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EXECUTIVE SUMMARY 
Name: Werner van Antwerpen 

Title: Multi-Quadrant Performance Simulation for Subsonic Axial Flow Compressors 

Date: May 2007 

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 subsonic multi-stage axial flow 

compressors had to be developed that can be integrated 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 correct 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. 

Keywords: Loss, axial flow compressor, quadrant, subsonic, mean-line, start-up, simulation 
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UITTREKSEL 
Naam: Werner van Antwerpen 

Titel: Multi-Kwadrant Werkverrigting Simulasie vir Subsoniese Aksiaal Vloei Kompressors 

Datum: May 2007 

Met die ontwikkeling van geslote Brayton siklus krag stasies, soos die PBMR, is die behoefle 

ge'identitiseer om transiente tydens die aanskakeling van multi-stadium aksiaal vloei kompressors 

by subsoniese kondisies te simuleer. Dit bring mee dat druk en dlywing vereistes voorspel moet 

word vir verskillende massa vloeie 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 vloei kompressors moet 

dus ontwikkel word wat in 'n generiese netwerk analise sagteware pakket soos Flownex 

ge'implementeer kan word. Daar is gevind dat werkverrigtingsberekeninge gebaseer op 

elementgre eendimensionele 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 

vermoe om tussen verskillende verlies en deviasie modelle te ruil. Redelike komplekse verlies en 

afwykings hoek modelle is ge'implementeer 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, sekondere verliese en annulus 

verliese. Die behoudswette vir massa, momentum en energie vir saamdrukbare "roterende pyp" 

vloei was in die werkverrigtings model ge'implementeer. Werkverrigtings modelle was gevalideer 

teen eksperimentele data en geevalueer met betrekking tot graad van gemaklikheid tydens 

implementering in die simulasie kode. Resultate is verder vergelyk met eksperimentele werk 

gedoen deur Von Backstrom. '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 Goeie 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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CHAPTER 1 - INTRODUCTION 

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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CHAPTER 1 - INTRODUCTION 

I. I 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 . l )  

Figure 1.1 Gas turbine process (Brayton cycle) flow sheet, with one-shaft machine and a LP and 
HP axial flow compressor (Kugeler et a/., 2006:Ch.7.10) 

Multi-stage axial Row 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 (198544) 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 

afler the Chernobyl 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, oflen 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: 

Turbomachine manufacturers are often reluctant to supply detail performance 

information about their products and therefore the required performance charts might not 

always be available. 

Details of abnormal operating conditions such as accidental or start-up transients in a 

closed-loop 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: 

Streamline curvature method. 

Matrix throughflow method. 

Mean-line wediction method. 
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Streamlines calculated - With inlet bullet 
- -  - -  With hub cont inued far upst ream 

(shown terminated here) 

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 calculates 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 ovewhelmingly the more popular of the two according to 

Cumpsty (1989:llZ). 

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 annulus. 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: 

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 quadrant 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 axial 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. lsentropic 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 andlor from 

the axial flow compressor is established. 

- 
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1.3 THEAXIAL FLOW COMPRESSOR

STATOR\/4NE ROTORBLADE

--- ~V

Figure 1.3 Illustration of an axial flow compressor

It is importantto distinguishbetween a compressor and a turbine. A compressor does work on

the fluid,whileturbines extract workfromthe 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 impliesthat the angular momentum

of the flowleavingthe rotor increases withflowin either the directionof rotation(compressors) or

in the opposite direction(turbines). In principle,a machine designed as a compressor can also

operate as a turbineand vice versa.

The main function of an axial flow compressor is to transfer work to the fluid, resulting in a

pressure and temperature rise. Modem 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 attachedto a central rotatingshaft, while the stationaryblade 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 acceleratedby the rotor blades, and then decelerated in

the stator blade passageswherein 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

industrialand aerospace industry. The most common blade profiles are the American NACA 65-

series, the circular arc British C-series (Co4),(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 relativeMach 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 104 illustrates various

thickness distributionsfor 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 Co4and NACA 65 blades of the

same thickness to chord ratio and camber at low Mach numbers. As a result, they found that the

Co4and NACA 65 blades behave very similarly with virtually identical losses, but with a slightly

wider operating range for the Co4profile. The operating range is graphically described in Figure

4.3 and the blade terminology is presented in Figure2.6.
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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

comparedwith an idealized process to define efficiency. The compression process occurring in a

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

The rotor compresses the fluid from p, (or Po,) to P2(or P02). The static pressure would increase

from P2to P3along the line 2-3, and the stagnation pressure would decrease from P02to P03due

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 C~/2 to C; /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.

d
P02POJ c;

0' P, 12

mum 0: ~_::::::T::::::::--u-u-uu
l

~
I 030__ uuuu_u_u_

c; ,

I

Work input

2 : p, actual compressor

I : Work input
------.-- isentropiccompressor

~~
p'

ll' 0101' ________________...__..._____

1 2 3

Entropy
[s]

p

1 2 3

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

operatingwith the same mass flow and pressure rise as shown in Figure 1.5:

Work input to an isentropic compressor ho3s - h01
17 - -

C - Work input to an actual compressor - h03- h01
(1.1)

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-dimensional 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 

~erformance chart is shown in Figure 1.6. 

Figure \lon-dimensional axial flow compressor performance chart (Cohen eta/.. 2001 :256) 
[pressure ratio versus corrected mass flow] 

Different types of compressor performance charts exist, such as pressure difference (pO3-pol) 

(Figure 1.7 (a)) or pressure ratio (po3/por) (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 geometrical 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] 

Characteristic 

characteristic 
b - 

o mass flow 

Figure 1.7 (b) Mode of operation performance chart (Bloch & O'Brien, 1992:Z) 

versus mass flow rate] 

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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~P

Zero Speed
s-Curve

II

mass flow

Figure 1.8 Classification of positive, negative and zero rotational regions

Thus it can be argued that:

. Zero rotationalspeed in an axial flowcompressor 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 compressorcan 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 purposeof this section is to introducethe 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)developedthe following scheme.

Letters F, P, R, T and W will indicateflow, 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.

Table 1.1 Compressormodeof operation indicators

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

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

presentationof axial flow compressor modes is given in Figure 1.9.

Von Backstrom (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

mass flow

Figure 1.9 Modeof operationindicatorsand regions
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RUNNING
QUADRANT DESCRIPTION

CONDITION

151Quadrant F+P+R+T+W+ Normal operation (beyond stall included).

2"0 Quadrant Compressor pushing against auxiliary
F-P+R+T+W+

(Right of S-curve) fans, but backflow occurs.

2"0 Quadrant Compressor running backwards as
F-P+R-T+W-

(Left of S-curve) turbine, under backflow conditions.

3rdQuadrant F -P-R- T -W +
Compressor running backwards as

compressor, under backflow conditions.

4tnQuadrant Compressor running backwards, sucking
F +P-R- T -W +

(Left of S-curve) against auxiliary fans under positive flow.

4" Quadrant
F+P-R+T-W- Compressor running forward as turbine.

(Right of S-curve)
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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)

. Surge and stall

. Choking

. Reverseflow

1.6.1 DESIGNEDOPERATION

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 quadrantoperation 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-designconditions.

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. Th.emany aspects of stall, such as rotating stall and

surge are abundantly discussed in open literature. Surge is not a compressor characteristicas

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 determinethe 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 magnitudethat blade failure may occur.

Figure 1.10 Separationof flow over an airfoil (Shames, 1992:667)
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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

describeda numerical profile pressure loss model for stall and later introduceda mean-lineprofile

pressure loss model approximationfor fully stalledcascades.

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

square radius when:

(i -imin) ~ o.a( af)
(1.2)

where 8p is defined as the operating range which is later explained in Chapter 4. This criterion

provides a crude predictionwhen 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

rotationalspeed(Figure1.12). 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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i Stall line: 
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Corrected mass flow 
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Figure 1.12 Compressor choking (Lewis and Lieblein, 1957:l) 

Performance at a 

' 7 Specific rotational 
speed 

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(a)lp,, 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. 

i >% - 
PO< 

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

Casey (1987:227) roughly assumed that an axial flow compressor starts to choke when operating 

in the fourth quadrant (no pressure rise is being produced). However, this is not the case in 

subsonic axial flow compressors as depicted in experimental results by Von Backstrom 

(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 

mode 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 latest 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 

O'Brien (19921) used the work of Gamache and Carneal 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 A.1. 

1.7 PRIMARY ASSUMPTIONS 

For this study it is assumed that conditions throughout the compressor are fully subsonic. The 

reason 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 

theoretically 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 Backstrom (2005:P1,10) described that the 

experimental setup had none of such components. 

I The wwer requirements of these compresson can be immense. For example. it was repofled that the U S  and Japan have plans to 

build liquid natural gas plants which will have mmpression cycles that will consums 1.500.000 kw of insulated rehigemtian compressor 

$hat power (Gamache. 1985:44) 
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Von Backstrom (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 Backstrom (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. 

7.8 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 Von 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 pressure loss calculations. The correctional slope factor is used with 

axial flow compressor operation in the choke side of the loss 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 

"The important thing in science is not so much to obtain new facts as to discover new 

ways of thinking about them. " 

(William 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 pattem 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: 

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. 

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 I D  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 I D  mean-line method is obviously not adequate for compressor stages having a high tip-to- 

hub diameter ratio (Y>1.5, Y=(DdD,)), an uneven distribution of blade loading with radius, a 

supercriticai 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. 

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 

mass Row rate . pressure ratio 

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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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 EQUA TlONS 

One 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 far a finite control volume is given by: 

with W 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: 

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 now dealing with a non-inertial control volume, 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: 

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: 

Incompressible flow steady-state: 

Compressible flow transient: 
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Where p,p,p,,C,T,,a.p is the average values, defined by the sum of the inlet and outlet 

conditions divided by two. Defining C as the absolute velocity in the velocity triangle. (G-zi) as 

the height increase from inlet to the outlet and ApOL as the stagnation pressure loss coefficient. 

This is applicable for compressible flow as well. 

Compressible flow steady-state: 

where X IS defined by: 

X = o>(rf - I ; ' )  + (SinaaSinp,Yr; - Sina,Si i t f iV~;)  
(2.9) 

and &,p, 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) 

2.3.3 CONSERVATION OF ENERGY 

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

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: 

Q + wrilX + pr+ 
at 

Conservation of energy steady-state: 

Q+co~nX =mehoe -tn,h,, +rnPgze -rn,gz, 

Q is the total rate of heat transfer to the fluid and W the total rate of work done on the fluid2. 

2.3.4 SUMMARY 

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

2005): 

Conservation of mass: 

Conservation of momentum (incompressible): 

conservation of momentum (compressible): 

Conservation of energy: 

' Note that in most texts an classical thermodynamics the rate of work done -on the surroundings is defined as positive. 
Powever. the definition used here is consistent with most texts on nuid mechanics. 
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2.4 COMPONENTS OF CONSER VATION EQUA TIONS

Torque & Power

Pressure

Figure 2.3 Breakdown of conservationequations

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 ZI = m XI for the ith

blade row where ~ is defined in (2.9). The power is then defined as Qc = OJLZI with OJ 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 impliesa pressure rise in the blade row.

