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EXECUTIVE SUMMARY

Name: Werner van Antwerpen

Title: Multi-Quadrant Performance Simulation for Subsonic Axial Flow Compressors
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The emergence of closed—loop Brayton cycle power plants, such as the PBMR, resulted in the
need to simulate start-up transients for industrial multi-stage axial flow compressors operating at
subsonic conditions. This implies that the delivery pressure and power requirements must be
predicted for different mass flow rates and rotational speeds while operating in the first and fourth

quadrants on the compressor performance charts.

Therefore, an analytical performance prediction model for subscnic multi-stage axial flow
compressors had to be developed that can be integraied into a generic network analysis software
code such as Flownex. For this purpose, performance calculations based on one-dimensional
mean-line analysis demonstrated good accuracy, provided that the cotrect models for losses,

incidence and deviation are used. Such a model is therefore the focus of this study.

A preliminary analytical performance prediction code, with the capability of interchanging between
different deviation and loss models is presented. Reasonably complex loss models are
integrated in association with the correct incidence and deviation models in a software package
called "Engineering Equation Solver” (EES). The total pressure loss calculations are based on a
superposition of theoretically separable loss components that include the following: blade profile
losses, secondary losses and annulus losses. The fundamental conservation equations for
mass, momentum and energy for compressible “rotating pipe” flow were implemented into the
performance prediction code. Performance prediction models were validated against
experimental data and evaluated according to their ease of implementation. Verification was
done by comparing simulation results with experimental work done by Von Backstrom. This

includes a calculation to determine the uncertainty in the experimental results.

Furthermore, since the conventional definition of isentropic efficiency breaks down at the
boundaries of quadrants on the performance charts, a new non-dimensional power formulation is

presented that allows for the calculation of the compressor power in all of the relevant quadrants.

Good comparison was found between simulation results and measurements in the first and fourth
quadrant of operation.
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Datum: May 2007

Met die ontwikkeling van geslote Brayton siklus krag stasies, soos die PBMR, is die behoefte
geidentifiseer om transiente tydens die aanskakeling van multi-stadium aksiaal vioei kompressors
by subsoniese kondisies te simuleer. Dit bring mee dat druk en drywing vereistes voorspel moet
word vir verskillende massa vioeie en rotasionele spoede. Dit sal gedoen word tydens werking in
die eerste en vierde kwadrant op die kompressor werkverrigtings kaarte.

‘n Analitiese werkverrigting model vir subsonies multi-stadium aksiaal vioei kompressors moet
dus ontwikkel word wat in ‘n generiese netwerk analise sagteware pakket soos Flownex
geimplementeer kan word. Daar is gevind dat werkverrigtingsberekeninge gebaseer op
elementére eendimensicnele voorspellings, by die gemiddelde radius, merkwaardige
akkuraatheid kan oplewer, mits geskikte modelle vir die verliese en die afwykings hoeke by die

inlaat en uitlaat gebruik word. Sulke modelle is dus die fokus van hierdie studie.

‘n Voorlopige kode, vir die voorspelling van kompressor werkverrigting, is voorgestel en het die
vermoeg om tussen verskillende verlies en deviasie modelle te ruil. Redelike komplekse verlies en
afwykings hoek modelle is geimplementeer in ‘n sagteware pakket genaamd “Engineering
Equation Solver” {EES). Die totale druk verlies berekeninge is gebaseer op ‘n superposisie van
verskillende teoretiese komponente naamlik: lem profiel verliese, sekondére verliese en annulus
verliese. Die behoudswette vir massa, momentum en energie vir saamdrukbare “roterende pyp”
vloei was in die werkverrigtings model geimplementeer. Werkverrigtings modelle was gevalideer
teen eksperimentele data en geévalueer mel betrekking tot graad van gemaklikheid tydens
implementering in die simulasie kode. Resultate is verder vergelyk met eksperimentele werk
gedoen deur Von Backstrém. 'n Berekening is ook gedoen om die onsekerheid in die
eksperimentele data te kry.

Verder, omdat die konvensionele definisie van isentropiese effektiwiteit ongeldig raak naby die
grense van die kwadrante op die werkverrigtings kaarte, is 'n nuwe dimensielose drywing
geformuleer. Dit geld vir die akkurate berekening van kompressor drywing in al die kwadrante.

'n Goeje vergelyking was gevind tussen simulasie en eksperimentele resultate in die eerste en
vierde kwadrant.

Sleutelwoorde: Verlies, aksiaal vloei kompressor, kwadrant, subsonies, simulasie
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NOMENCLATURE
a Factor in equation for equivalent diffusion ratio
A Minimum loss area contraction ratio
A Flow area
BF Blockage Factor
C Absolute velocity
c Axial chord length
Cp Specific heat
Cm Cetin ef al. off-design correction coefficient
Deg Equivalent diffusion ratio
Apy, Stagnation pressure loss coefficient
g Newton gravitational constant
H» Wake form factor
h Enthalpy, Blade height
I1,42.03 Coefficients used in throat width calculation
i incidence angle
L Centreline average of roughness particles
k. Equivalent sand roughness
L Finite length
m,m;,m; Coefficients for optimum deviation angle calculation Wright and Miller

Mass flow rate

Mach number

Slope of variation in minimum loss incidence angle with camber

Rotational speed in revs per minute, Newton

Throat width

Pressure

Power

Non-dimensional power

Radius

(Gas constant

Reynolds number

Blade pitch length

Blade thickness

Ni< (K |<|c|A]~|o |B|Dj-~ || L olo|z| 53.

