN

Y1 = 1.02114 - 0.02057*h_ratio
Y2 = 1.00829 - 0.00714*h_ratio "Correction factor equation for D_eq = 1"
KSTH = interpol(1,1.3,Y1,Y2,D_eq)
ELSE
IF (1.3 <= D_eq) AND (D_eq < 1.5) THEN
Y1 = 1.00829 - 0.00714*h_ratio "Correction factor equalion for D_eq = 1.3"
Y2 = 0.85457 + 0.04571*h_ratio "Correction factor equation for D_eq = 1.5
KSTH = Interpol{1.3,1.5,Y1,Y2,.D_eq)
ELSE
IF (1.5 <= D_eq) AND (D_eq <= 1.7) THEN
¥1=0.95457 + 0.04571*h_ratio "Correction factor equation for D_sq = 1.5"
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Y2=0.84457 + 0.15571"h_ratio “Corraction factor equation for D_eq = 1.7"
KSTH = Interpol(1.5,1.7,Y1,Y2,D_eq)

ELSE
KSTH = 0.84457 + 0.15571"h_ratio "Correction factor equation for D_eq =1.7"
ENDIF
ENDIF
ENDIF
END
"IFunction for calculating correction factor for Reynolds number and surface finish effects on Momentum thickness ratio -
Figure A.2.6"
FSNCTION KRSM (Re_c,k_CLA,c,W_1,rho,mu)
k_s=B6.2'k_CLA "Equation 3.7"
RR = k_s/c "Relative roughness"
RRe = (k_s*"W_1*rhoj)imu "Roughness Reynolds number”
IF (RRe <= 90) THEN "Equation 3.6"
IF (Re_c < 200000) THEN
KRSM = B800.178"Re_cM-0.5) "Momentum thickness vary as the -0.5 power of
chord Reynoclds number”
ELSE .
KRSM =10.224*Re_c™{-0.166) "Momentum thickness vary as the -0.166 power
of chord Reynolds number"
ENDIF
ELSE
KRSM = 23.398"RRA0.347) . "Power fit of relation of Relative roughness to carrection”
ENDIF
END

"IFunction for calculating correction factor for Reynolds number and surface finish effects on Form factor - Figure A.2.6"
FUNCTION KRSH (Re_c,k_CLA,c,W_1,rho.mu})

k_s =6.2"k_CLA "Equation 3.7"
RR =k_s/c "Reiative roughness”
RRe = (k_s*W_1*rho)mu "Roughness Reynolds number"
IF (RRe <= 90) THEN "Equation 3.6"
KRSH = 2.291*Re_c*{-0.06) "Form factor vary as the -0.06 power of chord Reynolds number”
ELSE
KRSH = 23.398"RRA(0.347) "Power fit of relation of Relative roughness to correction”
ENDIF :

END
"End of correction factor functions for Koch and Smith profile loss model "

"IFunction to calculate annulus blockage factor and to fimit it according to Koch and Smith”
FUNCTION ABF(ABF_in,delta_bar,h_bar)
IF {{(2*(delta_bar))/h_bar) < 0.17) THEN

ABF_1=(1 - 2*delta_bar/M_bar) “Annulus blockage factor with deita_bar calculated in endwali loss
module”
ELSE
ABF_1=0.83 "Limiting value for annulus blockage factor”
ENDIF
IF (ABF_1"ABF _in < 0.83) THEN
ABF=0.83 "I Imiting value for annulus blockage factor”
ELSE ‘
ABF= ABF_1*ABF_in "Inlet ABF taken into account”
ENDIF

END

"IModule to calculate minimum loss {(reference) incidence, i_0_10 and n approximated by interpolating between sigma
0.4 and 2 due to even distribution of solidity lines”
MODULE Min_inc({beta_1,sigma,t.c.theta_camber:i_min)

i 101 = 0.02857143"beta_1 "Figure B.1.2 for sigma = 0.4"
i_0_10 2 = -0.01525 + 0.20391*beta_1 - 3.42769E-03"beta_1/2 + 8.62955E-05"beta_173 -
7.04167E-07"beta_1"4 "Figure B.1.2 for sigma = 2"
i_0 10 = Interpol(0.4,2,i 0_10_1,i_0_10_2,sigma)
n_1 = -0.0522- 0.00302"beta_1 - 3.93E-05"beta_1"2"Figure B.1.1 for sigma = 0.4"
2 = -0.011821 + 1.7691E-04*beta_1 + 6.06E-06"beta_12 - 6.12E-Q07"beta_143

"F-igure B.1.1 for sigma = 2"
Interpol(0.4,2,n_1,n_2,sigma)
1

"Shape factor for NACA 65 blades”
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K_t = 1.499E-03 + 18.395"(l/c) - 105.283*(tc)*2 + 260.4167*(¥c*3  "Figure B.1.3"
i0 = K_sh"K_t'i_0_10 "Equation 4.15"
i_min = i_0 + n*theta_camber - 1 "Equalion 4.14"

END

"'Procedure to calculate deviation - according to Liebfien 960"
PROCEDURE Deviation(i,i_min,beta_1,t,c.theta_camber,sigma:deita_min,deita)
K_t = 0.01277 + 6.386*(t/c) + 36.074"(t/c)'2 "Figure B.2.4"
K sh=1 "Shape factor for NACA 65 blades”
IF {sigma >= 0.4) AND {sigma < 1.2) THEN
deita_Q_10_1=0.0043 + 0.00629"beta_1 + 3.74E-05"beta_1"2 + 1.09E-06"beta_1"3 "Figure B.2.3 for

sigma = 0.4"
delta_0_10_2 =-0.01483 + 0.0176*beta_1 - 2.14E-04"beta_12 + B.21E-06"beta_143 "Figure B.2.3 for
sigma=1.2"
delta_0_10 = Interpol(0.4,1.2,delta_0_10_1,delta_0 10_2,sigma)
ELSE
delta_0_10_1=-0.01483 + 0.0176"beta_1 - 2.14E-04"beta_142 + 8.21E-06"beta_1"3 "Figure B.2.3 for
sigma = 1.2"
delta_0_10_2 = -0.0016575 + 0.0102*beta_1 + 9.62E-04"beta_112 - 2.55E-05"beta_143 + 3.20E-
07*heta_174 "Figure B.2.3 for sigma = 2"
delta_0_10 = Interpol{1.2,2,delta_0_10_1,delta_0_10_2, sigma)
ENDIF
delta_0 = K_sh*K_i*deita_0_10 "Equation 4.17"

m = 0.255 + 5.83E-04*beta_1 - 9.69E-06"bela 172 + 2.652E-07"beta_1"3"Figure B8.2.1"
b =0.964- 0.00304"beta_1 + 6.22E-05"beta_1°2 - 1.47E-06"beta_123  "Figure B.2.2"

delta_min = delta_0 + (m/sigma*b)*theta_camber "Equation 4.16"