.A~:
;5,:'

A3
_mmm_

~: J

C 93". C.3 C ". 3
w3\

\.)..
"'0;

Figure 2.4 Axial compressor stage velocity triangles

The relative flow angles are denoted by f3 and the absoluteflow angles by e as shown in Figure

2.4. Both are measured with respect to the meridional (axial) direction. The a 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 f3 angles in (2.9) and the relative flow f3 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.

MULTI-QUADRANTPERFORMANCESIMULATIONFOR SUBSONICAXIAL FLOW COMPRESSORS 29

II School of Nuclear Engineering

--



IIORTH.WESTUNIVERSITY
YUlIlBESm VABOKOIIE.BOPHIRIMA
lIOORDWES.UIIIVERSITEIT

CHAPTER2 - SIMULATINGAN AXIAL
FLOW COMPRESSOR

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 f3 angles

are replacedwith () as shown in the velocity triangle presented in Figure 2.4. The a1 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 a angles in Figure 2.4 and the angles of attack a1

in Figure2.6 are not the same.
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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 =/31 - /381. However, deviation is the difference between the

mean exit flow angle at the trailing edge and the exit blade angle, 5 = /32 - /382. Some authors

also use the term turning which is defined as 8 =/31 - /32 .

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 calculationscan 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 

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 

torque 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: 

Minimum loss incidence angle. Defined by the inlet incidence angle where the 

cascade has a minimum pressure loss (Lieblein, 1960:575). 

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 inlet flow angles between 0" and 70" as indicated by Figures 3.1 and 

3.2. The minimum loss incidence angle is given by: 

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 from: 

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

a 10 oercent maximum thickness to chord lenath ratio (Fiaure 3.2). - ~ - 
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Inlet ar ange A deg IIM a 1  ancje fi deg 

Figure 3.1 Minimum loss incidence angle slope Figure 3.2 Minimum loss 

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

Further. K,, and Kt are correction factors for different blade shape distributions and maximum 

thickness to chord length ratios. The parameter Kt 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, 

-r 

MaximmtMclmesa ratio tk 

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 flow 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: 

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: 

0 
= 0.155. M,, + 0.935 

sCOSP,,min 

where imi, = /?,,mi, -Ae .  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 + Y o - z e  ,,, (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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Blade Stagger ( < ) 
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 also 

starts separating from the blade at the leading edge. . Choking incidence angle. Numerous definitions for choking incidence exist. Jansen 

and Moffatt (1967:453) defined choking incidence for subsonic axial Row 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 6 between 0" and 60" as indicated by Figure 3.4. The stalling incidence is calculated 
- 
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from: 

where A, 6, 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 

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 boundaty 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: 

Jansen and Moffati (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. 

Miller and Wasdell (1987:249) assumed choking 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. 

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 Miller (1991:69) however. presented an improved 

correlation for calculating the throat width in DCA blades where choking would appear and is 

defined as: 

0 S --- - ~O~<-I,-/~[+-O.I] for L>o.I 
C C C 
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0 S - = - ms<-1, -1, 0.1-- ( for L<o.I 
C C C 

where o is the throat width, c the chord length, s the blade pitch, I,,, the maximum thickness of 

the blade and the coefficients l1,I2,l3 are functions of camber and stagger angle as shown in 

Figure 3.5. It was also mentioned that the two dimensional value of throat width can be corrected 

for reduction in annulus height and total pressure loss up to the throat position, but this method 

was not shown. Wright and Miller (1991:69) also stated that this throat width can be use for 

conventional circular arc blades as well. 

An analytical model for calculating the choking incidence at specific operating conditions was 

developed by the author. Both the cascade throat width and the inlet Mach number were used in 

the derivation. This parameter was derived to obtain better off-design pressure loss calculations 

for when an axial flow compressor operates in the choke side of the loss bucket chart in Figure 

4.3. The full derivation is presented in Appendix 6. 

Figure 3.5 Coefficients for DCA throat area expression 
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Choking incidence is simply defined by: 

where p, denotes the choking inlet flow angle and PB the inlet blade angle, 

3.4 DEVIATION ANGLES 

Deviation is defined as the difference between the outlet flow and blade angle at the trailing edge. 

The main reason for deviation is that flow adjusts itself to a sudden removal of transverse 

pressure gradient near the trailing edge. Empirical correlations are used to predict the deviation 

for various operating conditions and geometrical changes in blade sets. Two deviation models 

are presented below for when an axial flow compressor operates in the turbulent flow regime 

f Re,>2xl0~. 

Deviation Model 1 (Lieblein. 1960): 

Lieblein (1960:575) derived an empirical deviation model using the well known Carter's 

correlation as basis. The empirical correlation is only valid for inlet flow angles between 0" and 

70' as indicated by Figures 3.6, 3.7. etc. The deviation at minimum loss incidence is given by: 

with m the slope factor at a solidity of unity with variation of inlet air angle obtained from Figure 

3.6. The variable b is the solidity exponent variable with inlet air angle which can be found in 

Figure 3.7 and a the solidity. 

Figure 3.6 Slope factor at unity solidity Figure 3.7 Solidity exponent variation 
with inlet air angle 
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6, is the reference minimum-loss deviation angle with zero camber blades and can be 

represented as: 

Where (6,),, is the basic variation for the NACA-65 blade profile with a ten percent thickness 

distribution represented by Figure 3.9. K,, is a correction for different blade types and is the 

same as in minimum loss incidence calculations. K, is the correction necessary for blades with 

a maximum thickness other than ten percent (Figure 3.8). Off-design deviation is given by: 

Figure 3.8 Correction necessary for Figure 3.9 Minimum loss deviation for 
blades with a maximum thickness NACA-65 blade profile with a 
other than 10 percent ten percent thickness distribution 

and zero camber 

in Q. ( 3 . 1 ~ ) ~  [$Imin represents the variation of the deviation angle with a minimum loss inlet 

flow incidence over minimum loss incidence angle (Figure 3.10) 
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sdidi rr 

Figure 3.10 Slope of the deviation angle variation at the minimum-loss incidence angle 

Deviation Model 2 (Wright and Miller. 1991): 

Miller and Wasdell (1967:249) modified the corrected Carter's rule to include a term accounting 

for thickness to chord ratio. An axial velocity density ratio was defined by Wright and Miller 

(1991:69) and is given by: 

It must be emphasized that Carter's rule is based on predicting the deviation at optimum 

incidence (3.5) and not at minimum loss incidence. 

The correlation for deviation with an optimum inlet flow incidence is given by Wright and Miller 

(1991 :69) as: 

where the coefficients m, ml,and mp are functions of blade stagger angle (Figure 3.12). This 

correlation was obtained using NACA 65 series blade sets and is valid for a stagger angle 

range between 10" and 60". 
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Miller and Wasdell (1987:249) projected an empirical correlation for transonic DCA airfoils to 

calculate the actual deviation (Figure 3.1 1). The correlation has been extrapolated on the basis 

O,a. COeWmcient & c s m k  a d  w c s l c h o r d  ratm 

0.25 :zp 
0.20 

1 0 1 5 m P P % 5 a & 5 5 0 5 4 m  

Slagper 

of a sinusoidal variation of the deviation function 6-S,, versus the incidence function in the 

6 - 6 ,  (K1/i: 
0.4 

0.1 

stall region. Miller and Wasdell (1987:249) assumed that operation in the choke region will result 

in constant deviation. This is however not the case for the NACA-65 series blade sets 

(Figure 3.13). In the analysis of White et al.(2002:181) they neglect the last two terms of (3.14) 

accounting for the effects of the thicknesschord ratio, tic as it was found to cause excessively 

high values of deviation in some cases. The new optimum deviation angle derived by 

White et ab(2002:181) is given by: 

m l  30 Coemcht tor arm1 &ity densib ratm 

10 1 m2 70 o 10 $5 20 25 rn 35 rYI - .  45 50 Stapger 55 - m 

. Codfkienl l a  t h k k n e u  c h a d  ratio 

- 

It was found that the deviation angle in the choked region is not constant as previously assumed 

by Miller and Wasdell (1987:249). A new correlation was formulated for the incidence function 

with increasing stagger number and is given by Figure 3.13. 

0 - A 30 
I O 1 5 2 0 2 5 3 0 3 5 a & 5 5 0 ~ ~ 0  

3 - 2  .,, 0 I 2 3 Stagwr 

[+] I -1- 

Figure 3.11 Variation of deviation function between Figure 3.12 Coefficients for the deviation 
choking and stalling incidence correlation at optimum 

incidence 
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Figure 3.13 Deviation function between choking and stalling with varying stagger angle for 

NACA 65 blades. 

3.4.1 TWO-DIMENSIONAL DEVIATION WITH BOUNDARY LAYER 
EFFECTS 

On the surface of an airfoil there is a gradually thickening boundary layer. At the trailing edge, 

this causes a depression in velocity profile which gradually disappears with increasing distance 

as illustrated in Figure 3.14. The 'equalization" of the velocity profile in the wake is one 

immediate cause of energy dissipation: the other is the direct heat and turbulence generation in 

the boundary layer as described by Csanady (1964:271). In a cascade. however. there is a loss 

of energy per unit mass (total head) which may be related to boundary-layer parameters. For this 

purpose, consider the exit section t of closely spaced cascade blades presented in Figure 3.14. 

Far behind the cascade (section 2) the velocity fluctuations have disappeared, with the velocity 

having magnitude V2 and inclination 0,. 

In the absence of boundary layers the flow V,' (at a given mass-flow rate) would have an axial 

component C, in both sections t and 2, and the flow angle p, would also remain equal to p, 

However, the constriction caused by the boundary layers increases the magnitude of the axial 

velocity at section t. The axial component of section t is proportionately greater than C.,. After 

section t the through-flow velocity must again reduce to Ce which is equal to Cal. The tangential 

velocity %changes differently, and a resultant velocity V2 is obtained far downstream which is 
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different from the ideal v,. in both magnitudeand direction.

A

ROTOR
lJ2 Vw2

r..2 \

C.2

STATOR

c..