Temperature
Blade speed
Relative velocity
Volume
Tip/Hub diameter ratio (DJ/Dy)
Torque
CE Conservation equations
CFD Computed Fluid Dynamics N
EES Engineering equation solver
HHT High temperature nuclear reactor with helium gas turbines
I,DM Incidence and deviation models
LE Leading edge
LM Loss Models
PBMR Pebble bed modular reactor
TE Trailing edge
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VT Velocity triangles |
Greek symbols
a Relative outside flow angle, Angle of attack
B Relative flow angle, Conservation equation
op Operating range
d Deviation angie
€ Turning
g Beundary layer displacement thickness
A Blockage
D Correctional slope factor
r Blade circulation
Y Specific heat ratio
. Compressor efficiency
M Viscosity
(i Absolute flow angle, Boundary layer momentum thickness
B e+ P Blade camber angle
4 Density N
o Blade solidity = ¢/s
@ Pressure loss coefficient, Rotor angular velocity
Q Axial velocity ratio
4 Blade stagger angle
D IJ
- Averaged value
0 Stagnation condition ]
1 Inlet into blade rotor or stage
2 Qutlet from rotor and inlet to stator
3 Outlet from stator and stage
a Annulus loss, Axial component
B Blade metal angle, Bursting
C Compressor, Chord
ch Chocking
cr Critical value
e Quttet of bladerow
hb Hub
i Inlet of bladerow
inc incidence
Ma Mach number
max Maximum condition or value
min Minimum condition or value
opt Optimum N
p profile
ps_ Throat region
R Rotor
r Relative frame
Re Reynolds number
ref Reference values
r.m.s. Root mean square
S Stator
S Secondary loss
st Stall
t Tip
te Trailing edge
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w Tangential compaonent
xY¥,Z Cartesian coordinates with z in the axial direction
Superscripts
* Reference contdition, ldeal condition
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CHAPTER 1
INTRODUCTION

“We still do not know one thousandth of one percent of what nature has revealed to us.”
(Albert Einstein)
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1.1 BACKGROUND

Brayton cycle power plants such as the Pebble Bed Modular Reactor (PBMR) consist of a
general network of components. One such component is the axial flow compressor which
provides a pressure rise in the fluid. This ensures flow through the closed-loop Brayton cycle for

cooling of the heat source (reactor) and generating of electricity (Figure 1.1).

Figure 1.1 Gas turbine process (Brayton cycle) flow sheet, with one-shaft machine and a LP and
HP axial flow compressor (Kugeler et al., 2006:Ch.7,10)

Multi-stage axial flow compressors are generally used in a wide spectrum of engineering
applications. Therefore it is critical that the simulation of compressor performance charts
correspond to the latest technology of the day.

Turbomachines has a designed direction of rotation, a preferred flow direction and a positive or
negative pressure difference across it. During abnormal operating conditions turbomachines can
also operate at other off-design combinations of rotation, flow direction and pressure difference.
This results in operation in all four quadrants of a general performance chart of pressure
difference on the y-axis versus mass flow rate on the x-axis.

Gamache (1985:44) noticed in 1985 that during the past two decades, the development of the
nuclear power industry has helped spark renewed interest in the phenomenon of reverse flow in
turbomachinery. Most of this new interest was based in Germany in response to a German
federal program from the 70's and 80’'s. The program’s focus is to develop nuclear closed-loop
gas turbine power generation technology. This cycle involves the use of a high temperature
nuclear reactor and helium gas turbines. As a result, the German HHT conducted research in
turbomachinery operating in reverse flow. This has been primarily directed towards the four
quadrant performance of gas turbine stages. According to Bammert and Zehner (1980), all
imaginable cases of operation can be described with the aid of a four-quadrant characteristic field
which encompasses the range of positive and negative flow direction and rotation direction of the
turbine rotor.
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The PBMR technology originated from Germany, thus the motives for investigating
turbomachinery in multiple quadrants are obvious. However, nuclear related research was ended
after the Chernoby! accident in 1986. This is one of the main reasons for the limited literature on
four quadrant operation of turbomachinery.

The normal designed operation of an axial flow compressor is confined to the positive direction of
rotation and positive pressure difference across it. Varying the power output in a closed-loop
Brayton cycle power plant due to electricity demands, often change the fluid conditions at the
inlets of all the axial flow compressors. Therefore, design conditions of an axial flow compressor
cannot be met at all instances. Thus, axial flow compressor performance charts are a graphical
representation of the machine's performance over a range of ambient conditions, rotational
speeds and mass flow rates.

Flownex (M-Tech Industrial (Pty) Ltd., 2006) is a general simulation network analysis code that
solves the flow, pressure and temperature distribution in arbitrary-structured thermal-fluid
networks. Flownex currently uses turbomachine performance charts obtained from the

manufacturer to predict the performance of an axial flow compressor.

This method is, however not always satisfactory for two reasons:

e Turbomachine manufacturers are often reluctant 1o supply detail performance
information about their products and therefore the required performance charts might not
always be available.

e Details of abnormal aperating conditions such as accidental or start-up transients in a
closed-ioop cycle can be shown in multiple quadrants, not supplied by the manufacturer.

To resolve these unforeseen issues, an analytical performance prediction model should be
developed from fundamental principles. This gives the advantage that only the axial flow
compressor and blade geometrical specifications needs to be known. The model can then be

integrated into the generic Flownex source code.

Although fundamental axial flow compressor performance prediction models are routinely used
within the gas turbine industry only few are discussed in open literature. Some examples of
performance prediction models discussed in open literature are:

e Streamiine curvature method,

e  Matrix throughflow method.

e Mean-line prediction method,
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Figure 1.2 Computed meridional streamlines for a three-stage transonic compressor of low hub —
casing ratio, with and without inlet bullet (Cumpsty, 1989:116)

The streamline curvature and matrix throughflow method calcutates flow in two dimensions
{axial — radial plane). It also average out the variations that occur in the circumferential direction.
There appears to be little relative advantage (and indeed no fluid mechanical difference) between
the streamline curvature and matrix throughflow methods, but it does appear that the streamline
curvature method is overwhelmingly the more popular of the two according to
Cumpsty (1989:112),

Figure 1.2 present some results from a throughflow calculation for a three — stage transonic axial
flow compressor. Two geometries have been investigated, one with an inlet bullet (such as the
front of a jet engine might have) and the other with an upstream annuius. A meridional view is
given in Figure 1.2 for the two geometries together with the quasi-orthogonals and the computed
streamline shapes (Cumpsty, 1989:115).

There are many methods to improve performance prediction of an axial flow compressor over the
mean-line approach. However, each assumption that is removed from the mean-line approach

brings two main disadvantages:

o Firstly, more data for the stage geometry must be specified, and not all of this data is
always available (for example, variation of blade profile with radius and annulus shape).

» Secondly, additional correlations are required (for example, for the distribution of losses
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and for streamtube contraction and secondary flow effects on the deviation angle).

These changes bring only a small improvement in accuracy for calculations involving well-
designed blades.

Researchers (Lieblein 1959:387, Casey 1987:273 & Wright and Miller 1991:69) demonstrated
that performance calculations based on an elementary one-dimensional mean-line prediction
method could achieve good accuracy if used in certain boundaries. This is also the preferred
method used in this thesis for simulation of the Rofanco axial flow compressor. The argument
behind choosing this method is further elaborated in Chapter 2.