"Off minimum loss deviation angie”
IF (beta_1 <= 70) AND (beta_1 > 60) THEN
slope_1 = 1.006 - 1.526"sigma + 0.475"sigma’2 + 0.276*sigma*3 - 0.132*sigma*4 "Figure B.2.5 for
beta_1 = 60 degrees”
slope_2 =1.003 - 0.803*sigma - 0.696*sigma’2 + 1.02*sigma”*3 - 0.289"sigma™4  "Figure B.2.5 for
beta 1 =70 degrees”
slope = Interpol{(60,70,slope_1,slope_2,beta_1)
ELSE
IF (beta_1 <= 60) AND (beta_1 > 50} THEN
slope_1 =0.978- 1.955"sigma + 1.490*slgma*2 - 0.475"sigma”3 + 0.046"sigma”4 "Figure
B.2.5 for beta_1 = 50 degrees”
slope_2 = 1.006 - 1.526"sigma + 0.475"sigma”2 + 0.276*sigma*3 - 0.132*sigma”4 "Figure
B.2.5 for bela_1 = 60 degrees”
slope = Interpoi{50,60,slope_1,slope_2.beta_1)
ELSE
slope_1 =0.972 - 2.563"sigma + 2.685*sigma”2 - 1.288"sigma”3 + 0.234*sigma”4
"Figure B.2.5 for beta_1 = 0 degrees”
slope_2 =0.978- 1.955"sigma + 1.490"sigma*2 - 0.475"sigma*3 + 0.046"sigma’4 "Figure
B.2.5 for beta_1 = 50 degrees”
slope = Interpol{0,50,slope_1,slope_2,beta_1}
ENDIF
ENDIF
delta = delta_min + {i-i_min)*slope “Equation 4.18"
END

"IFunction 1o caiculate stalling, thus maximum pressure rise coefficient - Koch{1981) and Casey(1987)"
FUNCTION StallPRC{L_div_g.Re_bar,tau_div_g,AS_div_s) "Figure B.3.2"
IF {10000 =< Re_bar) AND (Re_bar < 20000) THEN
K_Re1=0.725 + 0.95"Re_bar*10%{-5)

ELSE
IF (20000 =< Re_bar) AND (Re_bar < 40000) THEN
K_Re1=0.87 + 0.225"Re_bar*10*(-5)
ELSE
IF (40000 =< Re_bar} AND (Re_bar < 130000} THEN
K_Re1=0.942 + 0.044"Re_bar"10*(-5)
ELSE
K_Re1=0.994 + 0.00458*"Re_bar*10/{-5}
ENDIF
ENDIF
ENDIF
IF (K_Re1 <1.05) THEN "Ensuring that maximum value is not more than correlation value”
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K_Re = K_Re1 "due to assumption of straight lines for high Re values"
ELSE

K_Re = 1.05
ENDIF

K_tau=1.22436 - B.18377"(tau_div_g) + 112.12121%tau_div_g)"2 - 820.09091*(tau_div_g)*3 +
2230.30303"(tau_div_g)*4 "Figure B.3.3"

K_AS=1.1421 - 0.926*(AS_div_s) + 2.333%(AS_div_s)"2 - 2.753*(AS_div_s)*3 + 1.220%(AS_div_s)y™"Figure
B.3.4"

StaliPRC = (0.1636 + 0.2428"L_div_g - 0.0394"L_div_g"2)*"K_Re'K_tau*K_AS"Figure B.3.1 and corrections”
END

"IProcedure to calculate operating range of cascade”
PROCEDURE Opp_Range(M,chi_1,sigma,theta_camber:delta_beta)

IF {M < 0.2) THEN
KM=1 "Equation 4.21"
ELSE
K_M = 10%(-2.5*(M-0.2)*4.4) *Equation 4.21"
ENDIF
K = 0.001%(-40-7*(chi_1-45)+0.25"(chi_1-45)"2-0.02*(chi_1-45)*3)"Equation 4.20"
delta_beta_i = 21 + K*(1+sgrt{sigma))/{sigma*theta_camber)
delta_beta = delta_beta i*K_M "Equation 4.19"

END

"tProcedure to determine if blade is stalled”
PROCEDURE Blade_Stall{stg,i,i_min,delta_beta:inop$)
IF (ABS(i - i_min) > 0.8*(delta_beta/2)) THEN "Equation 4.22"
CALL [ERRORIWARNING('A bladerow in stage XXXA is outside the operating range',stg)
ENDIF
inop$ = 'In operating range’
END

"tPROFILE LOSS"
MODULE Profile_Loss_Lieblein(beta_1.beta_2.sigma,c:omega_bar_min.biock)

Hex = 1.08
Deg = cos(beta_2Vcos(beta_1)*(1.12+ 0.61*({cos(beta_1))*2/sigma)"(tan{beta_2) - tan(beta_1)})
theta_ex/c= 0.0045/(1-0.95%In(D_eq)) "Eguation 3.2"
"Profite loss calculation”
{omega_bar_min = 2*{theta_ex/c)*(sigma/cos{beta_2)}"{cos(beta_1)/cos{beta_2))"2*(2/(3-(1/H_ex))*(1-
{(theta_ex/c)*({sigma*H_ex)/cos{beta_2))))*(-3) "Equation 3.1"}
omega_bar_min = 2*(theta_ex/c)"(sigma/cos(beta_2))"(cos(beta_1)/cos(beta_2))*2 "Equation 3.4"
biock = 0 "Module needs to return blockage value”
END
MODULE

Profile_Loss_Koch_Smith(r_rms_1,r_rms_2,C theta_1,C_theta_2,Re_c,mu,c,k_CLAh ratio,A_1,A_2 sigma,t_max,beta
_1beta 2W 1W 2M 1M z_ 1rho_1:0omega_bar_min,block)

GAMMA =(r_rms_1"C_theta_1-r_rms_2"C_theta 2)/{({r_rms_1+r_rms_2)/2)*sigma*W_1) "Equation 3.13"
A_p=(1-0.4458"sigma*(t_max/c)/{cos((beta_1+beta_2¥2)))"(1-(A_1-A_2)/(3*A_1)) "Equation 3.117
rho_pftho_1=  (1+{M_z_172{1-M_z_172))*(1-A_p-0.2445*(tan{beta_1)/cos{bela_1))*sigma*GAMMA))
"Equation 3.12"

V_p/W 1= ({(sin{beta_1) - 0.2445"sigma*GAMMA)*2}+ (cos(beta_1){A_p*(tho_p/rho_1)"2y1/2)
"Equation 3.9"

V_max /N_p = 1+0.7688*(t_max/c)+0.6024* GAMMA, "Equation 3.10"
D_eq = (W_1/W_27"(V_max/V_py(V_p/W_1) "Equation 3.8"

"Apply corrections for conditions other than nominal”

K_theta 1 = KMM (M_1.D_eq) "Gorrection factor for inlet Mach number effect”
K_theta_2 = KSTM (h_ratio) "Correction factor for stream tube contraction effects”
K_theta_3 = KRSM (Re_ck_CLA,c,W_1.rho_1,mu)"Correction factor for Reynolds numer and

surface finish effects”
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K_total_theta = K_theta_1*K_theta_2*K_theta 3"Calcuiation of total correcticn factor for Momentum thickness”