Figure 3.14 Depression of velocity profile with boundary-layer effects at the exit of a cascade

By assuming that the flow is steady and one-dimensionaland applying (2.4) to a control surface

EFGH,Csanady (1964:271) derived this equation:

C
~ .COS/3, = !L (3.16)1-~

where the blockage ~ is defined by:

+S"2

( )o. =~(scos/3,)= f 1- v, anwith
-S12 ~

s' = scos/3, (3.17)

s'+-
2

s'
2

Figure 3.15 Displacement thickness at exit of a cascade

The displacement thickness is denoted by o. in the normal (n) direction and VI is the velocity

inside the blade boundary layer. The momentumbalance in the n direction provides the following
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relationship: 

rs.12 

where 8=@(sCOsPf)= ~ [ l - ~ ) d n  
v v, 4 ' 1 2  f 

The momentum thickness is denoted by 6 in the n direction in Figure 3.14. Lieblein (1959) 

defined a parameter called the wake form factor H2 as a constant of 1.08. The wake form factor 

H2 is a ratio between the displacement thickness and the wake momentum thickness 

Hz = 6' / 9 . It will be convenient to introduce the non-dimensional parameters: 

The physical meaning of this result is simply that the magnitude of the ideal has been 

increased by a constriction ratio l l ( 1 - A ) .  Thus boundary layer growth and the subsequent 

deflection of the wake cause an extra deviation in the outlet flow angle at section 2 with reference 

to section t. The outlet flow angle defined by Csanady (1964:271) can be described by: 

Other authors describe this phenomenon under the heading blockage factor. The deviation 

caused by the boundary layer growth in control surface EFGH can now be defined by: 

5, =p2 -PI (3.22) 

Thus the final deviation can be presented by: 

6, = 6 + s, (3.23) 

where 6 is assumed to be the deviation described by Lieblein (1 960:575). 

3.4.2 DEVIATION CAUSED BY LOW REYNOLDS NUMBERS 

The blading designed for all compressors relies on there being a turbulent boundary layer on the 

suction surface to allowthe flow to decelerate without major separation. Many blades do in fact 

operate with some regions of separated flow, but if this is too extensive there is a marked rise in 

deviation. 
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It is very common for the laminar boundary layer formed near the leading edge or just 

downstream of the region of maximum velocity to separate to form what is known as a separation 

bubble. In most bubbles the shear layer between the nearly stationary fluid in the bubble and the 

fast moving fluld outside it is very unstable, so that the separated shear layer undergoes 

transition and the flow reattaches as a turbulent boundary layer. There is good reason to think 

that the presence of a small separation bubble does no harm, at least for subsonic flom. The 

harm is real, however, if the flow is unstable to reattach, which may be the case at low Reynolds 

numbers. 

The deviation measured is shown in Figure 3.16 for three values of incidence. For the case of 

i = -7 the deviation has reached its asymptotic value by Re = 1 . 8 ~  16. It will be noted that 

positive incidence leads to achievement of the asymptotic condition for deviation at lower 

Reynolds numbers, because the steeper velocity gradient encourages an earlier transition to 

turbulence (Cumpsty, 1989:176). 

100WOC50 

1 4 O  0 a, = 459 i= -60 A V ~  
Deviation 
6 50° - 10 

12" 

10' 

Figure 3.16 Deviation caused by low Reynolds number for C4 blade cascade (Cumsty 1989:178) 

Roos (1995) developed a correlation for the effect of low Reynolds numbers on deviation from the 

data of Roberts (1975). Roberts (1975). however, developed a correlation for the bursting blade 

chord Reynolds number 

as a function of the NACA diffusion factor 

and Taylor's turbulence factor 
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Incorporating turbulence intensity Tu and macroscale L,: 

If TFis not available then Tu can be used as an approximation. No bursting takes place at values 

of D below 0.14. Roberts (1975) gave TF values of 0.0063 and 0.0074 for tests done on a chord 

blade length of 127mm and 60mm for different blade chord Reynolds numbers. In practice. 

however, none of the bursting Reynolds numbers from the correlation of Roberts (1975) reached 

2x105, so the TF value of 0.0074 was never used (Roos, 1995). According to Roos (1995), 

Roberts (1975) referred to the value of TFas 0.006 and it was decided to drop the fourth decimal 

place. 

- - - -  w Correlation 

. - - E Correlation 
4.5. 

4.0. 9.5 
Artificial bursting 

- 
, 3.5. 

3.0. 

2.5- 

2.0. 

1.5- -7.0 

1.0. 

I I 1 
I I I 

0.5;10' 1 ;I 0' 1.5h0' 2h0' 2.5;101 

Reynolds Number 
Figure 3.17 Definition of 'artificial" bursting Reynolds number for turning and pressure loss 

weffiaent (Roos. 1995) 

A new Reynolds number difference was deflned by Roos (1995) 

A Re, = Re, - Re,, (3.29) 

where B refers to bursting, i.e. Re, =Re,  and SB refers to sub-bursting Re, <Re,.  The 
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- - 
uncertainty domain is removed to eliminate having to calculate the bursting w and & values of 

laminar bubble Reynolds number, so separation and long laminar bubble 'bursting" are assumed 

to take place at the same Reynolds number. This higher "artificial" bursting Reynolds number is 

defined such that the rate of decay of 5 and 2 in the new sub-bursting regime remains the 

same as before, but bursting values of w and 2 is the same as the attached flow values. The 

'artlflcial" Reynolds number is defined by Roos (1995) as: 

Furthermore, the turning in the sub-bursting regime is defined as: 

E~~ = eg -I . 7 2 5 2 3 ~ 1 0 ~ e  

3.5 SUMMARY AND CONCLUSIONS 

The difference between minimum loss incidence and optimum incidence as well as their 

respective calculation models were described. Furthermore, a stalling incidence model was 

presented in Section 3.3.1 to calculate when an axial flow compressor starts stalling. The author 

derived an approximation to estimate what the choking incidence at a given mass flow rate. 

rotational speed and inlet Mach number will be which is presented in Appendix 6. 

Two deviation models were located in open literature. One of these models used the minimum 

loss incidence as reference described by Lieblein (1960:575), while the other referred to the 

optimum incidence as reference described by Miller and Wasdell (1987:249). A deviation model 

due to boundary layer growth and low Reynolds numbers where also presented. 

MULTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 48 
School of Nuclear Engineering 



m - w V H N E R y T v  
WHBEYn YA B i X X . W P H W  

CHAPTER 4 -PRESSURE LOSS 
tMo(Mvm-UUMRSITEK PREDICTION METHODS 

CHAPTER 4 

METHODS 
"I have been impressed with the urgency of doing. Knowing is not enough; we must apply. 

Being willing is not enough; we must do." 

(Leonard0 da Vinci) 
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Turbomachinery are designed to meet certain system requirements. Under these designed 

operating conditions an axial flow compressor delivers a required pressure ratio at a specified 

rotational speed and mass flow rate. 

Figure 4.1 Losses obtained in an axial flow compressor 

The axial velocity C, displayed in Fbure 2.4 is a function of mass flow rate r;l= pC,A . As the 

axial velocity varies in an axial flow compressor so does the inlet flow angle that enters a specific 

blade mw. Decreasing axial velocity will result in an increase in the inlet flow angle. This 

increases the pressure ratio in the stage until stalling occurs. This continues until 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 and can be seen in Figure 1.10. Increasing axial 

velocity will result in a decrease in the inlet flow angle. This continues to the extent that the flow 

in the blade passages tends to choke, which leads to a significant increase in pressure losses. 
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AP A 
Suge (Stall) Jlne 

Unatall line 

Choking Region 

Figure 4.2 Axial flow compressor performance chart with 
stalling and choking regions specified at subsonic conditions 

Figure 4.2 demonstrates where an axial flow compressor tends to stall and choke. The distance 

between the incidence where an axial flow compressor tends to choke ih and where it tends to 

stall i. is called the operating range dB (Casey, 1987:273). Lieblein (1959:387) was one of the 

first to introduce the concept of incidence angle and its variation with total pressure loss, widely 

referred to as the loss bucket chart presented in Figure 4.3. 

I Suction Stall - 
incidence (i.) 

Optimum 

1 2x Minimum 
- o I 
l o  
I-03 I F~&---------- loss (w*) 1 I 

I A I - " , ~  I %x,st I 
I Minimum loss I 

I incidence (i.,.) I 
L J 

Operating Range @a, 
L 

4 
b 

-3 -2 -1 0 I 2 3 4 5 6  

Incidence (i) 

Figure 4.3 Loss bucket chart 
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To predict the total pressure loss in an axial flow wmpressor a superposition of theoretically 

separable loss components is used. More specifically, for this thesis the different pressure loss 

components will be discussed under the following headings: 

Blade profile losses 

Secondaty losses (sum of tip clearance, corner losses and trailing vortices 

described by Cohen et al. (2001:240)). Also referred to as 

endwall losses. 

Annulus losses 

The total pressure loss can be formulated as follows: 

Where w i  is the profile pressure loss coefficient at minimum loss angle (Section 4.3). Off-design 

correction ( w  / is the correction for an axial flow wmpressor not operating near the design 

point (Section 4.4). Annulus losses 61, and secondary losses w, are defined in Section 4.5. 

Reynolds correction factor ( w l  is the correction for Reynolds number effects on pressure 

loss (Section 4.8). The correction for Mach number effects (wlq), is the correction for 

increasing pressure loss with increasing Mach number (Section 4.9). The correctional slope 

factor denoted by 0 is a correction on(o/q), when an axial flow compressor operates in the 

choke side of Figure 4.3 (Section 4.10). 

4.2 LOSS COEFFICIENTS 

Analysis in axial flow compressors requires that both relative and absolute frames are 

considered. Therefore it is necessary to define a different absolute and relative stagnation state, 

but with the same static state. Thus for enthalpy: 
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The subscript ho denotes the stagnation enthalpy in the absolute frame and h,, the stagnation 

enthalpy in the relative frame called the mthalpy. Stagnation enthalpy ho is constant across the 

stator blade row, while the mthalpy ho, is constant across the mtor blade mw. 

For incompressible flow, the total pressure losses are related to the cascade loss parameters by: 

w ,  = POI, - P02r for the Rotor 
1 2  p v '  

for the Stator 

Where the pressure loss coefficient for compressible flow is defined by: 

13, = - for the Rotor 
Po1 -PI 

0, = - for the Stator 
Po2 - P2 

The stagnation pressure is related to the static pressure for compressible fluid by: 

where 

This terminology is used in conjunction with the respective conservation equations described in 

Chapter 2 to accurately calculate the inlet and outkt pressures. Mach numbers, temperatures, 

enthalpy etc. for a given blade row. 
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4.3 BLADE PROFILE PRESSURE LOSS AT DESIGN 
REFERENCE CONDITIONS 

Blade profile pressure loss at reference conditions can be defined as the pressure loss over a 

cascade with an optimum or minimum loss inlet incidence angle (Section 3.2.1). Howell (1945) 

attempted to estimate blade profile loss in terms of the familiar drag and lift coefficients using 

optimum incidence as reference angle. However, the most popular pmfile loss model used today 

is that of Lieblein (1959:387). This two-dimensional incompressible cascade model uses the 

smallest number of empirical correlations and the minimum loss incidence angle as reference. 

Lieblein's (1959:387) blade profile loss model sewed as a vantage point for many researchers. 