1.2 OUTCOMES OF THE STUDY

Axial flow compressor performance charts consist of four quadrants (Figure 1.7 (a)). A detailed
study of the first and fourth gquadrant was necessary to gain confidence in attempting
performance prediction for axial flow compressors in a start-up transient or operation far removed
from the design point. The following outcomes were subsequently identified:

1. To understand the operational modes of an axial flow compressor in the first and fourth
quadrant of a four quadrant performance chart (Figure 1.7 (a)).

2. To comprehensively understand the mechanisms and sources that causes loss as well
as the flow direction changes in each blade row for the: first and fourth quadrant.

3. To generate a mean-line performance prediction code. The emphasis falls on
subsequently generating a performance chart in the first and fourth quadrant with given
axial flow compressor geometrical specifications. This code can also be used to predict
and investigate axia! flow compressor performance for any given number of stages, blade
and physical axial flow compressor geometry.

4. To acquire physical data to compare simulation to experimental results, subsequently
testing the validity of the loss and flow directional models obtained in open literature.

5. To introduce a new non-dimensional power term. Isentropic efficiency of a compressor
breaks down at the boundaries of quadrants on the performance charts. Thus a new
and more generically applicable representation of the work transfer rate to and/or from

the axial low compressor is established.
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1.3 THE AXIAL FLOW COMPRESSOR

STATOR VANE ROTOR BLADE DFIN%AF“AOSS‘{;QBNE

Inlet guide
vane Stator
s
e
W
R e
e

Figure 1.3 lllustration of an axial flow compressor

It is important to distinguish between a compressor and a turbine. A compressor does work on
the fluid, while turbines extract work from the fluid. Thus, the difference is based on whether the
torque applied to the rotor is in the direction of rotation (compressors) or against rotation
(turbines) as explained by Von Backstrom (2005:P1,2). This implies that the angular momentum
of the flow leaving the rotor increases with flow in either the direction of rotation (compressors) or
in the opposite direction (turbines). In principle, a machine designed as a compressor can also
operate as a turbine and vice versa.

The main function of an axial flow compressor is to transfer work to the fluid, resulting in a
pressure and temperature rise. Modern industrial axial flow compressors consist of a rotating
rotor and stationary stator blades. A stage consists of a combined rotor and stator blade row.
The rotating blade row (rotor) is attached to a central rotating shaft, while the stationary blade row
(stator) is fastened to the inner compressor casing. Work is done on the fluid by means of the
rotor that changes the tangential velocity and swirl component as described by Lieblein
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(1959:387). The working fluid is initially accelerated by the rotor blades, and then decelerated in
the stator blade passages wherein the kinetic energy transferred in the rotor is converted to static

pressure. The process is repeated in as many stages as are necessary to yield the required

overall pressure ratio.

One other aspect of an axial flow compressor is that of the blade profile types used in the
industrial and aerospace industry. The most common blade profiles are the American NACA 65-
series, the circular arc British C-series (C.4),(C.1) and the double (DCA) and multiple (MCA)
circular arc profiles. According to Cumpsty (1989:144) and Cetin et al. (1987:6), the NACA 65-
series and C-series profiles are used for inlet relative Mach numbers smaller that 0.75, while DCA
or MCA profiles are used for transonic inlet relative Mach numbers. Cumpsty (1989:483) also
suggested that the camber line shape for the C-series profiles can be classified as ‘C' or ‘P’
respectively implying a circular arc or parabolic arc camber. Figure 1.4 illustrates various
thickness distributions for different blade profiles.

Similarities arise when comparing the NACA 65-series with the C-series blade profiles using the
same thickness to chord ratio. Felix and Emery (1953:1) tested C.4 and NACA 65 blades of the
same thickness to chord ratio and camber at low Mach numbers. As a result, they found that the
C.4 and NACA 65 blades behave very similarly with virtually identical losses, but with a slightly
wider operating range for the C.4 profile. The operating range is graphically described in Figure
4.3 and the blade terminology is presented in Figure 2.6.

i
| Blode
l. T e 55 - Series
e T
it

—--— Double circular arc

bt e g 4.0. i e 60 e e 80 5 |OO
Percen! chord

Figure 1.4 Comparisons of various thickness distributions for different blade profiles
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1.4 COMPRESSOR PROCESS AND EFFICIENCY

The flow process in a turbomachine can be represented on an h-s (Mollier) diagram and
compared with an idealized process to define efficiency. The compression process occurring in a

single-stage compressor (rotor-stator) is shown in Figure 1.5.

The rotor compresses the fluid from p4 (or pes) to p2 (or pe2). The static pressure would increase
from p, to p3 along the line 2-3, and the stagnation pressure would decrease from pg; to pea due
to viscous losses as described by Lakshminarayana (1996:52).

The purpose of the stator is that it remove swirl, thereby converting (decrease) kinetic energy
from CZ/2 to CZ/2 and to further increase the static pressure. A large increase in velocity at

the exit of the stage is thus avoided. The stator also serves the purpose of guiding the flow

smoothly into the next rotor blade.

A Pz Pos (:,‘32
¥
s - :
Qi p Work input
2 i actual compressor
|
| Loy Work input
------ - isentropic compressor
>
53 p
= 1
£& ||
o TR R SR o SR SRRl
w
2
[C_‘ ROTOR - STATOR
2

Entropy
[s]
Figure 1.5 Mollier diagram for an axial compressor stage (Dixon 1998:141) and change in fluid

properties and velocities (Japikse, D. & Baines, N.C. 1994)

Isentropic efficiency is based on a comparison of the actual compressor to an ideal one that is
operating with the same mass flow and pressure rise as shown in Figure 1.5:

_ Work input to an isentropic compressor _ hy,, —h,
Work input to an actual compressor Ay, — Ny,

{1.1)

c

With today's technology axial flow compressors can reach isentropic efficiencies up to 80% and
higher (Cohen et al., 2001:256).
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1.5 QUADRANT CLASSIFICATION

A generic compressor model consists fundamentally of a series of non-dimensionat compressor
performance charts. Non-dimensional performance charts are generated at a range of operating
conditions. These operating conditions include rotational speed of the compressor, the inlet and
outlet stagnation pressure and inlet stagnation temperature. Such a non-dimensional
performance chart is shown in Figure 1.6.