K_H_1 = KMH (M_1,D_eq) "Correction factor for Mach number effects”
K_H_2 = KSTH {h_ratio,D_eq) “Correction factor for stream tube contraction effects”
K_H_3 = KRSH (Re_c k_CLA,c,W_1,rho_1,mu)"Correction factor for Reynolds numer and

surface finish effects”
K_total H=K_H_1"K_H_2*K_H_3 *Calculation of total correction factor for From factor”
theta_teic = {0.0025-0.352407 + 1.22074934"D_eq - 1.67813829°D_eq"2 + 1.13092129°D_eq"3
- 0.375468032"D_eq™ + 0.0483289263"D_eq”5)y'K_total_theta "Figure A.2.1 - 0.0025 adder included"
H_te = (0.541309505 - 0.72941463°D_eq + 4.20572911*D_eq"2 - 3.8628472*D_eq"3 +
1.10677083"D_eq"4)"K_total_H "Figure A.2.2"
"Profile loss calculation”

omega_bar_min = 2*(iheta_te/c)*(sigmalcos(beta_2))*(cos(beta_1)/cos(beta_2))"2*(2/(3-(1/H_te)))*(1-

((theta_te/c)*{{sigma*H_te)/cos{beta_2))))N-3) "Equation 3,1"
block = theta_te*H te  "Calculation of boundary layer displacement thickness - blade blockage”
END

"IQFF - MINIMUM LOSS"
MODULE Off_Loss_Casey{omega_bar_min,i,i_min,deita_beta;omega_bar)

CHI = (ABS(i - i_min))/(deita_beta/2) "Equation 3.47"
omega_barfomega_bar_min = 1+ 0.1667"CHI + 0.8333"CHI~2 "Equation 3.46"
END
MODULE Off_lLoss_Lieblein(beta_1.beta_2 sigma,c,i,i_min:omega_bhar)
k = 0.0117
eq_off = cos({beta_2Ycos(beta_1)"(1.12+k"(ABS(i-i_min))*1.43+
061‘((cos(beta 1)y 2/sigma)*(tan(beta_2) - tan(beta_1))) "Equation 3.48"
H_ex = 1.08
theta_ex/c = 0.0045/(1-0.95"In{D_eq_off}) "Equation 3.2"
omega_bar = 2*(theta_ex/c)*(sigmafcos{beta_2))"(cos(beta_1)/cos{beta_2))*2*(2/(3-(1/H_ex})"(1-
((theta ex/ic){(sigma*H_ex)/cos(beta_2)N)Y-3) "Equation 3.1"
ND
"IENDWALL LOSS™
MODULE Endwall_loss_Howell{beta_1.beta_2 s h,sigma:omega_bar)
tan(beta_m} = 0.5"(tan(beta_1)+tan(beta_2)) "Equation 3.17"
C DA = 0.02*s/h "Equation 3.14"
C_ L = (2/sigma)*{tan({beta_1)-tan{beta_2))"cos(beta_m) "Equation 3.16"
c DS =0.018%C_Ly2 "Equation 3.15"
omega_bar =((C_D_A+C_D_S)'sigma*{cos{beta_1))*2)/(cos(beta_m)}*3 "Equation 3.18"
END
MODULE Endwall_loss_Hub_Fott(h,c,beta_1,beta_2 tau:omega_bar)
omega_bar_t = 0.165/(h/c)*((tan{beta_1-90})’(-2) - (tan(beta_2-90))*(-2))*(sin(beta_1-
90y 2*lanh(35*(taulc))}+0.0288 "Equation 3.22"

omega_bar_hb = 2*(c/h)*(0.0505%(tan{beta_1-90))(-2) - (tan(beta_2-90))(-2)}-0.01313)*(sin{beta_1-90)"2
"Equation 3.23"

omega_bar = (omega_bar_t+omega_har_hb)2 "Equation 3.21°
END

FUNCTION V_jet{U_bar,theta_camber,V_njet_max,V_njet,sigma}
IF ((U_bar*cos(theta_camber)) > V_njet_max) THEN
V_jet = 1.05"V_njet+0.5*sigma*(U_bar*cos(theta_camber)-V_njet_max) "Equation 3.35"

ELSE
V_jet = 1.05"V_njet "Equation 3.36"
ENDIF
END
MODULE

Endwall_loss_Roy_Kumar(beta_1,beta_2,sigma, h,¢,rho_1,tau,C_P,W_1,U_bar,q_1.theta_camber.omega_bar)
"Assume uniform tip gap - from Table 3.1"
A =1
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B =0.24
cd =0.84
tan{beta_m) = 0.5*(tan{beta_1)+tan(beta_2})
CcL = (2/sigma)*{tan{beta_1)-tan{beta_2})*cos{beta_m)
omega_bar_ew = 0.04"C_L*2"(sigma*c*(cos{beta_1))*2){h*(cos(beta_m})*3) "Equation 3.24"
DELTA P_total =DELTA_P_gap+DELTA_P_mixing "Equation 3.26"
DELTA_P_gap = 0.5°c*rho_1*tau™W_13"B*(ABS(C_P})(1.5) *Equation 3.27"
DELTA_P_mixing = 0.5°c*rho_1"au*V_jetr3 "Equation 3.28"
V_njetW_1 = C_d*sqri(ABS(C_P)) "Equation 3.29"
V_njet_max/W_1 = A*sqri(ABS(C_P)) "Equation 3.30"
V_jet =V_jet(U_bar.theta_camber,V_njet_max,V_njet,sigma) "Call function te return V_jet”
omega_bar_tau = DELTA_P_total/{g_1*1000) "Equation 3.25"
omega_bar = pmega_bar_ew+omega_bar_tau "Equation 3.33"
END
PROCEDURE

Endwall_loss_Koch_Smith(DELTA_s_fs.h_stg,DELTA_h_0,T_0_3.eta_fs,K_1,K_2,stg,C_P_eff.C_P_max.tau_witd AS_w
td,g_stg:.delta_bar,DELTA_s_ks_rir, DELTA_s_ks_sltr)

X = C_P_effiC_P_max

IF (X > 0.7} AND (X <=1) THEN
Y =-74,0578 + 493.6841*(X) - 1306.4354*(X)"2 + 1719.0773*(X)*3 - 1125.3951* (X} + 93.4619*(X)"5
"Polinomial fit of correlation for tawg = 0 - Figure A.4.1"
ELSE
iF (X > 1) THEN
CALL {(ERRORJWARNING('Stage XXXA is stalled',stg)"Error procedure to halt calculations if
C_P>C_P_max"
Y =0.126
ELSE
Y =0.126 "For X <= 0.7"
ENDIF
ENDIF

delta_initial = {(Y+2"(tau_wtd)*X)*g_stg)/2  "Relation for lines with other tau/g values - Equation A.4.1"

IF (AS_wid < 0.7) THEN
AGP = 0.8301 + 1.50438*(AS_wid) - 6.51982*(AS_wid)*2 + 16.1595*(AS_wid)"3 -

20.05944"AS_wtd)™ + 9.55128*(AS_wid)"5 "Only applicable for gap/pitch ratios < 0.7 - Figure A.4.2"
ELSE
AGP =1.02
ENDIF
delta_bar = delta_initial"AGP "Corrected boundary layer displacement thickness"