Bloch and O'Brien (1992:3) used Lieblein's (1959:387) blade profile loss model (4.11) in 

conjunction with annulus (4.42) and secondary losses (4.43) to specify total pressure loss 

in an axial flow compressor. . Koch and Smith (1976:411) also used Lieblein's (1959:387) profile loss model (4.11), but 

defined a different momentum thickness to chord ratio and wake form factor H2, which 

will be described later in this section. 

Casey (1987:273) adopted Lieblein's (1959:387) profile loss model and tied it with his 

own empirical correlations for the momentum thickness to chord ratio. 

The blade pmfile pressure loss model derived by Liebiein (1959:387) is given by: 

where 8' denotes the wake momentum thickness at reference conditions, a the blade solidity 

and c the blade chord length. A measure of the degree to which the wake is mixed out afier a 

given blade mw is referred to as the wake form factor H, defined by H, = 6'18, where S' is the 

boundary layer displacement thickness and 6 the momentum thickness. These parameters are 

widely used today and can be located in many boundary layer theory literatures (Young, 1989). 

Lieblein (1959:387) used a constant value for the wake form factor H, of 1.08. . Koch and Smith (1976:411) however, described a nominal wake form factor H, 

presented in Figure 4.4. This nominal wake form faclor is then corrected for inlet Mach 
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numbers other than 0.05 and streamtube height variation effects obtained from 

Figures 4.5, 4.6. Streamtube ratio is defined as the ratio between the in and outlet blade 

height. 

Figure 4.4 Koch and Smith correlation for H, Figure 4.5 Effect of inlet Mach number on 
trailing edge momentum 
thickness and wake form factor 
for varying D, 

e 

as  ~ ~ L -  

L1 a, L O  L t  L1 L 6  11 LO 
wm* carmlon mth Y* 

Figure 4.6 Effect of streamtube height variation on calculated trailing-edge wake form factor with 
varying D, 

Momentum Thickness to Chord Lenath Ratio Model 1 (Casev. 1987k 

For blades with 'healthy" boundary layers, the mixing takes place rapidly after the trailing edge. 

The difference is usually small between measurements of the boundary layer parameters in the 

wake or at the trailing edge as suggested by Cumpsty (1989:172). Lieblein (1959:387) showed a 
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correlation between the equivalent diffusion ratio and the wake momentum thickness to chord 

ratio. This is valid for both NACA 65-(Alo) and C.4 circular arc blades. Casey (1987:273) gave 

the following optimized correlation of Lieblein's work: 

where D, is deflned as the diffusion ratio. Koch and Smith (1976:411) suggested adding 

0.0025. There seems to be no real theoretical justification for this, other than it leads to better 

predictions of efficiency (Casey, 1987:275). 

Momentum Thickness to  Chord Lenath Ratio Model 2 lKoch and Smith. 197Q 

Koch and Smith (1976:411) presented the trailing edge momentum thickness to chord ratio 

correlation shown in Figure 4.7. This correlation is valid for nominal condition with a chord 

Figure 4.7 Koch and Smith correlation for 8, l c  Figure 4.8 Effect of streamtube height 
variation on calculated 
trailing edge momentum 
thickness 
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Lieblein (1959:387) defined a diffusion ratio, dividing the difference of the maximum relative flow 

velocity in the blade passage and the relative outlet velocity, by the inlet relative velocity as given 

by: 

where AV, =V,, -V,, . Through the years, different authors optimized the diffusion ratio 

equations and expanded Lieblein's work. 

Diffusion Ratio Model I (Lieblein. 19591: 

Lieblein (1959:387) derived an equivalent diffusion ratio with minimum loss incidence as 

reference. The model is obtained in terms of inlet and outlet conditions and is given by: 

V i s i o n  Ratio Model 2 (Lieblein, 11959) - Kla~~ro th ) :  

In discussion of Lieblein's (1959387) paper Klappmth modified the equivalent diffusion equation 

D . Klapproth modified the diffusion-parameter concept to accommodate an axial flow 

compressor rather than for cascade analysis. The changes are to accommodate streamline shift 

and change in axial velocity in stages that is given by: 

where 

Axial velocities C,, and C,, are a function of mass flow rate as previously mentioned and or is 

zem for stators. F'fitzinger et a/. (1997:lZO) alu, used this model in their simulation calculations. 
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D i s i o n  Ratio Model 3 (Koch and Smith. 1976): 

Koch and Smith (197641 1) optimized Lieblein's model to account for compressibility, Reynolds 

number effects and streamtube contraction effects found in axial flow compressors. Koch and 

Smith (1976:411) defined a semi-empirical approximation for the trailing-edge diffusion ratio with 

minimum loss incidence as reference and is given by: 

The free stream trailing-edge velocity \/;, is the velocity before wake mixing. This is elaborated 

in Section 3.4.1., where v, is equal to the free stream veloaty in Figure 3.14. V,,, is the 

maximum relative velocity occurring on the Made suction surface. V, is the mean velocity in the 

passage throat region. V,, is composed of a tangential component that is affected by circulation. 

and an axial component that is affected by blade thickness blockage, streamtube contraction and 

compressibility. The correlatwns between the different velocity ratios obtained in (4.1 7) are given 

by: 

1+0.7688~+0.6024r  
C 

and 

The minimum loss area contraction ratio from blade inlet to the throat is given by: 
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The density in the passage throat to inlet density ratio is given by: 

The minimum loss circulation parameter for a two-dimensional incompressible cascade is defined 

by: 

The throat area can be defined as the region where the suction surface velocity V, is the 

highest. Further detail of the aforementioned parameters can be located in Koch and Smith 

(lgi'6:4ll). 

Diusion Ratio Model 4 Wright and Miller. 1991k 

Wright and Miller (1991:69) modified the origlnal diffusion ratio model to account for 

compressibility and thickness to chord ratio effects observed in high speed cascades and 

compressor tests. This correlation has been established for transonic DCA aerofoils but is used 

for conventional circular arc aerofoils. The equivalent diffusion ratio with reference to minimum 

loss incidence is given by: 

4.4 OFF-DESIGN PRESSURE LOSS PREDICTION 

Axial flow compressors are designed to operate at maximum efficiencies (design point). When 

operating at maximum efficiency the difference behueen the blade angle and the inlet flow angle 

is called the minimum loss incidence angle (Section 3.2.1). In reality axial flow compressors 

seldom operate at the design point, thus off-design correction factors have to be implemented in 

profile pressure loss predictions. Different loss bucket charts were obtained from experimental 

tests on various blade types (Figure 4.9 and 4.10). 
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Figure 4.9 Typical loss distribution for various blade profiles (a) C4 circular arc, (b) P4 parabolic 
arc and (c) double circular arc with a camber angle of 25". (d) sharp nose blade with a camber 

angle of 27.5'. (NASA SP-36. 1965) 

Incidence angle 

Figure 4.10 The variation of total losses with incidence at 10% span for a single stage transonic 

compressor with MCA blade profiles (Cetin, et a/. 1987:12) 
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Subsonic axial flow compressors operate mostly in the choke side for the front stages and suction 

stall side at the rear stages of the loss bucket chart (Figure 4.3). This is done so that at reduced 

speed the efficiency is not degraded to badly in first quadrant operation. When the operating 

point tends to go to the fourth quadrant the incidence angle operates in the choking side of the 

loss bucket chart (Figure 4.3). Therefore it can be concluded that with a fixed rotational speed, a 

decrease in the mass flow rate will result in an incidence increase to the positive stall side of the 

loss bucket chart (Figure 4.3). However, an increase in mass flow rate will result in a decreasing 

incidence to the negative choking side of the loss bucket chart. An increasing pressure loss is 

the result of an axial flow compressor which operates at conditions far removed from the design 

point (Figure 4.9). 

Off-design loss prediction methods located in open literature are: 

Lieblein (1959:387) used a method where he corrected the diffusion factor D,' 

to accommodate for off-design losses. 

Cetin et el. (1987:6) derived correlations for transonic compressor blades. 

Jansen and Moffatt (1967:453) used an off-design correction assuming a 

parabolic variation of loss with incidence such that at stalling or choking 

incidence the pressure loss is twice that of the minimum loss value. Casey 

(1987:273) also used this expression to define the operating range for NACA 65- 

series compressor blades. 

Miller and Wasdell (1987:249) presented a model for Rolls-Royce, almost the 

same as Jansen and Moffatt (1967:453) but for transonic DCA aerofoils. Their 

description of stalling incidence is the incidence at which the blade loss is twice 

the minimum loss value. However, choking appears to have a greater effect on 

loss than stalling and a factor of three times the minimum loss value is used. 

The author presented a slope correctional factor derived in Appendix C. This 

slope correctional factor was derived to correct the parabolic correction of Miller 

and Wasdell (1987:249) when operating in the choke side of the loss bucket 

chart in Figure 3.3. 

Off-Design Model 1 (Lieblein. 1959): 

Lieblein (1959:387) corrected the D,' (4.14) at incidence angles greater than minimum loss 

incidence. The following correlation was given: 
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Where a = 0.117 for the NACA 65(A,,) blades and a = 0.007 for the C.4 circular arc blades. 

Swan (1961:322) and Konnig el a/. (1996. Pt. 1:73) adapted this method of prediction, which is 

only applicable for subsonic conditions. This method was modified and extended by Swan 

(1961:322) to include the additional losses caused by shock waves in transonic axial tlow 

compressors. 

Off-Desian Model 2 (Cetin et dl.. 1987): 

Cetin et a/. (19876) presented a method to include the incidence loss for transonic DCA and 

MCA profiles, where changing Mach numbers do not greatly effect off-design profile losses. The 

profile pressure loss coefficient, including the effect of the incidence loss is given by: 
- - 
w, = wi +c,,,(i-i')' (4.25) 

- 
where w; is the total pressure loss at minimum loss Incidence including the shock loss if 

applicable. Values of c, are highly empirical and are presented in Table 4.1. 

1 Profile Type l ( i - t )  1 Equation 
I I 

Table 4.1 Variation of c, with relative inlet Mach number 

MCA Ma t 0.56 

I 

Cetin eta/. (19876) derived these correlations from Koch and Smith's (1976:411) correlations for 
- 
. They also modified Lieblein's minimum loss correlations for i'. The choking and stalling 

incidences are taken as the incidences where the losses are twice their minimum value so that: 

DCA Ma 2 0.62 

where c, are obtained from Table 4.1 and Ma denotes inlet Mach number. The c, value for 

< 0 
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< 0 

> 0 1 c, = 0.00363 Ma - 0.00065 

c, = 0.05336 Ma - 0.02937 
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predicting stall incidence was found from equations given for ( i  -i ') > 0 .  whereas for the choking 

incidence, equations for (i - i ' )  < 0 are used. This section is also summarized in the Flownex 

Theory Manual (2005:FNXTH-0035). 