B

4 ,‘/
e Sumgefne ./
k] 4 10
g %
2 8 ;
2 i
= ! 0.8
£ s
B
g
(%]

s

e o

ok ; 0.8 /(M fa.
d {relative to design value)
v o7
-~
- 05 06
1 1 | I J

Q 0.2 04 06 0B 1.0 1.2
1 To/Poy {relativa to design valus)

1

Figure 1.6 Non-dimensional axial flow compressor performance chart (Cohen et al., 2001:256)
[pressure ratio versus corrected mass flow]

Different types of compressor performance charts exist, such as pressure difference (pg-po1)
{Figure 1.7 (a)) or pressure ratio (pes/Po1) (Figure 1.7 (b)) on the y-axis versus mass flow or

corrected mass flow rate on the x-axis for different sets of constant rotational speed.

Compressor performance charts are highly dependent on physical geometry of different machine
types and blade geometrical changes in a single machine. Thus a variation in performance

charts would be obtained for each geametrical setting.

A four quadrant performance chart consists of compressor rotation in both the positive and
negative direction. Axial flow compressor rotation is defined as positive when operating under
normal designed rotation and negative in opposite rotation. However, negative rotation can only

be effectively described using a four quadrant performance chart displayed in Figure 1.7 {a).
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Figure 1.7 {a) Four quadrant compressor performance chart
[pressure difference (p, — p;) versus mass flow rate]

A Unstalled
Charagcteristic
2
E ¢ Reverse FI
W ow
o Characteristic
2 Choking
- Characteristic
6: "_//
1In~Stall
' Characteristic .
2 mass flow
Figure 1.7 {b) Mode of operation performance chart (Bloch & O'Brien, 1982:2)

[pressure ratio [&J versus mass flow rate]

i

When the compressor rotational speed is zero, the compressor will do no work on the fluid. A
positive mass flow rate will result in a pressure drop, Ap through the axial flow compressor. Since
the exit pressure would be lower than the inlet pressure, an increasing mass flow rate through the
compressor will result in fourth quadrant operation. It is evident that a non-rotating axial flow
compressor can operate only in the second and fourth quadrants along an S-shape curve passing

through the origin of the coordinate system as shown in Figure 1.7 (a).

The region to the right of the zero rotational speed S-curve can in general be classified as the
operation of an axial flow compressor with positive rotation and to the left with negative rotation
(Figure 1.8).
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Figure 1.8 Classification of positive, negative and zero rotational regions

Thus it can be argued that:

e Zero rotational speed in an axial flow compressor results in operation in either the second
or fourth quadrant. This is represented along an S-curve line passing through the origin
of the coordinate system (Figure 1.8).

« Positive rotational speed in an axial flow compressor can result in an operation located in
the first, second or fourth quadrant in a region right of the zero speed S-curve
(Figure 1.8).

 Negative rotational speed in an axial flow compressor can result in an operation located
in the second, third or fourth quadrant in a region left of the zero speed S-curve
(Figure 1.8).

1.6 COMPRESSOR MODE OF OPERATION

The purpose of this section is to introduce the reader to some fundamentals on compressor mode
prediction, with mode meaning the running state of an axial flow compressor. The four quadrant
performance prediction chart can accommodate six operational modes for axial flow
compressors. Therefore Von Backstrom (2005:P2,3) developed the following scheme.

Letters F, P, R, T and W will indicate flow, pressure rise, rotation, torque and power. Where each
letter may be followed by a plus (+) or a minus (-) indicating whether the particular running
condition of the compressor is positive or negative. For example F+P+R+T+W+ denote the
normal compressor mode of operation where flow, pressure rise, rotation, torque and power are

positive. This convention was chosen to agree with normal compressor practice, even though it
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disagrees with normal thermodynamic practice where the positive sign is reserved for work

output.
RUNNING
QUADRANT DESCRIPTION
CONDITION
1% Quadrant F+P+R+T +W + | Normal operation (beyond stall included).

2" Quadrant
(Right of S-curve)

F-P+R+T+W+

Compressor pushing against auxiliary

fans, but backflow occurs.

2" Quadrant
(Left of S-curve)

F-P+R-T+W-

Compressor running backwards as

turbine, under backflow conditions.

3" Quadrant

F-P-R-T-W+

Compressor running backwards as

compressor, under backflow conditions.

4™ Quadrant Compressor running backwards, sucking
F+P-R-T-W+ : - -~
(Left of S-curve) against auxiliary fans under positive flow.
4™ Quadrant

(Right of S-curve)

F+P-R+T-W-

Compressor running forward as turbine.

Table 1.1 Compressor mode of operation indicators

The sign of the power output running condition is the product of the signs R and T. It must be

emphasised that unlike power, torque values exist at zero rotational speed.

A graphical

presentation of axial flow compressor modes is given in Figure 1.9.

Von Backstrém (2005:P2,3) pointed out that third quadrant operation at positive rotational speed

and first quadrant operation at negative rotational speed are two operational modes that cannot

take place in an axial flow compressor.

Zero Speed -

s-Curve

111
F-P-R-T-W+

| F+P+RATHWA
I

mass flow

Figure 1.9 Mode of operation indicators and regions
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Positive rotation in an axial flow compressor can be broken down into the following sections
(Figure 1.7 (b)):
 Designed operation (design point, maximum efficiency, unstalled, off-design not far
removed from design point)
e Surge and stall
s Choking

e Reverse flow

1.6.1 DESIGNED OPERATION

Under designed conditions fluid flows from the inlet to the outlet of the compressor while a
pressure rise is obtained through change in angular momentum as represented by changes in
tangential velocities. This means first quadrant operation without being stalled or choked (Figure
1.7 (a)). In operation the designed point is referred to as the on-design condition. However,
operation is rarely constant at the design point. An axial flow compressor operating away from

on-design conditions is referred to as operating at off-design conditions.

1.6.2 SURGE AND STALL

Stall is briefly mentioned in this section, because of its relevance in the broader research arena
and not being a focus area of this study. The many aspects of stall, such as rotating stall and
surge are abundantly discussed in open literature. Surge is not a compressor characteristic as
such, but a system characteristic. According to Von Backstrom (2005:P1,5), the normal steady
axisymmetric approximation for flow through an axial flow compressor breaks down under stall
conditions. In rotating stall it is difficult to determine the number of stalled flow regions that may
extend over part of, or the entire blade span, rotating at some fraction of the rotor speed. These

conditions may incite blade vibration of such magnitude that blade failure may occur.