IF (X > 0.7y THEN
nu_bar = (2.9464 - 9.29627*X + 11.8667*X"2 - 5.11111"X*3)*delta_bar "Polinomial fit of correlation
for tangential force thickness - Figure A.4.3"
ELSE
nu_bar = 0.5*delta_bar "For X <= Q.7"
ENDIF
"Rewrite 3.19 to give entropy increase rather than new efficiency”
DELTA_s =({{1-(eta_fs*(1-((2*delta_bar)/g_stg)*(g_stg/h_stg)(1-
((2*nu_bar)/(2"delta_bar))*{(2*deita_bar)/g_stg)"(g_stg/h_stg))})*DELTA_h 0¥T_0 3 -DELTA_s fs)

DELTA s_ks_rtr = DELTA s'K_1 “Assign entropy change for rotar according to row factor”
DELTA_s_ks_str = DELTA s*K_2 "Assign entropy change for stater according to row factor”
END
"IPART SPAN SHROUD 1.OSS"

MODULE Pss_loss{beta_1,beta_2,C z a,r_sh,N_b.,c_sht_shA_bar,R,gamma:DELTA_s)
tan({beta_m) {tan{beta_1)+tan{beta_2)¥2

W m = C_z*{(1/{cos(beta_m))}

M_m = W_m/a "Equation 3.39"
P_M = {(1-M_m*2*(cos(beta_m})"2}*(-1/2) "Equation 3.37"
b = {2*pi*r_sh)/N_b “Equation 3.38"

C_D_sh =1.8"(0.012%((c_sh/t_sh)/cos{beta_m}+2+60*P_MA3*(t_sh/c_sh}*2)+3*P_MA3*{t_sh/b)*(t_sh/c_sh))
"Equation 3.36"
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A_sh = 2*pi*r_sh*t_sh "Equation 3.35"
DELTA s = C_D_sh*(gamma/2)*M_m*2*(A_sh/A_bar)'R "Equation 3.40"
END
“IWINDAGE LOSS™
MODULE Windage_loss{C_z,U,r_hb_1,r_hb_2,Re,DELTA_h_Oh_bar,T_0 2:DELTA_s)
psi = C_z/u "Equation 3.42"
phi = DELTA_h 0/UA2 "Equation 3.43"
D_hb = r_hb_1+7r_hb_2
C_m = 0.12654"Re(-0.222)"Power fit for Reynolds numbers between 1045 and 10*11 - Figure 3.4"
C_f = 0.398*C_m "Equation 3.44"
DELTA_W_windage/DELTA_h_0 = 0.1*(C_f/{phi*psi))"(D_hb/h_bar)*{(1/{(1+{4*h_] baryD_| hb)) "Equation 3.41"
DELTA_s =DELTA_W _windage/{T_0_2*m_dot) "Entropy increase due to windage”
END :
"IROTOR"
MODULE

Rotor{deita_ks,DELTA_s_ks_rtr,m_dot_c,ABF_in,stg,T_0_1,P_0_1,alpha_1P_1.T_1r_rms_2aipha_2M_2a,P_ 2T _2,P
02T02C2A2Mz2C theta 2C z 2,C_1,U_1,U_2,beta_1,q_1.q_1_eff ABF.DELTA_h_0,DELTA_s,Re,L,g.DE
LTA_s_fs,omega_bar)

$COMMON fluid$,N

"Inputs from lookup table”

tau_rir = LOOKUP('Stage inputs',stg,3) “Tip clearance”

xi_rtr = LOOKUP{'Stage inputs' stg,4) "Blade stagger angle”

chi_1_rtr = ABS(LOOKUP('Stage inputs'.stg,5)) "Biade inlet angie”

chi_2_rtr = ABS(LOOKUP('Stage inputs’,stg,6)) "Blade outlet angle”

rt1 = LOOKUP{'Stage inputs',stg.7) "Tip radius at inlet of blade row "
rt2 = LOOKUP({'Stage inputs',stg,8) "Tip radius at outlet of blade row"
r_hb 1 = LOOKUP('Stage inputs’,stg.9) "Hub radius at inlet of blade row"
r_hb_2 = LOOKUP('Stage inputs’,stg,10) "Hub radius at outiet of blade row"
t_max_rtr = LOOKUP({'Stage inputs’,stg,11) "Midspan maximum thickness”
G_rtr = LOOKUP('Stage inputs',stg,12) "Blade chord at midspan”

s_tir = LOOKUP('Stage inputs’,stg,13) “Blade pitch at mid span”

k_CLA rtr = LOOKUP{'Stage inputs' stg,14) "Blade roughness - arithmetical avarage

deviation normal to the centre line”

m_dot = m_dot_¢ - LOOKUP('Stage inputs',stg,1) "Flow rate, compressor inlet flow rate minus
bleed fiow"

r_sh = LOOKUP{'Stage inputs',stg, 15} "Part span shroud radius"

t sh = LOOKUP('Stage inputs’,stg,16) "Part span shroud thickness”

¢_sh = LOOKUP('Stage inputs',stg,17) "Part span shroud chord"

"Calculate other geometrical rotor parameters”

sigma = c_rtrfs_rir "Solidity”

N b = ROUND{(2 pi*{({r_rms_1+r_rms_2)/2)¥s_rtr} "Number of blades if trailing edge is assumed
infinitly small”

h_ratio = {r_t_1-r_hb_1)(r_t 2-r_hb_2) "Blade heigth ratio”

h_bar = {{r_t_1-r_hb_1)}+{r_t 2-r hb_2))2 "Average blade height"

theta_camber = chi_1_rir-chi_2 rir "Biade camber angle”

g = s_rir*cos(xi_rtr} "Rotor staggerd spacing”

L = {c_rtr*pi*iheta_camber)/(360"sin{theta_camber/2)) "Meanline length of circular arc airfoil”

"Thermodynamic fluid properties assumed constant throughout bladerow”

Cp = CP(fluid$, T=(T_1+T_2y2,P=(P_1+P_2)2) "Bladerow specific heat at constant pressure"
Cv = CV(fluid$, T=(T_1+T_2)2 P=(P_1+P_2)/2) "Bladerow specific heat at constant volume®
R = C pC._v "Gas constant”

gamma = CplC v "Relation of C_pto C_v"

"ROTOR INLET CALCULTIONS"
"Rotor inlet pressure and temperature calculations”

T_1 = T_0_1-C_1"2/{2*C_p) "Calculation for T - static temperature”

P_1 = P_O 1(T_0_1/T_1¥gamma/{gamma-1}) "Calculation for P - static pressure”

T O_1r = T_0_1+(W_1r2-C_1A20{2°C_p) "Calculates relative stagnation temperature™
P O 1r = P_0_1*((T_0_1rT_0_1Y({gamma)/{({gamma)-1)}) "Calculates reiative stagnation
pressure”

h.T = C p*T_0_1r-0.5"0_142 "Rothalpy at rotor inlet, equal to rothalpy at rotor outlet”
P_T_1 = P_1*{({h_ TiIC J))IT_1)"((gamma)l((gamma) 2h))] "Calculates pressure based on

rothalpy at rolor inlet”
"Rotor inlet thermodynamical property calculations from built in EES functions”

rho_1 = DENSITY(fuid$, T=T_1,P=P_1) "Density of fluid at bladerow inlet”
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al = sqrt{gamma*R*T_1) "Velocity of sound, m/s at bladerow inlet"
mu_1 = VISCOSITY(fluid$, T=T_1,P=P_1) "Viscosity of fluid at bladerow inlet”