Off-Desian Model 3 lJansen and Moffatt. 1967): 

Jansen and Moffan (1967:453) assumed a parabolic variation of loss with incidence such that at 

the stall suction side and choke pressure side of Figure 4.3 the loss is twice the minimum-loss 

value. The loss coefficient is therefore given by the relation: 

where 3 is defined as: 

- P,-P; s =  P, < fly Choking pressure side 
P* - P; 

and 

- P, -P; s =  4 > a; Stalling suction side 
Ps, - P; 

Jansen and Moffatt (1967:453) did not specify how the stalling and choking incidence can be 

calculated. Casey (1987:273) further elaborated on the model of Jansen and Moffan (1967:453). 

Casey (1987:273) included Mach number effects and defined an operation range in the place of 

using choking and stalling inlet flow angles. Casey (1987:273) defined an operating range in a 

compressor cascade as the range of inlet angle ap within which the loss coefficient is less than 

twice the minimum loss value. For simplicity the operating range is defined as i, - i ,  where the 

loss is less than twice the minimum loss value. This is calculated as follows: 

where ap, is the operating range of the NACA 65-series cascades at low Mach numbers and 

(aplafi)Me is a multiplication correction for the effect of Mach number on the operating range. 

Choking incidence is highly dependant on inlet Mach number and throat width as described by 

Miller and Wasdell (1987:249). That's why choking incidence increases to the positive side with 

higher inlet Mach numbers, making i,,& smaller (Figure 4.3). 

MVLTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 63 
School of Nuclear Engineering 



ttomn.msT u t t m  
YUHBCYTl YA BOKOHE-WPHIRU\P. CHAPTER 4 - PRESSURE LOSS 

PREDICTION METHODS 

Note that this correction factor (apldp,)H, does not hold any connection to the Mach correction 

factor as described in Section 4.7. It merely narrows the operating range from Figure 4.3 due to 

the fact that i* is highly dependant on inlet Mach number. Analysis of the NACA data by 

Hugentobler (1986) (represented by Casey, 1987:273) has led to the following correlation for the 

operating range at low Mach numbers: 

ap, = ~ I + K ( ~ + & ) I O B , , ,  (4.31) 

and 

K = O.OOl(4O -7(& - 45)+0.25(& - 45)' - 0.02(& - 45)3 (4.32) 

within the range of the NACA data 3 0  s p,, s 7 0 .  The correction for the effect of Mach number 

on operating range of NACA 65-series blading is taken into account as proposed by Hoheisel 

(1969), as: 

Ma<0.2 (aplap,),, =I (4.33) 

where 

A = -2.5(Ma -0.2)44 (4.35) 

Casey(1987:273) defined an off-design factor related to the flow incidence angle and operating 

range 1, as follows: 

The correction for incidence losses on the rotor and stator is similar to the method proposed by 

Jansen and Moffatt (1967:453) and is given by: 

The operating range defined by Casey (1987:273) is highly empirical and is only valid for NACA 

65-series blades. Secondly i,,h and i,, were calculated by dividing the operating range in 

two (4.36). The parameter i,,,* may be questionable when a compressor operates in the fourth 

quadrant. An accurate i, value has to be obtained to calculate the correct x parameter. 
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Off-Desian Model 4 (Miller and Wasdell. 1987k 

Miller and Wasdell (1987249) developed an off-design correction factor on the same basis as 

Jansen and Mofatt (1967453). 

Miller and Wasdell (1987:249) defined stalling incidence as the incidence at which the blade loss 

is twice the minimum loss and introduced a method to calculate stalling incidence. Hence, the 

determination of choking incidence required a knowledge of the inlet Mach number and throat 

width. The loss at the choking incidence was taken as three times the minimum loss. This 

assumption was made by Miller and Wasdell (1987249) using transonic DCA aerofoils. Miller 

and Wasdell (1987:249) used an iterative process to calculate the choking incidence. 

Unfortunately. no details regarding their method exist. Wright and Miller (1991 :69) adapted the 

off-design prediction method and used the same principles as Mlller and Wasdell (1987:249). The 

off-design prediction is given as: 

(wlw,) ,  =2.25 [/~g - +I for i < i '  

A comparison between Jansen and Mofatt (1967:453) and Wright and Miller (1991:69) is given in 

Figure 4.1 1. 

(1987:251) DCA blades 

NACA &j-series 

Figure 4.11 Comparison between two different off-design calculations 
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Off-Design Model 5 (Current study): 

Von Backstrom (2005:PZ) tested an axial flow compressor at two operating rotational speed lines, 

namely 0 r.p.m and 2000 r.p.m. It was found that in the fourth quadrant the off-design 

correlations given by Jansen and Moffalt (1967:453) and Wright and Miller (1991:72) resulted in 

pressure losses that are over-estimated. 

A correctional slope factor was derived by the author to accurately predict the shape of the off- 

design parabolic curve in Figure 4.11 when operating in the choke side of Figure 4.3. The 

standard parabolic term from Miller and Wasdell (1987:249) was used to define the off-design 

pressure loss (4.40). The slope of the parabola is then corrected with the slope correctional 

factor Q . The following assumption was made: 

After using an optimization program created in EES the following empirical correlation was 

derived: 

for lo4  c Read c I o5 and Ma < 0.2 (4.42) 

The full derivation of the slope correctional factor can be located in Appendix C, while the core of 

the optimization program is displayed in Appendix F.6. 

4.5 SECONDARY AND ANNULUS LOSSES 

The two additional losses (annulus and secondary) described by Dixon (1998:74) and 

Cohen eta/. (2001:241) must be taken into account when calculating the overall pressure loss in 

an axial flow compressor. 

Annulus loss refers to the additional drag effects caused by the walls of an axial flow 

compressor. 

Secondary losses arise from a complex three-dimensional flow set-up as a result of the 

end wall boundary layers passing through the cascade Dixon (1998:84). 

The assumption was made that annulus and secondary losses are applicable in the first and 

fourth quadrant. The annulus losses are represented in Bloch and O'Brien (1992:3) who 
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originated from Dixon (1998) as: 

Analysis of wmpressor performance charts by Bloch and O'Brien (1992:3) proved that the 

secondary loss is of major importance. It was also found that the magnitude of the secondary 

losses is of the same order as the losses caused by profile drag in a given blade set. Tip 

clearance is one of the greatest influences in secondary loss. The secondary loss is represented 

in Bloch and O'Brien (1992:3) who also originated from Dixon (1998) by: 

where 

4.6 REYNOLDS CORRECTION FACTOR 

The loss correction due to Reynolds number is assumed to be valid in the first and fourth 

quadrants. This is because pressure loss due to Reynolds number increase, depends mainly on 

blade surface roughness. 

Reynolds Correction Model 1 lKoch and Smith &Mills and Xu Hana 19761: 

A Reynolds correction factor was defined by Koch and Smith (1976:411) because of surface 

finishes, laminar and turbulent flows, affecting wmpressor performance. 

1. Koch and Smith (1976:411) used a different chord Reynolds 

laminar and turbulent flows which is presented in Figure 4.12: 

The critical Reynolds number is taken as Re, = 2 x 10" 
For laminar flow: Re 5 Re, , n = 5 . 5  

number exponent n for 

(4.46) 
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For turbulent flow: Re 2 Re, , n = -0.166 

2. The correction for the roughness effects are done using an equation from Mills and Xu 

Hang (1983) for the skin-friction coefficient of a fully rough flat plate. 

Where kcu is the centreline average deviation of roughness particles and C,, is the reference 

friction factor taken as 0.006 for laminar flow and 0.0028 for turbulent flow. For the purpose of 

this study kclA is taken to be 67x10d. 

The two corrections are combined such that correction of Reynolds number (w lo , ) ,  is given by 

the largest value of (C, IC,,), and (C, IC,, )", 

Chord Reynolds Number. Re 

Figure 4.12 Effect of Reynolds numbers and surface finish on calculated trailing edge momentum 
thickness (Koch and Smith, 1976:415) 

Reynolds Correction Model 2 (Wriaht and Miller 1991): 

The Reynolds number correction from Wright and Miller (1991:69) is based on the Koch and 

Smith (1976:411) correlation. The correction for the influence of Reynolds number assumes that 

MULTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 68 
School of Nuclear Engineering 



m - W E S T  UNWERIITY 
YUNlaEYTl YA BOI(OHE.BOPHIW CHAPTER 4 - PRESSURE LOSS 
t U m D W S - m K  PREDICTION METHODS 

the flow is hydraulically smooth up to a Reynolds number of l o 6 .  The same Koch and Smith 

(1976:411) Reynolds number exponent is used for laminar and turbulent flows. 

The exponent -0.5 is also used by Koch and Smith (1976:411) for change in loss due to Reynolds 

number in the laminarflow region Re c l o5 .  

For 10' <Re < l o6  the change in loss with Reynolds number is similar to the Prandtl equation for 

the skin friction of a flat plate in a hydraulically smooth turbulent flow. 

For Re > 10' the flow is assumed to be hydraulically rough and the losses constant irrespective 

of increases of Reynolds number. 

Reynolds Correction Model 3 (Roos 1995): 

In addition of the deviation caused by low Reynolds number, Roos (1995) also presented a 

pressure loss model for operation in that regime. This correlation is graphically presented in 

Figure 3.17. The correlation is defined as: 

where 

8 = 1 0 ,  ( t l c )  ref =0.1, ( s l c ) , = 1 . 0  

where 8  is the blade camber angle, t is the maximum blade thickness, s is the blade pitch length 

and ARe, is defined in Section 3.4.2. 
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4.7 MACH NUMBER CORRECTION FACTOR 

This section presents a Mach correction factor valid only for the first quadrant of operation and a 

compressor operating with an incidence angle in the suction stall side of Figure 4.3. 

Mach Correction Model 1 (Jansen and Moffatt 1967L 

The Mach correction factor is based on compressibility of the fluid that enters the axial 

compressor. The correction for the effect of inlet Mach number is presented by Jansen and 

Moffatt (1967:453). The loss coefficient is corrected for Mach number effects only when the inlet 

Mach number exceeds the critical Mach number Ma,, . The correction is of the form: 

where the critical Mach number is given by an analytical solution from a set of equations (4.53). 

For inlet Mach numbers less than Ma,, it is assumed that the flow is incompressible. Jansen 

and Moffatt (1967:453) derived a pressure coefficient for incompressible flow that is given by: 

However, a correction was derived that included Mach number to amun t  the pressure loss due 

to compressibility effects that may occur. 