Figure 1.10 Separation of flow over an airfoil (Shames, 1992:667)
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Adverse prassure .
gradient § oo

separation

Figure 1.11 Onset of separation (Shames, 1992:668)

Many early attempts to understand or predict stall in axial flow machines made use of an
aircraft-wing analogy (Figure 1.10). A more detailed presentation of Figure 1.10 is presented in
Figure 1.11. These early attempts were not particularly accurate in their prediction of stall-

inception, and therefore of limited use.

Researchers such as Koff and Greitzer (1986:216) described an axisymmetrically stalled flow
performance model to predict rotating stall behaviour. Furthermore, Moses et al. (1982) also
described a numerical profile pressure loss model for stall and later introduced a mean-line profile

pressure loss model approximation for fully stalled cascades.

Casey (1987:227) assumed stall to occur due to leading edge incidence effects at the root mean
square radius when:

(i=ia)2 0.8[%) (1.2)

where df is defined as the operating range which is later explained in Chapter 4. This criterion

provides a crude prediction when a blade row is stalled.

1.6.3 CHOKING

According to Schwenk et al.(1957:1), rotor choking would occur when the over-all performance
characteristics exhibit a vertical total-pressure-ratio line at the maximum mass flow for a given
rotational speed (Figure 1.12). They also stated that choking in an axial flow compressor rotor,
turbine rotor or any annular cascade is three-dimensional, because the flow is directed towards
the hub when nearing choke conditions. This phenomenon makes the mean-line theory more

difficult to apply in this operating condition.
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Performance at a
specific rotational
speed

N
Corrected mass flow

Figure 1.12 Compressor choking (Lewis and Lieblein, 1957:1)

Dixon (1998:20) also explained that choked regions in both compressor and turbine
characteristics may be recognized by vertical portions of the constant speed lines. No further

increase in m(\/T,, )/ p,, is possible since the Mach number across some section of the machine

has reached unity and the flow is said to be choked. The overall characteristic of a turbine is

presented in Figure 1.13.

Py
Poa

Choking mass fiow

N+ T

incraasing

ki
P

Figure 1.13 Qverall characteristic of a turbine (Dixon, 1998:19)

Casey (1987:227) roughiy assumed that an axial flow compressor starts to choke when operating
in the fourth quadrant (no pressure rise is heing produced). However, this is not the case in
subsonic axial flow compressors as depicted in experimental results by Von Backstrém
(2005:P2,5). Von Backstrom (2005:P2,5) clearly demonstrated that an axial flow compressor can

successfully operate in the fourth quadrant without being choked.
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1.6.4 REVERSE FLOW

Reverse flow in an axial flow compressor is briefly mentioned in this section, as the focus thereof
falls outside this study’s research scope. However a short discussion is given to increase the
reference value of this study.

One of the major researchers in the field of reverse flow through an axial flow compressor was
Gamache (1985:44). He stated that reverse flow with positive rotor rotation is not a common
made of operation in industrial processes. However, safety analyses must consider the effects
and consequences associated with possible operating conditions which could cause a reverse

flow situation to develop in extremely large industrial axial flow compressors’.

The [atest research in this field was done by Carneal (1990) and another article was published by
Gamache and Greitzer (1990:4). Carneal {(1990) showed that losses in the reverse-flow mode,
when non-dimensionalized by wheel speed, collapsed onto a single speed parabola. Bloch and
QO'Brien (1992:1) used the work of Gamache and Cameal to publish an article called “A wide-
range axial-flow compressor stage performance model”. A typical compressor stage and the flow
angles associated with reversed flow are shown in Figure A1,

1.7 PRIMARY ASSUMPTIONS

For this study it is assumed that conditions throughout the compressor are fully subsonic. The
reasan for this is that the study is based on large industrial axial flow compressors operating at

low blade Mach number.

When necessary, the prediction of mechanical or external losses in this study is treated as a
constant input. Bearing and seal manufactures usually provide values for these losses.

This study assumes that the total pressure loss calculations are based on a superposition of
theorstically separable loss components that include the following: blade profile losses,
secondary losses and annulus losses. Losses due to inlet ducting, inlet guide vanes or discharge
diffusers are also excluded from the investigation, because these components are not necessarily
a part of all functional compressors. Von Backstrém (2005:P1,10) described that the

experimental setup had none of such components.

! The power requirements of these compressors can be immense. For example, it was reported that the U.S. and Japan have plans to
build liquid natural gas plants which will have compression cycles that will consuma 1,500,000 kw of insulated refrigeration compressor
shaft power (Gamache, 1985:44).
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Von Backstrdm (2005:P1,5) stated that stall is a whole research area on its own. For the sake of

completeness only a brief overview of stall is given and no models were implemented.

Von Backstrém (2005:P1,5) also stated that surge is not a compressor characteristic as such, but
a system characteristic. Surge mainly depends on the properties of the compressor and the
volumes of pipes and pressure vessels connected to it. Therefore no models where implemented
predicting surge in this study.

1.8 CONTRIBUTIONS OF THIS STUDY

The study aims to comprehensively understand positive rotational multi-stage axial flow
compressor performance in the first and fourth quadrant of the performance charts. Experimental
work done by Van Backstrom (2005:P2,1) was used to verify simulation results in the first and
fourth quadrant. Evaluation of different incidence, deviation and loss models were investigated to
ensure accurate power and pressure calculations. An optimized deviation model valid in first and
fourth quadrant is also presented.

Choking does not occur in the first quadrant of operation when using subsonic compressors.
Therefore, thorough research for when an axial flow compressor is choked under subsonic
conditions was done. A term calculating the choking incidence was formulated using correlations

obtained from various authors.

A term called the correctional slope factor was formulated to change the gradient of the off-design
correctional parabola in pressurg loss calculations. The correctional slope factor is used with
axial flow compressor operation in the choke side of the lass bucket chart (Figure 4.3). This

subsequently corrected the pressure loss in the fourth quadrant.

A non-dimensional power term was formulated to overcome the problem of isentropic efficiency
breaking down or being invalid in the regions on the boundaries of the quadrants. This also
specified a generically applicable representation when the work transfer rate is delivered or
extracted from the fluid in the turbomachine.

A contribution is also made with the evaluation of the accuracy of the mean-line approach.
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CHAPTER 2

SIMULATING AN AXIAL FLOW
COMPRESSOR

“The important thing in science is not so much to obtain new facts as to discover new
ways of thinking about them, *
{Wiilliam Bragg)
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2.1 INTRODUCTION

Boyer (2001:18) pointed out that CFD in turbomachinery, while tremendously successful, is not
without its limitations. The choice of whether or not to use a 3-D CFD approximation (instead of
other representations) essentially comes down to a trade-off between increased flow resolution

and computer resources (CPU time, memory size, and cost).