"Inket velogity triangle equations”

Al = ({pi*r_t_122)-(pi*r_hb_1"2)}*ABF “Iniet annulus area with ABF taken into account”
r_rms_1 = sqrt((r_t_1 A2 +r_hb_172)2) "Rms diameter at iniet of blade row"

U1 = ({(2*pi"NY60Y'r_rms 1 "Biade pheripheral speed at rms_1"

C z 1 = m_dot/{rho_1"A_1) "Infet axial velocity, calculated from the
continuity™

W_1 = sqri((U_1-C_theta_1)"2 + (C_z_1)"2) "Inlet relative velocity"

C 1 = C_z_1/cos(alpha_1) "Inlet Absolute velocity"

C_theta_1 = C_z_1*tan(alpha_1} "Tangential component of absolute inlet velocity”
beta_1 = -arccos(C_z _1/wW_1) "Caiculates angle relative to rotor at inlet”
"Other required inlet variables”

i = -chi_1_rtr - beta_1 "Incidence”

M_z 1 = C z_1/a1 "Inlet axial Mach number, based on axial
velocity™

M_1 = W _1/a1 "Relative inlet Mach number”

q_1 = (P.O_1r-P_1) “Iniet dynamic head to rotor”

q_1_eff = q_1*((1+2.5"C_1*sin(alpha_1+beta_1))}"2+0.5U_1/2){4*C_12))"Effective iniet dynamic

head for rotor”

"IROTCOR QUTIET CALCULATIONS"
"Rotor outlet pressure and temperature calculations”

T 0 2r = (h_T+0.5"U_242yC p "Outiet relative temperature, rothalpy at rotor
outiet = rothalpy at rotor iniet"

PT2 = P_T_1-(omega_bar"q 1*P_T_1)¥P_0_1r  "Outlet pressure based on rothalpy
mcorporatmg pressure losses”

P2 = P_T_2/(((h_T/C_p)}T_2yN(gamma){(gamma}-1)}} "Static pressure at outlet”

TO02 = T_0_2r - (W_242-C_2/2)/(2°C_p) "Stagnation temperature at outlet”

P02 = P_2*(T_0_2/T_2y{gammal(gamma-1}) "Stagnation pressure at outlet”

PO 2r = P_0_2*(T_0_2r/T_0_2)4(gamma)i{gamma)-1)))"Relative outlet stagnation pressure”
T2 = T_0_2-C_2/2/(2*C_p) "Calculation for static temperature at outiet”
"Rotor outlet thermodynamical property calculations from built in EES functions™

tho_2 = DENSITY(fluid$, T=T_2,P=P_2} "Density of fluid at bladerow outlet”

a2 = sgri(gamma*R*T_2) "Velocity of sound, m/s at bladerow outiet"
mu_2 = VISCOSITY (luid$. T=T_2,P=P_2) "Viscosity of fluid at bladerow outlet”
"Outlet velocity triangle equations”

A2 = ({pi*r_t_222)-(pi"r_hb_2"2)}*ABF "Qutlet annuius area with ABF taken in account”
r_ms_2 = sqrt{(r_t 222 +r_hb_22)2) "Mean diameter at exit of blade row"

U2 = ((2*pi*"NY60)'r_rms_2 "Biade pheripheral speed at r_rms_2"
C_z2 = m_dot/(rho_2*A_2) "Qutlet axial velocity - calculated from
continuity”

W 2 = (sqrt{{U_2-C_theta 2)*2 +(C_z_2)"2})) "Qutlet relative veiocity”

cC2 = C_z_2icos(alpha_2} “"Qutlet absolute velocity™

C_theta_2 = C_z 2*tan(alpha_2) "Tangential component of absolute outlet velocity”
beta_2 = -arccos(C_z_2/W _2) "Calculates angle relative to rotor at outlet”

CALL Deviation(i,i_min,ABS(beta_1},t_max_rtr.c_rtr,theta_camber, sigma:deita_min,delta) "Call sub-section for deviation
at min loss and off-min loss”

beta 2 = ~chi_2_rtr - delta "Definition of deviation”

"Other required outlet variables”

Mz2 = C z 2/a2 "Qutlet axial Mach number, based on axial velocity”
M_2 = W_2/a2 "Outlst Mach number, based on relative exit velocity”
M_Z2a = C_2/a2 "Qutiet Mach number, based on absolute exit velocity”
BBF = 1-(2*"block)/(g+t_max_rir) "Blade blackage factor - block is value returned from
profile loss module”

W 2 fs = W_2/BBF "Freestream outlet velocity due to BBF - blade blockage
faclor from and o profite loss™

ABF = ABF(ABF_in,delta_bar,h_bar) "Annuius blockage factor - from Function ABF"

"Other variables needed for calculations”

DELTA_h O = Cp (T 02-T 0 1) "Stagnation enthalpy change accross bladerow"
DELTA_h = C p*(T_2- T 1) "Static enthalpy change accross bladerow”

Re ¢ = ((rho_1+rho_2)2*((W_1+W_2¥2)"c_rtr)/{{mu_1+mu_2)/2) "Chord Reynolds number"
Re = ({rho_1+rho 2Y2*°(C_z_1+C_z_2)/2*sqrt({4*(A_1+A_2)2)pinf(mu_1+mu_2)/2) "Reynolds

number based in equivalent diameter"

CALL Blade_stall(stg.i,i_min,delta_beta:inop$) "Test if blade is in stall and halt calculations with error message”™
CALL Min_inc(ABS(beta_1).sigma.t_max_rtr,c_rtr,theta_camberi_min) "Minimum loss or reference incidence from sub-
section Min_inc"
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CALL Opp_Range(M_1,chi_1_rir,sigma theta_camber:deita_beta}

Opp-Range”

delta_bar

delta_ks

equal to Koch and Smith value calculated in calling module”

"ICALLS TO L.OSS MODEL SUB-SECTIONS™

CALL

"Operating range of cascade from sub-section

"Sets endwall boundary layer displacement thickness parameter

Profile_Loss_Koch_Smith{r_rms_1,r_rms_2,C theta 1,C_theta_2,Re_c,mu_1,c_rrk_CLA rtr,h_ratio,A_1,A_2,sigma.t_
max_rir, ABS(beta_1),ABS(beta_2),W_1,W 2 fs,M_1,M_2z 1,rho_1:omega bar_min,block)
{CALL Profile_Loss_Lieblein(ABS({beta_1),ABS(beta_2),sigma,c_rir:.omega_bar_min,block}}

CALL Off_Loss_Casey(omega_bar_min,i,i_min,delta_beta:omega_bar_p)
{CALL Off_Loss_Lieblein(ABS(beta_1),ABS(beta_2),sigma,c_rir,i,i_min:omega_bar_p)}