Jansen and Moffatt (1967:453) indicated that the maximum velocity for NACA-65 series blades 

can be represented by an expression of the form: 
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where AV, is the change in whirl velocity, and E and F are thickness dependant empirical 

variables. Expressions for E and F of the following form have been developed: 

t 
E=0.4+- and F=0.03+0.7 

C 

Mach correction Model 2 (Wriaht and Miller 19911: 

This correlation relates blade profile loss at reference conditions to the equivalent diffusion ratio 

(4.23) and inlet Mach number (Figure 4.13). The empirical correlation is valid for transonic DCA 

blade sets. Wright and Miller (1991:69) defined the Lieblein loss parameter as follows: 

where ow can be located in Figure 4.13. The final profile loss at reference conditions can be 

defined as: 

where [f) can be located in ( 4 . 9 ,  
Re 

Figure 4.13 Correlation for profile loss coefficient 
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4.8 ANNULUS BLOCKAGE PREDICTION 

Low momentum fluid in the endwall regions due to viscous effects and form boundary layers. 

leads to blockage causing a reduction in the effedive flow area which in turn leads to an increase 

in the freestream axial veloc~ty. The effect of blockage is included in the calculation of the 

freestream axial velocity through the use of a blockage factor according to: 

& denotes the effective flow area including the effect of blockage, & is the geometrical Row 

area calculated from ff r r -r  hb and BF is the blockage factor calculated by different methods. 
(r2 -2 1 

The method by Koch and Smith (1976:411) calculates an average blockage factor over the whole 

stage, while the model given by Wright and Miller (1991:69) calculates an average blockage 

factor for the specific bladerow. Koch and Smith (1976:411) realized that their model is of limited 

scope and questionable general applicability. They suggest that the model should not be used 

h 
for aspect ratios. -, less than unity. Therefore only the model of Wright and Miller (1991:69) is 

C 

presented. It must be emphasized that no blockage calculation was found to be valid when the 

inlet flow angles become negative usually in the fourth quadrant of operatmn. 

The model owes much to the boundary layer model from De Ruyck and Hirsch (1980) and has its 

basis in a two-dimensional incompressible semi-empirical model for calculating the growth of 

endwall boundary layer momentum thickness across a bladerow (Wright and Miller.1991:73) 

where c, is the blade axial chord and P,,, is calculated by Eq. (4.45). 

The first two terms on the right hand side of (4.60) are the terms accounting for skin friction and 

axial velocity ratio, while the second two terms are empirical expressions for the axial component 

of the blade force through the endwall boundary layer due to dissipation forces along the 
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streamlines and lift forces at right angles to the streamlines. This is given by: 

In (4.61), Cn is the drag coefficient due to blade tip clearance and Chi is the drag coefficient due 

to the secondary flows. These coefficients are given by: 

The lift coefficient, CL, is given by (Cohen eta/., 2001,239) as: 

The skin friction coefficient in (4.60) is calculated using the semi-empirical formula (Wright and 

Miller,1991:73): 

where Re, is the Reynolds number based on the boundary layer momentum thickness, i.e. 
-- a. By assuming a simple power law for the axial velocity profile through the boundary layer 

P 

the form factor can be calculated from the Heads shape factor by: 

and the Heads shape factor can in turn be calculated from the Greens entrainment equation: 
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It must be noted that the Heads shape factor H' and the form factor H differs. Eq. (4.60) to 

(4.68) constitutes a coupled system of equations. These equations can be solved iteratively to 

calculate boundary layer momentum thickness and displacement thickness at the bladerow exit 

from the known values of 4,6; at the bladerow inlet for the hub and tip. The boundary layer 

displacement thickness is calculated as: 

The blockage factor is then calculated as: 

If it is assumed that the blades are not twisted in the radial direction, the necessary hub and tip 

parameters can be assumed form knowledge of the parameters at the mean radius and the 

annulus dimensions. 

4.9 SUMMARY AND CONCLUSIONS 

A detailed description of pressure loss models, as described in open literature was presented in 

Chapter 4. Pressure loss in an axial flow compressor was presented as three separable loss 

components, namely blade profile loss, secondary loss and annulus loss. The operation of an 

axial flow compressor in the first and fourth quadrant was classified by using the loss bucket chart 

located in Figure 4.3. 

Different types of diffusion ratim models were presented, using the Lieblein blade profile loss 

model at minimum loss incidence. A detailed description was given for the case where a 

compressor operates at conditions far removed from the design point. The author derived a 

correctional slope factor to vary the off-design correctional parabola with varying inlet Mach and 

Reynolds number. Different models describing loss due to varying Reynolds number were also 

presented in Section 4.6. Correctional models due to varying Mach number and blockage in an 

axial flow compressor were presented in Section 4.7 and 4.8 and are only valid in the first 

quadrant of operation. 
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CHAPTER 5 
UNCERTAINTY ANALYSIS ON 

EXPERIMENTAL RESULTS 
"It's not that I'm so smart, it's just that I stay with problems longer. " 

(Albert Einstein) 
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5.1 INTRODUCTION 

Characteristics for pressure rise, torque, power and efficiency were successfully measured in all 

four quadrants by Von Backstrom (2005), using a small three stage laboratory compressor. A 

summarised experimental report is presented in Appendix D. However, no uncertainty analysis 

was done on the experimental measurements. An uncertainty analysis was therefore done by the 

author on the experimental results in the first and fourth quadrant with positive rotation. 

5.2 METHODOLOGY 

Uncertainty of data can be calculated in one of two ways. Firstly the uncertainty interval of the 

equipment can be used to calculate the uncertainty in experimental readings also called the 

standard error in a single observation. Secondly uncertainty can be determined by the standard 

error in the mean, meaning a set of data readings were obtained for a single experimental 

measurement. The uncertainty is then calculated using the set of data readings. Uncertainty in 

the experimental measurements was taken as the largest uncertainty in both methods. 

In the experimental setup a set of data readings were obtained and the mean of those data 

readings were to be transformed with calibration curves to a single pressure or torque 

measurement (Figure 5.1). Thus, a set of data readings pmvided one pressure or torque result. 

Using this set of data readings one can calculate an uncertainty in each experimental 

measurement using the standard error in the mean method. 

Experimental f$( dab readings Experimental 

measurement 
\ 

Figure 5.1 Calculation and terminology used to obtain experimental measurements in the 
experimental setup 
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The residual of im measurement is given by Squires (2001:16) as follows: 

- 
where di is the residual with x, one reading of the data reading set and X the mean of the data 

reading set. Then a standard deviation of the sample can defined as s: 

This is for a data set of n measurements. The standard deviation of the distribution denoted by o 

is given by (Squires. 2001 32): 

The standard error in the mean denoted om is described by this relation: 

- 
The result of a set of readings is quoted as X f o;, . The standard error in the mean om can be 

called the uncertainty interval in this analysis. 

The uncertainty interval for a set of readings can easily be calculated, but it should be kept in 

mind that the measurements from the equipment were scaled to 2000 r.p.m. in the experimental 

setup. Thus, other uncertainties should also be taken into account. 

When a final quantity Z is related to two directly measured quantities by a function of the form 

then an error of x% in A and B gives rise to an error of X% in Z. If we now take the function 

Z = A I B  

and made a set of readings and founded an error in the mean of: 
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Now, when the percentage error in the mean value is calculated, the following is known: 

&4 A 8  - = %  and -=lo% 
A  B  

A final percentage error can then be obtained in the final quantity Z 

However, for a function in this form: 

Z = A + B  or A - B  

the situation changes and the error in the final quantity can be obtained from: 

A complete uncertainty analysis was derived with methods described above. 

An uncertainty analysis was done on the first and fourth quadrant (positive rotation) to identify 

data measurements with the most uncertainty. 

As mentioned in Appendix D the measurements obtained in the experimental setup were: 

Inlet stagnation pressure [pod 

Inlet static pressure [PI] 

Outlet stagnation pressure [Pod 

Outlet static pressure [PSI 

Rotational speed [r.p.ml 

0 Torque [N.m.] 

Inlet temperature rcl 
Volume flow rate [m3/s] 
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An uncertainty analysis was done on pressure and torque measurements. Power uncertainty 

was calculated using uncertainty derived from the torque measurements. As previously 

mentioned, experimental measurements were scaled to 2000 r.p.rn. Therefore methods in (5.5) 

and (5.6) were used to calculate the uncertainty in the final quantity for pressure, torque and 

power measurements. An example how the uncertainty for torque measurements were derived in 

the experimental analysis is presented below. 

The formula used to scale the data measurements is  resented as follows: 

m m a 0 

Scaled Torque = Torque coefx Scaled Blade speedx Scaled pin 

where @ denotes an uncertainty in the parameter below and O denoting a very small or no 

uncertainty. The toque coefficient is described by: 

m @ m 0 

Torque coef = Measured Torquex Measured pj,x Measured Blade speed 

where the measured pi,, can be defined as: 

Using this approach, methods presented in equations (5.5) and (5.6) were easily implemented in 

the uncertainty analysis. Uncertainty analysis for pressure and power were done on the same 

principles as presented above and is summarized in Table E.2. Charts presenting torque and 

power uncertainties in error bar format are presented in Figure E.6 and E.7. Furthermore. 

pressure uncertainties are very small and are only presented in Table E.2. 

It was found that the uncertainty of the transducers is 0.75% of every pressure measurement and 

was taken as the biggest uncertainty of both methods explained in Section52 However, no 

uncertainty was found on the equipment measuring torque etc. 

5.4 SUMMARY AND CONCLUSIONS 

Experimental work was done by Von Backstrom (2005) with no uncertainty analysis. An 

uncertainty analysis was done to verify the accuracy of the experimental results. A distinction 
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was made between a set of data readings and a single experimental measurement. 

Very small uncettainties were found in the pressure measurements. However, larger 

uncertainties were found in the torque and power measurements using the standard error in the 

mean approach. It can thus be concluded that the uncertainty of the pressure transducers is 

bigger than the standard error in the mean calculation for pressure measurements. However, this 

is not the case for torque and power measurements. 

Von Backstrijm (2005) recommended that the rig needs to be modified with a damping system 

incorporated into the toque measurement system. This motivates the larger uncertainties in the 

torque measurements. A conclusion can be made that simulation results can be assumed to be 

accurate if the results are within the uncertainty range. 
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CHAPTER 6 
IMPLEMENTATION OF THE 

SIMULATION CODE 
"Everyone is a genius at least once a year. The real geniuses simply have their bright 

ideas closer together. " 
(George C. Lichtenberg) 
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6.1 INTRODUCTION 

This chapter will focus on the methodology employed to generate a performance analysis code 

from literature described in Chapters 2 - 4. The main requirement of the code is that it should be 

capable of performing parametrical studies, reflecting the use of various variable input 

parameters on compressor performance. Compressor performance charts can then be obtained 

by using various mass flow rates as an input variable in parametrical studies. 

6.2 METHODOLOGY 

A software package called Engineer~ng Equation Solver (EES) Professional Version 7.450-30 

(F-Chart Software, 2005) was used to simulate the Rofanco axial flow compressor used by Von 

Backstrom (2005). The advantage of EES is that a set of equations can be solved 

simultaneously by automatically identifying and grouping equations. 

The EES code can consist of multiple equation groups called modules, procedures and functions. 