The performance prediction work carried out in this thesis is, however, not aimed at calculating
the fine details of the flow pattern expected from modern 3D computational methods, but rather at
producing a broadly accurate method of estimating the stage performance from a rudimentary
knowledge of the stage geometry and short calculation time. The thesis also aims at using
incidence, deviation and loss models with a lower level of complexity to increase the solution
time. These were the main reasons on choosing the mean-line prediction method. The main

applications of using such a method are described by Casey (1987:273) as follows:

e Analysis of the influence of the main aerodynamic geometry parameters in the
preliminary design of new compressor stages, before proceeding to the detailed design
of the blade profiles and their variation with radius.

¢ Assessment of the effect on performance of changes in Reynolds number, aspect ratio,
clearances, solidity etc.

e Testing of correlations for losses, flow deviation angles, operating range and stall, before

these correlations are incorporated into more sophisticated calculation methods.

Another advantage is the fundamental simplicity and calculation speed when used in the
simulation of power plants, where the accuracy of the axial flow compressor unit is not of that
great importance. This chapter describes performance calculations based on 1D mean-line
analysis.

2.2 MEAN-LINE DESIGN

Moustapha et a/.(2003:66) described that mean-line design and analysis rest on an assumption
that there is a mean streamline running through the machine. The fluid flow states and velocities
on this streamline at any point are representative of the mean of the whole cross-section. Radial
and circumferential variations of all the _ﬂow parameters are neglected. Such an analysis is

inevitably a considerable simplification of the true flow field. The objective of a mean-line analysis
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is not to reveal the full details of the flow state and velocities, but rather to determine the overall

performance of the machine or the combination of overall geometric parameters which provide
the maximum efficiency.

The 1D mean-line method is obviously not adequate for compressor stages having a high tip-to-
hub diameter ratio {Y>1.5, Y=(DyDy)), an uneven distribution of blade loading with radius, a
supercritical inlet Mach number or any number of poor design features leading to a large variation
in incidence with radius (Casey, 1987:273). Roos (2007), however, suggested a high tip-to-hub
ratio of Y=1.667, which should not to be exceeded.

Tlp\

Meaniine ]

Hub (roat)

Figure 2.1 Blade root mean square radius

The given parameters for a mean-line design will vary from one application to another, but will
normally comprise of some or all of the following elements:

¢ inlet total pressure and temperature

e mass flow rate

+ pressure ratio

e rotational speed

= power or enthalpy drop for turbine but rise for compressor

» target efficiency

Examination of the pressure loss models requires some additional geometrical information in
order to provide the estimates for stage efficiency. Important among these parameters are such
as inner and outer radii, axial chord length, blade spacing or blade number. The root mean
square radius is to be used with the mean-line design and is defined as:
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Me = —'—-2—2‘1 {2.1)

The root mean square (rms) radius divides the annulus into two equal annular areas and is the
mean radius for a uniform flow (constant axial velocity with radius). This radius is also more or
less independent of the axial velocity profile for stages with non-zero gradients.

2.3 CONSERVATION EQUATIONS

Onre of the most useful concepts in the performance evaluation of turbo machinery is the control
volume approach as applied to the basic laws of conservation of mass, momentum and energy.
The simulation of flow between turbine or compressor blades is an important part of thermal-fluid
system simulation and design. The conservation equations presented in this study forms the
fundamental building block on which the simulation code is built, also known as the “rotating pipe”
model (Rousseau, 2005).

2.3.1 CONSERVATION OF MASS

The integral form of the mass conservation equation for a finite control volume is given by:
a — —
E(jﬂpdu)Jr#pv-dA_o (2.2)

with ¥-the volume and V the velocity relative to the control volume. This is then applied to an
infinitely small one dimensional control volume, where the full derivation of (2.2) is presented in
Rousseau (2005). Eq.(2.2)is reduced to the following:

&L%—?+me—m, =0 (2.3)

where symbols without subscripts refer to values averaged over the control volume while the
subscripts ‘e’ and 'i' refer to the outlet and inlet respectively.

2.3.2 CONSERVATION OF LINEAR MOMENTUM

One of the most fundamental and valuable principles in mechanics is Newton's second law of
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motion. The momentum equation relates the sum of the external forces acting on a fluid element
to its acceleration, or to the rate of change of momentum in the direction of the resultant external
force. In the study of turbomachines many applications of the momentum equation can be found,
e.g. the force exerted upon a blade in a compressor or a turbine cascade caused by the
deflection or acceleration of fluid passing the blades.

When one considers the linear momentum conservation equation it is important to realize that we
are pow dealing with a non-inertial control voiume, simply due to the fact that it is rotating. This is
also true even when the rotational speed is constant. The integral form of the linear momentum
conservation equation is now given by:

ﬁrﬂ+ J‘J‘J‘Epd%
~[[{[(20 x V) (@xr)+(wx(@xr)) jod#

(”.[ If_’pd%’—) + ﬁ v ( p?-c_ﬁ)

-t (2.4)

|Q)

]

-

By applying (2.4) to an infinitely small control volume and defining flow in its respected condition,
(2.4) leads to the following equations for a control volume with finite length L and average cross-
section A, described in detail by Rousseau (2005).
Incompressible flow transient:
oV
PL——+(p. = p. )+ pg(z.-2)+ M,
o

= pw X — pLSinaSin fow (2.5)

Incompressible flow steady-state:

(p.—p,)+pglz,—z)+Ap, =poX

(2.6)
Compressible flow transient.
v . 1
pPL——+ L(p - p.)+4pC T, - T,)
ot p, 1
+pglz —z)+Ap,, = poX — pLSinaSin o @7)
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Where p,p.p,.C.T,,a.8 is the average values, defined by the sum of the iniet and outlet
conditions divided by two. Defining C as the absalute velocity in the velocity triangle, (z.-z)) as
the height increase from inlet to the outlet and Ap,, as the stagnation pressure loss coefficient.

This is applicable for compressible flow as well.

Compressibie flow steady-state:

_P_(pw _po;)-’“szCz }I_(I;e _7;:')

a 0

+pg(z!—z,)+3p0£‘—‘p(f)X {2.8)

where X is defined by:

X = 0)(’;3 _ ’;2)+ (S,'naeSinﬂ‘Vg); — Sina,Sinﬁ,V:r;) 2.9)

and f,,5, is -90 for forward flow in an axial flow compressor, while a,.a; is described in detail in

Figure 2.2.