CALL Pss_loss{beta_1,beta_2(C_z_1+C_z 2)/2,(at+a2)/2,r_sh,N_b,c sht sh,(A_1+A_2)/2,R,gamma:DELTA_s_pss)

DELTA_ s ew

DELTA_s_ks_rir "Koch and Smith endwall loss model”

{CALL Endwall_loss_Howell(ABS{beta_1),ABS{beta_2),s_rtr,h_bar,sigma:omega_bar_ew)}

{CALL Endwall_loss_Hub_Fottth_bar,c_rir ABS(beta_1)ABS(beta_2),tau_rfr:-omega_bar_ew)}
{CALL Endwall_loss_Roy_Kumar{ABS(beta_1),ABS(beta_2),sigma,h_bar,c_rtr,rho_1,tau_rtr,(P_2-
P_1)q_1,W_1.U_1,q_1,theta_camber.omega_bar_ew)}

CALL Windage loss{{C_z_1+C_z_2)/2,{U_1+U 2¥2,r hb_1,r_hb_2Re.DELTA_h_0.h_bar.T_0_2:DELTA_s windage}

"Equations nessacary to obtain both pressure loss and entropy increase for losses”
=C_pHin(T_2T_1}R*n{P_2/P_1)

=DELTA_s_p + DELTA_s_pss

=DELTA_s fs+DELTA s _ew+DELTA_ s_windage

DELTA s
DELTA s fs
DELTA s
pressure joss"
DELTA_s_ew

from endwall loss”
= -RYn{{P_T_1 - {omega_bar_pss*q_1*P_T_1)¥P_0_1r)/P_T_1)"Calculates pressure loss coefficient
from part span shroud loss”
omega_bar = omega,_bar_ew+omega_bar_p+omega_bar_pss+omega_bar_windage"Sum of pressure loss coefficients
for use in pressure loss equations”

DELTA_ s pss

END

"ISTATOR"
MODULE

Stator(delta_ks,DELTA_s_ks_str,m_dot_c,ABF_in,alpha_1,stg.,r_rms_2,alpha_2,M_2a,P 2T 2P 0 2T 0 2,C_2A_2,
03

M_z_2,C_thela_2,C_z_2.C_1,U_1,U_2beta_1,P_3T 3T_0_
A_s fs,omega_bar)
$COMMON fluid$,N

"Inputs from lookup table”

tau_str
xi_str
chi_2_str
chi_3_str

deviation normal
m_dot

r_sh

t_sh

c_sh

O T N~ T T O | O T T O T 1 1 I O [}

LOOKUP('Stage inputs',stg,18)
LOOKUP({'Stage inputs',stg,19)
LOCKUP('Stage inputs',stg,20)
LOOKUP('Stage inputs',stg,21)
LOOKUP({'Stage inputs',sig,8)

LOOKUP('Stage inputs’,stg,22)
LOOKUP({'Stage inputs',stg,10)
LOOKUP({'Stage inputs',sig,23)
LOCKUP('Stage inputs’,stg,24)
LOOKUP({'Stage inputs',stg,25)
LOOKUP({'Stage inputs',stg,26)
LOOKUP('Stage inputs',stg,27)

the centre ling”

m_dot_c - LOOKUP{'Stage inputs',stg,1)
LOOKUP('Stage inputs',stg,28)
LOOKUP('Stage inputs'.stg,28)
LOOKUP({'Stage inputs',sig, 30)

"Calculate other geometrical stator parameters”

sigma
N_b
infinitely small"

c_str/s_sir
ROUND((2*pi*({r_rms_2+r_rms_3)}2))/s_str)

"Total entropy change through rotor”
"Freestream entropy change through rotor”
"Windage loss only influence efficiency, not

-R*In{(P_T_1 - (omega_bar_ew"q_1"P_T_1)/P_0_1r¥P_T_1) "Calculates pressure loss coefficient

JP_0_3,alpha_3,ABF.DELTA_s,Re,L.g,q 2.q 2_eff DELT

"Tip clearance”

"Biade stagger angle"

"Blade inlet angle”

"Blade outlet angle”

"Tip radius at inlet of blade row”
"Tip radius at outiet of blade row”
"Hub radius at inlet of blade row"
"Hub radius at outlet of blade row"
"Midspan maximum thickness"”
“Blade chord at midspan"

"Blade pilch at mid span”

"Blade roughness - arithmetical avarage

"Stage flow rate”

"Part span shroud radius”
*Part span shroud thickness"
"Part span shroud chord”

"Solidity"”
"Number of blades if trailing edge is assumed
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h_ratio = (r_t 2-r hb_2¥(r_t 3-r_hb_3)} "Biade heigth ratio”

h_bar = ({r_t 2-r hb_2)y(r t 3-r_hb_3)¥2 "Average biade height"

theta_camher = chi_2_str-chi_3_str "Blade camber angle”

g = s_str*cos{xi_str) "Stator staggerd spacing”

L = {c_str*pi*theta_camber)/(360"sin(theta_camber/2})  "Meanline length of circular arc airfoil"

"Thermodynamic fluid properties assumed constant throughout bladerow”

Cop = CP(fluid$, T=(T_2+T_3)/2,P=(P_2+P_3)/2) "Bladerow specific heai at constant pressure”
C v = CV(fluid$ T=(T_2+T_3)/2,P=(P_2+P_3)2) "Bladerow specific heat at constant volume"
R = C_pC.oyv "(Gas constant”

gamma = CpiC v "Relationof C_pto C_v"

"ISTATOR INLET CALCULATIONS"
"Mostly done in Rotor sub-section”

q2 = (PO2-P2) "intet dynamic head to stator™

_2_eff = q_24{(1+2.5*U_2A2+0.5"U_2°2)/(4"C_2*2)) "Effective inlet dynamic head for stator”
"Stator inlet thermodynamical property calcutations from built in EES functions”
rho_2 = DENSITY(fluid$, T=T_2,P=P_2) "Density of fluid at bladerow inlet"
a2 = sqri{gamma*R*T_2) "Velocity of sound at bladerow inlet”
mu_2 = VISCOSITY(fluid$, T=T_2,P=P_2) "Viscosity of fluid at bladerow inlet”
i = alpha_2 - chi_2_sir "Incidence”

“ISTATOR QUTLET CALCULATIONS"
"Rotor outlet pressure and temperature calculations”

T 03 = T0.2 "Constant h_0 over stator”

P03 = P_0_2— omega_bar'q_2 "Calculation for P_0 at outlet of stator"

T3 = T_0_3-C_3*"2/(2*C p} "Caiculation for T - static at outlet"

P 3 = P_0_3/(T_0_3/T_3y{gamma/(gamma-1)) "Calculation for P - static at outlet"

*Stator outlet thermodynamical property calcwlations from built in EES functions”

tho_3 = DENSITY(fiuid$, T=T_3,P=P_3) “Density of fluid at bladerow outlet"

a3 = sqrt{gamma*R*T_3) "Velocity of sound at bladerow outiet”

mu_3 = VISCOSITY{fluid$,T=T_3,P=P_3) "Viscosity of fluid at bladerow outlet"
*Outlet velocity traangle equations”