The advantage of the grouping approach is its ability to easily switch between incidence. 

deviation and loss models. Modules are stand-alone EES programs that can be called from the 

main EES program or from other modules lower in the equation window. A further advantage of 

using the EES code is that a single set of equations can be placed in an array solving the same 

set of equations simultaneously for different input parameters. Thus a multi-stage axial flow 

compressor can be solved showing results of different variables for any blade row. 

An algorithm to generate the simulation code was developed in such a way that easy 

implementation in other analysis codes would be possible for future studies. The analysis code 

uses different compressor and blade geometrical parameters obtained from Von Backstrom 

(2005) and is presented in Appendix F.2. Furthermore, attention was given to the EES simulation 

code to ensure that the algorithm is user-friendly with inlet and operating conditions easily 

changeable. Parametrical studies on the axial flow compressor can be calculated and verified 

with experimental data. 
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In Chapter 3, different incidence and deviation models were described. These models which 

were implemented into the EES algorithm are summarized in Table 6.1: 

- - 

Minlmum loss incidence 

Lieblein (1960) Wright and Miller (1991) 

Optimum loss lncldence 

Miller and Wasdeli (1987) 

Miller and Wasdell (1987) 

Choking incidence 

Current studyp 

Roos (1 995) 

Table 6.1 Incidence and deviation models implemented into EES 

White et a1.(2002) Lieblem (1960) 

Each incidence and deviation model was implemented in its own sub-section program containing 

the set of equations which describe the model. It was also provided with the necessary input 

variables from the main program. 

Deviation with boundary layer effects 

Csanady (1964) 

Deviation caused by low Reynolds numbers 

~ r i g h t a n d ~ i l k r  ( i 99 i )  

In Chapter 4, different pressure loss models were described. The models which were 

implemented into EES are summarized in Table 6.2. Loss models are evaluated and compared 

with each other to obtain the best suitable loss model for simulating the Rofanco axial flow 

compressor. 
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I wrlgnr an0 Miller 1 iieblein (1959) Lieblein- Klapproth (1959) ! 

(1 987) - Author 

L - 

Table 6.2 Pressure loss models implemented into EES 

Each loss model was implemented in its own sub-section program containing all the necessary 

equations describing the model. Models are then recalled from the main program containing the 

input variables for each rotor and stator blade row. 

6.3 SIMULATION SETUP 

Simulating compressor performance using the mean-line approach is based on fluid conditions at 

the leading and trailing edge of each blade row. The calculation of these fluid conditions can be 

broken down into conservation equations with various incidence, deviation and loss models. The 

main program consisting of conservation equations, velocity triangles and basic thermodynamics 

is the core structure of the simulation code (Appendix F.3). Calling of sub-section programs 

containing incidence, deviation and loss models is done from the main program. A breakdown of 

the program algorithm is given in Appendix F.1. 

MULTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 84 
school of Nuclear Engineering 



IIORTH-WEST UlllVERSlTY 
'IUIIIBESITI YA EQKOIIE-EOPHIRIMA 

CHAPTER 6 -IMPLEMENTATION OF THE 
-UIIIVERSITEIT SIMULATION CODE 

6.3.1 INPUT VARIABLES 

Input variables for the axial flow compressor are provided in the main program (Figure F.2.1). 

However, geometrical variables for each blade row are called from the main program, located in 

an EES lookup table (Figure F.2.2). 

6.3.2 ROW BY ROW ANALYSIS 

Each blade row is calculated separately. The inlet conditions at the leading edge for a given 

blade row is coupled with the outlet conditions of the previous blade row at the trailing-edge. This 

coupling of blade row conditions is done by using the array function in EES. Results for velocity 

in their respected frames, pressures, temperatures, density, viscosity, enthalpy, entropy, 

incidence at the leading edge, deviation at the trailing edge and so forth are calculated for each 

blade row. The overall performance of the compressor is calculated by means of using the inlet 

conditions of the first blade row and the outlet conditions of the last blade row. Using this 

approach a multi-stage axial flow compressor can easily be simulated for a desired number of 

stages. 

6.4 SIMULATION OF INCIDENCE AND DEVIATION MODELS 

6.4.1 INCIDENCE 

The minimum loss incidence is calculated in a sub-section called Minimum,,,,,,,. For the 

Lieblein (1960575) model polynomial curve fits for the lines o = 0.4 and 2 where obtained in 

Figure 3.1 and 3.2. Values in-between are obtained using linear interpolation. This method was 

also used by Swift (200357). As previously mentioned, the Lieblein (1960:575) minimum loss 

model is only valid for operation with an inlet flow angle between 0" and 70". However, when 

operating at zero speed, inlet flow angles in an axial flow compressor become negative 

(Figure 2.5). The reason being that the blade speed U is zero and no relative velocity component 

exists. This results in an invalid Lieblein (1960:575) minimum loss model in the fourth quadrant of 

ooeration. 

The model presented by Wright and Miller (1991:72) does not have the restriction of inlet flow 

angles. It mainly depends on single blade and blade row geometv. It also gives a simple 
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relation between minimum loss incidence and inlet Mach number (3.4). Furthermore, the throat 

width o is calculated in a sub-section called choking. Formatted equations for the two minimum 

loss incidence models can be located in Appendix F.4.2. The desired minimum loss incidence 

model is activated by using the comment function of EES. This function makes a certain line that 

was programmed active or inactive. 

The optimum and stalling incidences of Miller and Wasdell (1987:249) are calculated in a sub- 

section called StalledDeviation, for which the formatted equations are presented in 

Appendix F.4.3. The choking incidence derived by the author is calculated in a sub-section called 

Choking with the formatted equations presented in Appendix F.4.4. 

6.4.2 DEVIATION 

The sub-section programs containing the equations for predicting the deviation of each blade row 

is presented in Appendix F.4.3. F.4.6 and F.4.7. 

The Wright and Miller (1991:69) deviation model can be located in the StalledDeviation sub- 

section (Appendix F.4.3). The advantage of this model is that it is not restricted to inlet flow 

angles between 0" and 70". This model uses the blade stagger angle to calculate the 

optimum and stalling incidences as well as the optimum deviation angle. The optimum deviation 

angle is then translated to the actual deviation angle using an incidence function presented in 

Figure 3.11. White et a1.(2002:181) suggested neglecting the last term of (3.14) as it was found 

to cause excessively high values of deviation in some cases. So equation (3.15) was 

implemented into the StalledDeviation sub-section. However, it was found that the deviation is 

not constant in the choked region as displayed by Figure 3.11 and Figure 3.13 was derived. 

The sub-section Deviation was created using the Lieblein deviation model (Appendix F.4.6). 

Figure 3.9 was implemented by obtaining polynomial curve fits for the lines o = 0.4, 1.2 and 2 and 

performing linear interpolation for the values in-between. Curve fits were also obtained for 

Figures 3.6, 3.7 and 3.8. In Figure 3.10, the graph is evenly distributed for the lines 5, = 0, 30, 40 

and 50. Polynomial curve fits were obtained for ,8, = 0, 50, 60, 70 and linear interpolation was 

used to find the values in-between. The main weakness of this model is that it is only valid for 

inlet flow angles between 0" and 70" and highly empirical. 

The sub-section BoundryDev was created to calculate the deviation caused by boundary layers 

after each blade row. The wake form factor H, = 6'18 is taken as a constant value of 1.08, 
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w- 
en calculating the deviation caused by boundary layers (Lieblein, 1959:387). The wake 

momentum thickness 6' can be calculated by using (4.12). Subsequently the displacement 

thickness 6' can be caiculated by using the constant wake form factor. The final outlet flow 

angle of the fluid and the final deviation can be determined from (3.22) and (3.23). Note that the 

BoundryDev deviation value is added to the value obtained by the Deviation sub-section. 

Different combinations of these incidence and deviation models were simulated and the results 

are shown in Chapter 6. 

The sub-section ReynoldsDeviation was created to calculate the deviation caused by low 

Reynolds numbers in each blade row. The model presented by Roos (1995) was implemented 

and added to the deviation value calculated in the StaNedDeviation sub-section. 

6.4.3 STALL AND CHOKE 

The Blade,,,, subsection was created to test if a blade row is stalled (Appendix F.4.9). Casey 

(1987:277) assumed that stall will occur in terms of incidence using the mean line approach 

when: 

The operating range dp is calculated in a sub-section called Opp,a,, (Appendix F.4.8). Stalling 

of a blade row can also be seen when the incidence angle of the fluid is more than that of the 

stalling incidence ( i  2 id) described in (3.6). 

The Bladecm, subsection is Created to test if a blade row is nearing the choked region 

(Appendix F.4.5). This is done by as3uming that a blade row will be near the choked region when 
. . 
I 5 I .  The choking incidence iCh is derived in Appendix B and the formatted equations are 

presented in a sub-section called Choking (Appendix F.4.4). 

6.4.4 NON-DIMENSIONAL POWER 

Problems with using isentropic efficiency arise when calculating the work transfer rate of 

compressors a l  operation far removed from the design point, i.e. during start-up transients and 

operation in other relevant quadrants. The definition of power in a compressor (6.2) fails when 

isentropic efficiency 5 0. Using the isentropic efficiency to define and calculate work transfer 

rate (power), the following challenges emerged: 
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The isentropic efficiency fails to incorporate for the possibility of a zero work transfer rate 

to the compressor. 

When the compressor pressure difference drops below zero, implying operation in the 

fourth quadrant, whilst the direction of work transfer remains unchanged (torque +, first 

quadrant), isentropic efficiency becomes negative. 

When the compressor pressure difference drops below zero, implying operation in the 

fourth quadrant, and the direction of work transfer rate changes (operating as a highly 

inefficient turbine). This implies that equation (6.2) is no longer valid. 

A new and more generically applicable representation of the work transfer rate to the compressor 

element was developed, called non-dimensional power. Non-dimensional power allows for 

calculation of the compressor power in all of the relevant quadrants. The full derivation can be 

found in Appendix G. The non-dimensional power term is given by: 

. . 
where Q is called non-dimensional power, Q, =mC,AT,, and inlet pressure and temperature 

p,,.T,, with units of [bar.K]. This non-dimensional term can also be found in the book of 

Lakshminarayana (1996:63). Non-dimensional power was calculated in the EES code under the 

heading "Overall Machine Parameters" (Appendix F.3). 

6.5 SIMULATION OF LOSS MODELS 

6.5.1 IMPLEMENTATION OF PROFILE LOSS MODELS AT 
REFERENCE CONDITIONS 

The Lieblein blade profile loss model (4.11) and different diffusion equation models are integrated 

into a sub-section in EES called Total,,.. Different diffusion ratio models can be activated by 

means of using the comment function of EES. The formatted equations are shown in 

Appendix F.5.1. 
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The momentum thickness to chord ratio (4.12) defined by Casey (1987:277) were also integrated 

into the TotalL,,, sub-section. The added 0.0025 suggested by Koch and Smith (1976:411) was 

also taken into account. Furthermore, the wake form factor HI is taken as a constant 1.08. 