Figure 2.2 Angles used in Eq. (2.9) with permission of Rousseau (2005)
233 CONSERVATION OF ENERGY

The integral form of the energy conservation equation for a finite control volume is given by:

Q+W:§;”ﬂ(zr+%lf” +gz)pdV—)

+{F(h+4V° + gz)pV ed (2.10)

By applying (2.10) to an infinitely small control volume, (2.10) leads to the following equations for
a control volume with finite length L and average cross-section A, described in detail by
Rousseau (2005).
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Conservation of energy transient:

: : e SOV
O+omX + pa)-V-(r.Szna&Sm Jij - + (or')
ct

0 . . . .
=¥—(ph,—p)+mh, —mh, +mgz —mgr

or @.11)

Conservation of energy steady-state:

Q+omX =mh, —mh, +mgs —~mgc 2.42)

Q is the total rate of heat transfer to the fluid and W the 1otal rate of work done on the fluid®.

234 SUMMARY

For steady-state flow through a rotating channel or each blade row we therefore have (Rousseau,
2005):

Conservation of mass:

%@+me—m, =0
ot

Conservation of momentum {incompressible}):
(po.—p)+pg(z.—2)+Ap, = poX

Conservation of momentum {compressible}:

, 1
i(poa —pm)-i-{;pC'?(];e—Tm)

0 0
+pg(z,-z)+Ap,, = poX
with
X =o(r’ =)+ (SinaSinpV 1, - SinaSin V)
Conservation of energy:

Q+omX =mh, —mh, +m gz —mgs

2 »
Note that in most texts on classical thermodynamics the rate of work done by the fluid on the surroundings is defined as positive,
However, the definition used nhere is consistent with most texts on fluid mechanics.
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2.4 COMPONENTS OF CONSERVATION EQUATIONS

— Torque & Power

Pressure

Figure 2.3 Break .d:bwn of conservation equations

Conservation equations can be broken down into three components when using the “rotating

pipe” model (Section 2.3) to calculate axial flow compressor performance. An accurate prediction
for torque and power in an axial flow compressor can be made by using velocity magnitudes, flow
angles and part of the fundamental conservation equation for linear momentum (2.9). It is clearly

shown in Figure 2.3 that no pressure loss models are required to calculate compressor torque

and power, only compressor blockage plays a big role. Torque is defined as Z, = m X, for the iy
blade row where X; is defined in (2.9). The power is then defined as t@c = mZZ,. with @ the

rotational speed in radians per second.

Furthermore, pressure calculations can be made by using all three components, thus calculating

overall axial flow compressor performance.

2.5 VELOCITY COMPONENT CHARACTERISTICS

In an axial flow compressor rotor, the flow may be viewed from two frames of reference. One is
the absolute or stationary frame fixed to the ground, and the second one is the rotating or relative
frame fixed to the rotor. The relative velocities, measured with respect to the rotating frame of
reference, are denoted by V and the absolute velocities, measured with respect to a fixed frame
of reference by C. The blade speed is represented by U and the tangential component of the

absolute or relative velocities is indicated by the subscript w. The absolute axial velocity is
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indicated by the subscript a. The velocity triangle can be presented by the following vector

relation:

V+U=C (2.13)

The rotating blade row (rotor) in an axial flow compressor turns the fluid towards the meridional
(axial) plane in the relative frame of reference. This results in an exit relative velocity vector
situated more parallel to the meridional plane than the inlet relative velocity vector shown in
Figure 2.4. (The meridional plane is a plane through the compressor axis). Note that under the
assumption of equal inlet and outlet axial velocity components, the magnitude of the blade row
relative exit velocity vector will be less than that of the relative inlet velocity component. In

general power is transferred to the fluid and implies a pressure rise in the blade row.

STATOR

Ay

Figure 2.4 Axial compressor stage velocity triangles

The relative flow angles are denoted by / and the absolute flow angles by € as shown in Figure
2.4. Both are measured with respect to the meridional (axial) direction. The « flow angle is to
be used in conjunction with the conservation equations presented in Section 1.4. It must be
emphasized that the conservation equation £ angles in (2.9) and the relative flow /3 angles in
Figure 2.6 are not the same. Flow angles are positive in the clockwise direction with the blade

angle as reference and negative in the opposite direction. Blade angles are indicated by the
subscript B in Figure 2.6.
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=
Rotation =0

STATOR

Figure 2.5 A compressor stage with zero rotational speed

It must be emphasized that when operating at zero speed rotation, compressor operation is far
removed from the design point. The result is that abnormal inlet incidence angles at each blade

row exist as shown in Figure 2.5.

The cascade nomenclature used throughout this thesis is based on Figure 2.6. The
nomenclature for a stationary cascade is applicable to a rotor and stator blade, if the £ angles
are replaced with @ as shown in the velocity triangle presented in Figure 2.4. The «, parameter
in Figure 2.6 is called the angle of attack which is used in some references. It should again be
emphasized that the conservation equation & angles in Figure 2.4 and the angles of attack

in Figure 2.6 are not the same.
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Trailing

/ edge (TE)

Suction

Pitch (S)

Leading

Height )
edge (LE) I‘,///

Figure 2.6 Blade terminology
Incidence is taken as the angle between the mean inlet flow angle into the blade at the leading
edge and the inlet blade angle, i = 3, — [5,. However, deviation is the difference between the
mean exit flow angle at the trailing edge and the exit blade angle, & = 3, — 5, . Some authors

also use the term turning which is defined as & = 5, - 3,.

2.6 SUMMARY AND CONCLUSIONS

The objective of a mean-line analysis is not to reveal the full details of the flow state and
velocities, but rather to determine the overall performance of the machine. By using the mean-

line approach, relatively good accuracy can be obtained in short computing time.

A few advantages arise when using the “rotating pipe” model as the conservation equations. |If
compressor blockage is known, one of these advantages is that the compressor torque and
power calculations can be obtained without using any pressure loss model. Another advantage is

that it is valid in all four quadrants.
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CHAPTER 3

INCIDENCE AND DEVIATION
PREDICTION METHODS

“Everything you want is out there waiting for you to ask. Everything you want also wants

HORTH-WEST UNIVERSITY CHAPTER 3 — INCIDENCE AND DEVIATION
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you. But you have to take action to get it.”
{Jules Renard)
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3.1 INTRODUCTION

Chapter 3 presents different incidence and deviation models that exist in open literature.
Incidence and deviation angles are of great importance when calculating axial flow compressor

tarque and power as previously mentioned in Chapter 2.