A3 ((pi*r_t_372)-(pi*r_hb_3*2))*ABF "Calculates outlet annulus area, ABF_out is due
to the endwall boundary layer of this stage”

r_rms_3 = sqrt((rﬂt_:i"z +1_hb_372)/2) "Rms diameter at outlet of blade row"

U3 = "Biade pheripheral speed atr_rms_3"
Cz3 = m _dot/(rho_3"A_3) "Qutlet axia! velocity - caiculated from contmwtf
w_3 = sqri{(U_3-C_theta_3)*2 + (C_z_3)*2} "Qutlet relative velocity”

c3 = C_z_3lcos(alpha_3) "Outlet absolute velocity”

C_theta_3 = C_3*sin(alpha_3) "Tangential component of absolute cutiet velocity"
beta_3 = arccos(C_z_3/W_3) "Calculates angle relative to stator at outlet”

CALL Deviation(i,i_min,alpha_2t_max_str.c_str,theta_camber,sigma:della_min,deita) "Call sub-section for deviation at
min loss and off-min loss”

alpha_3 = chi_3_str + delta "Definition of deviation”

"Other required outiet variables”

M_z_3 = C z_3/a3 "Outiet axial Mach number, based on axial velocity”
M_3 = C_3/a3 "Outlet Mach number, based on absolute velocity”

BBF = (1-2*block/(g-t_max_st)) "Blade blackage factor - block is value returned from
profile loss boundary layer equations™

C_ 3 fs = C_3/BBF "Freestream outlet velocity due to BBF - blade
blockage factor from and to profile loss” :

ABF = ABF({ABF_in delta_bar,h_bar) "Annulus blockage factor, from function ABF "

"Other variables needed for calculations”

DELTA_h = C_pNT_3-T_2) "Static enthalpy rise across stator"

Re_¢ = ((rho_2+rho_3)¥2*{{C_2+C_3)/2)"c_str){{mu_2+mu_3)/2) "Chord Reynolds number"

Re = {{rho_2+rho_3)/2*(C_z_2+C_z_3)/2*sqri({4*(A_2+A_3)2)pi)/{(mu_2+mu_3)/2) "Reynolds
number based on equivalent diameter”

CALL Blade_Stall(stg,i,i_min,delta_beta:inop$) "Test if biade is in stall and hait calculations with
error message”

CALL Min_inc{alpha_2,sigma,t_max_str,c_str,theta_camber:i_min) "Minimum loss or reference incidence from sub-

section Min_ing"
CALL Opp_Range(M_2a,chi_2_str,sigma,theta_camber.delta_beta) “Calcualtion of operating range of cascade from
sub-section Opp-Range”

delta_bar = delta_ks "Sets endwall boundary layer displacement thickness
parameter equal to Koch and Smith value calculated in calling module”
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"ICALLS TO LLOSS MODEL SUB-SECTIONS"

CALL

Profile_Loss_Koch_Smith{r_rms_2,r rms_3,C_theta_2,C_theta_3,Re_c.mu_2.c_sitrk_CLA_str,h_ratio,A_2 A_3,slgma,t_
max_str,alpha_2,alpha_3,C_2.C 3 fs,M_2aM z_2rho_2:omega_bar_min,block)

{CALL. Profile_Loss_Lieblein(alpha_2,alpha_3,sigma.c_strromega_bar_min, block}}

CALL Off_Loss_Casey(omega_bar_min,i,i_min,delta_beta:omega_bar_p)
{CALL Off_Loss_Lieblein{alpha_2,alpha_3,sigma,c_str,ii_min:omega_bar_p)}

CALL
Pss_loss(alpha_2,alpha_3,(C_z_2+C_z_3)/2(a2+a3)/2,7_sh,N_b.,c_sht sh,(A_2+A 3)2,Rgamma:DELTA_s_pss)

DELTA_s ew = DELTA_s_ks_str "Koch and Smith endwall loss model selected”
{CALL Endwall_loss_Howell(alpha_2.alpha_3,s_str,n_bar,sigma:omega_bar_ew)}

{CALL Endwall_loss_Hub_Fott{h_bar,c_str,alpha_2,alpha_3,tau_sir:omega_bar_ew)}

{CALL Endwall_loss_Roy_Kumar(alpha_2,alpha_3,sigma,h_bar,c_str,rho_2.tau_str,(P_3-

P _2)q_2,C_1,U_2,4q_2theta_camberomega_bar_ew)}

"Equations nessacary to obtain both pressure loss and entropy increase for losses”

DELTA s =C_p'In(T_3T_2)-R*In{P_3/P_2) "Total entropy change through rotor”

DELTA_s fs =DELTA_s p+ DELTA_s pss "Freesfream entropy change through rotor”

DELTA_s =DELTA s_fs+DELTA_s ew

DELTA_s ew =-R*In{(P_0_2 - (omega_bar_ew*q_2)YP_0_2)"Calculates pressure loss coefficient from endwall logs”

DELTA_s pss =-R*In{(P_0_2 - (omega_bar_pss*q_2))}P_0_2)'Calculates pressure loss coefficient from part span
shroud loss”

omega_bar = omega_bar_ew+omega_bar_p+omega_bar_pss"Sum of pressure loss coefficients for use
in pressure loss equations”

END

“STAGE - Main Program”
"IAssigns user inputs from Lookup table”

fiuid$ = LOOKUP%('Inlet comp'.1,1} "Defines working fluid for use in fluid property
calculations”

N = LOOKUP('Inlet comp',1,2) "Rotational speed”

T_0_1 = LOOKUP{Inlet comp’,1,3} "Intet stagnation temperature”

P_0_1 = LOOKUP('Inlet comp',1,4) “Inlet stagnation pressure”

alpha_1 = LOOKUP{'Iniet comp’,1,5) "Absolute fiow inlet angle measured from axial direction"
ABF_in = LOOKUP('Inlet comp', 1,6} "Iniet biade blockage factor”

m_dot = LOOKUP('Inlet comp',1,7) "Flow rate in kg/s"

sty = 1

"Call rotor and stator sub-codes”

CALL

Rotor(delta_ks,DELTA_s_ks_rtr,m_dot,ABF_in,stg,T_0_1,P_0_1,alpha_1,P_1,T_1r_rms_2alpha 2M_2aP_2T 2P 0O
2T 0 2C2A2M 2z 2.C_ _theta_2C z 2C _1,U_1.U_2beta_1,q_1.q 1_ effABF rir, DELTA _h 0,DELTA_s_rtr,Re rt
rb_rr.g_rr,DELTA_s_| - fs_ _rtr,omega_| rtr)

CALL

Stator(deita_ks,DELTA s _ks_str,m_dot, ABF_rir,alpha_1,stg.r_rms_2.alpha_2M_2aP 27T 2P _0 27T 0 2.C_2A_2M_
z_ 2,C theta_2,C_z 2,C_ 1,U_1,U_2beta_1,P_3T_3,T_0_3,P_0_3.alpha_3,ABF_sitr,DELTA_s_sir,Re_str,L_str,g str,q_
2,q_2_eff DELTA_s_{s_str.omega_str)

h_stg = ({(LOOKUP({'Stage inputs',sig, 7 -LOOKUP('Stage inputs',stg,9))+(LOOKUP({'Stage
inputs',sig, 22} OCOKUP('Stage inputs',stg,23)))/2 "Average blade beighf"
L wid = {a_1/q_1+q_2)) (L_rir/g_rtr)+(q_2/(a_1+q_2))"(L_strig_str)"Weighted average for Lg, where
L is the diffuser length needed to calculate stallPRC"
tau_wtd = (q_1/q_1+q_2))"(LOOKUP('Stage inputs’,stg,3)/g_rirr+(q_2/{q_1+q_2))"(LOOKUP{' Stage
inputs',stg,18)/g_str) "Weighted average for tao/g”

_stg = {q_1{a_1+q_2)yg_rtr+(q_2f(a_1+q_2)y*g_st"Weighted average for g"
AS_wtd = {q_1/(q_1+q_2))"(LOOKUP('Stage inputs',stg,2)/LOOKUP('Stage

inputs',stg, 13)1+(q_2/(q_1+q_2))"(LOOKUP('Stage inputs',stg,2)/LOOKUP('Stage inputs' stg,26))  “Weighted average
for AS/pitch”

C_P_max = StaliPRC(L_wid,(Re_rtr+Re_sir)/2,tau_witd AS_wid) "Stalling static pressure rise coefficient
for stage from correlation”

C_P stg = (P_3-P_1)/(qg_1+q_2) "Static pressure rise coefficient of stage”
K_1 =(g_1_eff)}f(q_2+q_1) : “Row factor for use with Koch and Smith endwall loss mode! for rotor”
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K_2 =(q_2 effifq 2+q 1) "Row factor for use with Koch and Smith endwall loss model for stator"
DELTA s fs = DELTA_s_fs_nr+DELTA s fs_str "Freestream entropy change through stage”
eta fs = 1- ((T_0_3*(DELTA_s_fs))}/(DELTA_h_0})}  "Stage freestream total-to-total adiabatic efficiency”
CALL

Endwall_loss_Koch_Smith(DELTA_s_fs,h_stg.DELTA_h_0,T_0_3,eta_fs,K_1 K 2,stg,C_P_stg,C_P_maxtau_wid AS_w
td,g_stg:deita ks, DELTA_s_ks_rir, DELTA_s_ks_str}

DELTA_ s = DELTA s_rir+DELTA s str "Sum of the total rotor and staltor entropy increases”
TR_tt = T 03T 01 "Stage total-to-total temperature ratio”
PR_#t = P_0_3/P 0 1 "Stage total-to-total pressure ratio”
eta = 1- ((T_0O_3*(DELTA_s)¥(DELTA_h 0)) "Stage total-to-total adiabatic efficiency”

“T 0_3,P 0_3.alpha 3.DELTA_h_O,DELTA s, TR #.PR_tteta - - - - Export file format®

$Export /A 'C:\temp\Staget.csv,T_0_3,P_0_3,alpha_3,DELTA_h 0,DELTA_s,TR_MPR_ti.eta
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APPENDIX D.1 TEST COMPRESSOR SPECIFICATION

Appendix D.1

TEST COMPRESSOR SPECIFICATION

Chapter 6 deals with the verification of the EES code with a commercial software packagé called
NREC. A four stage axial compressor is used in this chapter and Table D.1 presents the values of

the input parameters used for implementing this test compressor.

Table D.1.1 Test compressor input values

Variable Value Units
N 9000 rpm
Fluid Helium -
T, 299.3 K
B, 4497 kPa
a, 12 °C
ABF,, 1 -
; 148 kg/s

Variable Stage 1 Stage 2 Stage 3} Stage 4 Units
: 0 0 G 0
Mpleed kg/ 5
AS 0.015 0.015 0.015 0.015 m
Rotor
T,, 0.0005 0.0005 0.0005 0.0005 m
’___
£, 509 509 50.9 509 °
% -59.5 -55.5 -54.5 -53.5 °
Xa -46 -46 -46 -46 °
r, 0.392 0.39 0.388 0.386 m
r, 0.391 0.389 0.387 0.385 m
Tt 0.3335 0.3335 0.3335 0.3335 m

@
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TEST COMPRESSOR SPECIFICATION

Variable Stage 1 Stage 2 Stage 3 Stage 4 Units
T, 0.3335 0.3335 0.3335 0.3335 m
onas. 0.002955 0.002955 0.002955 0.002955 m
c, 0.0356 0.0356 0.0356 0.0356
S, 0.0275 0.0275 0.0275 0.0275
kers . 5.000E-07 5.000E-07 5.000E-07 5.000E-07 m
. 0.36 0.36 0.36 0.36 m
o, 0.002 0.002 0.002 0.002 m
Car 0.009 0.009 0.009 0.009 m
Stator
T, 0.0005 0.0005 0.0005 0.0005 m
., 35 35 35 35 @
Xa, 41 41 40 38 °
s, 18 18 8 18 °
A 0.39 0.388 0.386 T 0.384 m
— B 1
Tas, 0.3335 0.3335 0.3335 0.3335 m
s, 0.002955 0.002955 0.002955 0.002955 m
Copr 0.0356 0.0356 0.0356 0.0356 m
s, 0.019 0.019 0.019 0.019 m
kepa, 5.000E-07 5.000E-07 5.000E-07 5.000E-07 m
a 0.355 0.355 0.355 0.355 m
toh 0.002 0.002 0.002 0.002 m
Co, 0.009 0.009 0.009 0.009 m
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Appendix D.2

ADDITIONAL NON-LOSS PARAMETER VERIFICATION

Chapter 6 deals with the verification of the EES code with a commercial software package called
NREC. This appendix gives additional comparisons of the major non-loss parameters needed
during stage performance prediction. In Chapter 6 the comparison is given for the design point
mass flow for the first stage of the four stage compressor considered. Two more mass flows are
considered, one lower and one higher than the design point value. Table D.1 and Table D.2
shows the comparison as well as the percentage difference between EES and NREC.

Table D.2.1: 1deal stage parameter verification at a reduced mass flow

Ci 14§.22 146.27 0.03
W 344.42 344.44 0.01
B -64.93 -64.92 0.02
U, 342.99 342.99 0.00
C, 241.35 241.18 . 0.07
W, 205.77 206.76 0.47
a, 53.68 53.45 0.43
B2 -64.00 -64.00 0.00
U, 342.49 342,49 0.00
C, 149.07 151.46 1.57
W, 149.07 151.46 1.57
a, 18.00 18.00 0.00
B, 18.00 18.00 0.00
F; 4915.12 4913.21 0.04
T, 310.03 310.08 0.02
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Table D.2.2: Ideal stage parameter verification at an increased mass flow

C, 171.12 171.15 0.02
W, 350.03 350.04 0.00
B, -61.43 -61.43 0.00
U, - 34299 342.99 0.00
c, 23809 238.05 0.02
W, 236.88 238.16 0.53
a, 46.28 45.97 0.67
B, -46.00 -46.00 0.00
U, 342.49 342 .49 0.00
C, 172.84 175.18 1.34
W, 172.84 175.18 1.34
a, 18.00 18.00 0.00
B, 18.00 18.00 0.00
B, 4344.64 4842.20 0.05
Ty 308.30 308.24 0.02
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