3.2 REFERENCE INCIDENCE

Conflicting definitions of reference (design) inlet flow angle for axial cascades exist as
summarized by Cumpsty (1989:162). The two most common used definitions are:
e Minimum loss incidence angle. Defined by the inlet incidence angle where the
cascade has a minimum pressure (oss (Lieblein, 1960:573).
e Optimum incidence angle. Defined by the inlet incidence angle where the cascade has

a maximum lift to drag ratio (Carter, 1950).

3.2.1 MINIMUM LOSS INCIDENCE

Minimum loss Model 1 (Lieblein, 1960):

Lieblein {1960:575} introduced the concept of minimum loss incidence. This is the incidence at
which a cascade will experience an absolute minimum pressure loss and the incidence is not
Zero, as indicated by theory for infinitely thin blades (Lieblein, 1960:577). The empirical
correlation is only valid for infet flow angles between 0° and 70° as indicated by Figures 3.1 and
3.2. The minimum loss incidence angle is given by:

fmin =i0 +n'9camber (3.1)

where io is the minimum loss incidence angle for cascade blades with zero camber and n is a

slope factor for the variation of inlet air angle and solidity, presented in Figure 3.1. The i,

parameter can in turn be calculated fram:

fo = Ko K, Uig 1o (3.2)

where (/; ),, is the minimum loss incidence for a NACA-65 cascade blade with zero camber and

a 10 percent maximum thickness to chord length ratio (Figure 3.2).
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Figure 3.1 Minimum loss incidence angle slope Figure 3.2 Minimum loss

factor incidence angle for 10%
thickness ta chord ratio NACA 65
blades with zero camber

Further, K, and K, are correction factors for different blade shape distributions and maximum
thickness to chord length ratios. The parameter K, can be obtained from Figure 3.3, while

K,,is assumed:

o 1.1 for C-series blade types,

o 0.7 for DCA blade types and

o 1.0 for NACA-65 blade types.
& T ot

0

Comection factor K,
»
T

i '] i 1 A ¥

] Q2 Oa - % 1o 12

Maximum thickness ratio tic

Figure 3.3 Correction factor for different thickness to chord ratios

A correction of -1 degree should be applied to the predicted minimum loss incidence according to
Casey (1987.273). This correction allows for axial low compressor operation at a constant
stagger angle, whereas the measurements of Lieblein (1960:575) were carried out at a constant
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air angle. Thus (3.1) becomes:

foin =lg + 16 -1 (3.3)

camber

Minimum loss Model 2 (Wright and Miller, 1991):

Wright and Miller (1991:69) use a correlation, that relates the minimum loss incidence to the
relative inlet Mach number and ratio of throat width to inlet spacing. This correlation was
calibrated with test data from 14 NASA single stage axial flow compressors tests. The correlation
is given by:

o

———=0.155-M, +0.935 (3.4)
Scos/&.min

where i = f, .. — Pia. The two dimensional throat width o is given by (3.7) and (3.8).

3.2.2 OPTIMUM INCIDENCE

Miller and Wasdell (1987:249) derived a correlation to calculate the optimum incidence angle for
any given blade geometrical arrangement. This empirical correlation is only valid for stagger
angles ¢ between 0° and 60° as indicated by Figure 3.4. The optimum incidence is calculated

from:
I = X+Yo -26

camber

(3.5)

where X, Y, Z are constants dependant on blade stagger angle shown in Figure 3.4 and

o=c¢/s.
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Figure 3.4 Stalling and optimum incidence correlations

3.3 INCIDENCE ANGLES

Two other incidence angle definitions which are referred to in this study are:

» Stalling incidence angle. Defined by the incidence where the pressure loss is assumed
to be twice that of the minimum pressure loss (Miller and Wasdell, 1987:249). Flow aiso
starts separating from the blade at the leading edge.

e Choking incidence angle. Numerous definitions for choking incidence exist. Jansen
and Moffatt (1967:453} defined choking incidence for subsonic axial low compressors as
the incidence where the pressure loss would be twice that of the minimum loss value.
This statement was made using NACA 65 series blades. Other definitions for choking

incidence are displayed in Section 3.3.2,
3.3.1 STALLING INCIDENCE
Miller and Wasdell (1987:249) derived a correlation to calculate the stalling incidence angle for

any given blade geometrical arrangement. This empirical correlation is only valid for stagger
angles ¢ between 0° and 60° as indicated by Figure 3.4. The staliing incidence is calculated
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from;

i,=A+Bos-C8

camber

(3.6)

where A, B, C are constants dependant on blade stagger angle shown in Figure 3.4. Pfitzinger

and Riess (1997:120) defined a maximum incidence range Ai by the difference between the

max, st
stalling incidence and the minimum loss incidence which are used in off-design pressure loss

calculations (Figure 4.3).

3.3.2 CHOKING INCIDENCE

Choking incidence is an important factor when an axial flow compressor tends to operate in the
fourth quadrant. Authors use the choking incidence as a boundary to define when an axial flow
compressor could enter choked conditions. Furthermore, choking incidence is used in
conjunction with off-design pressure loss calculations when operating in the choke side of the
loss bucket chart in Figure 4.3.

Different definitions of choking incidence exist:

o Jansen and Moffatt (1967:453) defined choking incidence for subsonic axial flow
compressors as the incidence where the pressure loss would be twice that of the
minimum loss value. This assumption was made using NACA 65 series blade sets.

e Miller and Wasdell (1987:249) assumed chaoking to have a greater effect than stalling and
used a factor of three times that of the minimum loss value. This assumption was made
using transonic DCA blade sets.

e The author defined the chocking incidence as the incidence where the relative velocity

would be the highest in the passage throat area with a certain choking Mach number as
inlet.

Miller and Wasdell (1987:249) also defined choking incidence as a function of the cascade throat
area and the inlet Mach number. They calculated the choking incidence using an iterative
method, not showed in their article. Wright and Milier (1991:69) however, presented an improved
correlation for calculating the throat width in DCA blades where choking would appear and is
defined as:

9:£cos§~l,~iz(ﬁ‘-—0.1] for t’"—a"—>0.1 (3.7)
c ¢ c c
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