6.5.2 IMPLEMENTATION OF THE OFF-DESIGN LOSS MODELS 

Section 4.4 presented the reader with five off-design pressure loss models. However, only the 

off-design pressure loss models displayed in Table 6.2 were implemented. The off-design 

pressure loss models are integrated into the Totall,,, sub-section and activated by means of 

using the comment function of EES. 

The Lieblein (1959:387) off-design pressure loss correlation in (4.24) was implemented for a 

compressor with NACA 65(ATO) blade sets where a = 0.117. This off-design diffusion equation is 

directly implemented into the profile loss equation presented in (4.1 1). 

The Casey (1987:273) off-design pressure loss correlation in (4.37) was also implemented into 

the Total,,, sub-section. The operating range @3 was obtained from the calculation done in the 

Opp,a,,. sub-section. 

The slope correction factor described in (4.41) and Appendix C was also integrated into the 

Total,.,, sub-section. The slope correction factor varies the slope of the parabola with changes in 

inlet Mach and Reynolds numbers. The inlet Mach number to a given blade row would begin to 

rise when nearing choked conditions. An increasing inlet Mach number will directly result in an 

increasing slope correctton factor, subsequently changing the off-design pressure loss parabola 

and resulting in a higher pressure loss. This slope correction factor is only valid for ici,,, and 

NACA 65(Alo) blade sets. Further restrictions are given in Appendix C. 

6.5.3 IMPLEMENTATION OF SECONDARY AND ANNULUS LOSS 

MODELS 

The secondary and annulus losses given by (4.43) and (4.44) were implemented as suggested by 

(4.1) and (4.2) into the Total,,,, sub-section. The formatted equations can be found in 

Appendix F.5.1. 
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6.5.4 IMPLEMENTATION OF REYNOLDS CORRECTION FACTOR 

Surface finish and laminar and turbuient flows, all affect the compressor performance. This 

phenomenon is described in a correction referred to as the Reynolds correction factor. 

The Reynolds correction factor described by Koch 8 Smith and Mills 8 Xu Hang was 

implemented into a sub-section called Reynoldsc,,,,. The formatted equations for this sub- 

section can be found in Appendix F.5.2. The centerline average deviation of roughness particles 

kc,, was taken to be 6 7 ~ 1 0 . ~  and the critical Reynolds number as Re, = 2 x 10'. 

6.5.5 IMPLEMENTATION OF MACH NUMBER CORRECTION 
FACTOR 

The Mach number correction factor of Jansen and Moffatt (1967:453) was implemented for 

compressibility of fluid that enters the axial flow compressor. This correction factor is only 

activated when the Mach number exceeded the critical Mach number described in Section 4.7. 

Inlet Mach numbers d ~ d  not exceed the critical Mach number due to subsonic analysis. However, 

this correction factor was implemented to calculate the critical Mach number and is integrated into 

sub-sections called Machcnt,, and Machcowec,. The formatted equations are shown in 

Appendix F.5.3. 

6.5.6 IMPLEMENTATION OF ANNULUS BLOCKAGE FACTOR 

The annulus blockage factor of Wright and Miller (1991:69) was implemented, calculating the 

blockage factor over each blade row. A boundary value for the first bladerow was given for 

boundary momentum and displacement thickness. This boundary value was calculated by using 

a constant wake form factor for the inlet of the first blade row H = 1.08 suggested by Lieblein 

(1959:387). The displacement thickness is then calculated using the momentum thickness of 

(4.12) for the first bladerow. The consecutive bladerows used the exit values of the previous 

bladerow. 

MULTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 90 n school 0, N U C I ~ ~ ~  Engineering LU 



IIORTH-WEST UtlI'IERSITY 
YUIIIBESITI YA &OKO(IE.BOPHIRlh'A 
lONJWE5 

CHAPTER 6 - IMPLEMENTATION OF THE 

-UIIIVEIRSITEIT SIMULATION CODE 

6.6 SUMMARY AND CONCLUSIONS 

This Chapter reviewed the methodology used for implementing axial flow compressor 

performance models into a soflware package called EES. The code was made more user 

friendly by implementing sub-sections containing different incidence, deviation and pressure loss 

models. 

A row by row analysis was implemented using the array function of EES, connecting each blade 

row's inlet conditions to the previous blade row's outlet conditions. The inlet conditions of the first 

blade row set were taken as atmospheric conditions. Deviation was calculated using models of 

Lieblein, Csanady. Wright and Miller and Roos while correlations given in graphical format were 

obtained using curve fits containing the specific variables. 

A new application was created called non-dimensional power due to the fact that problems occur 

when using isentropic efficiency for compressor operation far removed from the design point. 

This application accurately defines work transfer rate to or from a turbo machine in all four 

auadrants. 

On and off-design profile pressure loss correlations of all the relevant authors were implemented 

into a sub-section called  total^,,. The secondary and annulus losses were also implemented 

into the TotalLo,, sub-section. 

A Reynolds correction factor was implemented to correct the blade profile and secondary losses 

due to surface finish, laminar and turbulent flows affecting the compressor performance. 

However, a Mach correction factor was implemented to correct the loss models for 

compressibility. The annulus blockage factor of Wright and Miller were also implemented. 

MULTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 91 L f  S c b l  of Nuclear Engineering 



IIORTH-WEST UIIllIERSIIY 
'IUIIIBESITI YA BOKOIIE.BOPHlR~ 

CHAPTER 7 -VALIDATION & 
II~ORDWES.UIIMRSIT€IT VERIFICATION 

CHAPTER 7 
VALIDATlON & VERIFICATION 
"The conclusion of design flow naturally from the data; we should not shrink from it; we 

should embrace it and built on it. " 

(Michael Behe) 
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7.1 INTRODUCTION 

Chapter 6 presented the reader with the different sub-sections implemented into the EES code. 

Each sub-section contained a set of equations simulating a certain incidence, deviation and loss 

model. 

In this chapter, the validity and accuracy of the EES code will be presented. Validation will be 

done by comparing the simulation results with blade row level data. Further verification is 

achieved by comparing simulation results with machine level data in the first and fourth quadrant. 

7.2 METHODOLOGY 

Validation of incidence, deviation and loss models are only achieved when compared to blade 

row level data. In reality, only machine level data exist for the first and fourth quadrant generated 

by Von Backstrom (2005:P2,1). 

Therefore the incidence and deviation model combination sets displayed in Table 7.1 were 

validated with the Mellor and Wood plots. These plots were developed for NACA 65 profile 

cascades from the US cascade data of Emery et a/. (1957). An example of these plots is 

sketched in Figure 7.1. with choke and stall line specified at 1.5 times the minimum loss. 

Verification was further done by comparing the incidence and deviation models against the Von 

Backstrom torque data set for the first and fourth quadrant. 

t 
Constant 

Stagger angle 

Inlet flow angle 

Figure 7.1 Mellor and Wood plots for NACA 65 series cascade blades (Horlock, 1978) 

Pressure loss model verification was achieved by comparing results with the Von Backstrom data 

set in the first and fourth quadrant. Further validation for the loss models were achieved by 

comparing the selected combination set displayed in Table 7.2 with experimental blade row 

measurements at stall, choke and near the design point from the Roos data set. 
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7.3 VALIDATION AND VERIFICATION OF INCIDENCE AND 

DEVIATION MODELS 

Table 6.1 presented different incidence and deviation models that have been implemented into 

the EES code. Different combination sets were tested to obtain the best results (Table 7.1). 

/ I  I Lieblein I I / Lieblein 1 Csanady I 
I 

2 ( / Miller & Wasdell / Miller 8 Wasdell / ~ r i ~ h t r ~ i l l e r  i 

Deviation with 

Set Incidence Incidence Incidence Boundaly 
Deviation 

Figure 7.2 compares these combination sets with the Mellor and Wood plots for different 

solidities, stagger and camber angles. 

Stalling Minimum Loss 

3 

4 

It must be emphasized that the deviation model presented by Lieblein (1960575) is only valid 

with inlet flow angles between 0" and 70". In fourth quadrant operation it was found that the inlet 

flow angle to a given blade row is negative. Therefore it can be concluded that the Lieblein 

(1960:575) deviation model is invalid in fourth quadrant operation. 

Optimum 

White et a1.(2002:181) made an observation that the term accounting for thickness-chord ratio in 

equation (3.14) cause excessively high values of deviation in some cases. The model presented 

by White et a1.(2002:181) with the new derived incidence function presented in Figure 3.13, 

showed very good comparison with experimental data. Thus a final conclusion can be made that 

the deviation model of White et a1.(2002:181) in conjunction with Figure 3.13 (Combination Set 4) 

is sufficient for cascades with higher Reynolds numbers. Further deviation caused by low 

Reynolds numbers identified in Cumsty (1987:177) is added to the deviation of combination set 4 

to verify simulation results with machine level data. The model of Roos (1995) presented in 

equation (3.31) was used for this purpose. 

Table 7.1 lncidence and deviation model combinations 

Miller & Wasdell 

Miller 8 Wasdell 
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Figure 7.2 Simulation resultsverified againstdifferent solidities.staggerand camber angles for
the first rotor stage (Mellor and Wood)

Compressor torque in the EES code is defined as Z = m Xtotal and simulation results are

compared with experimental data in Figure 7.3. As previously mentioned. no blockage factor

calculation model could be found to be valid for first and fourth quadrant of operation. So the

blockage factor was calculated at near design conditions with the model presented by Wright and

Miller. Those blockage values calculated for each blade row were then used as constants for the

first and fourth quadrant. For zero rotation no blockage was assumed.
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Compressor power in the EES code is defined as Qc = wZ and the results are presented in

Figure 7.4.
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7.4 VERIFICATION OF LOSS MODELS 

Table 6.2 presented different loss models that were implemented into the EES code. Different 

combinations were tested to verify the best results with experimental data (Table 6.2). It must be 

emphasised that no loss model was found in open literature testing validity for compressor 

operation in the fourth quadrant. The minimum loss incidence was calculated using the Wright 

and Miller (1991:69) model. Furthermore, combination set 4 was used in Table 7.1 to calculate 

the deviation of the fluid after each blade row with the added deviation for low Reynolds number 

by Roos (1995) 
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Table 7.2 Pressure loss model combinations 

Lieblein 

The different loss model combination results for 2000 r.p.m and 0 r.p.m. are presented in 

Figure 7.5. Different sub-sections were called from the main program to formulate the different 

combination sets shown in Table 7.2. Further it was found that the maximum uncertainty of the 

pressure readings is 0.75%. 
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Figure 7.5 Pressure loss model combinations for static pressure difference versus mass flow rate

Pressure loss calculations at 2000 r.p.m deviated from experimental results, especially in the

fourth quadrant. This confirms the observation that no pressure loss model within the fourth

quadrant of operation is valid. A short discussion on each combination set operating at 2000

r.p.m. follows:

Combinationset 1 showed good agreementexists in the first quadrantof operation, but deviates

heavily in the fourth quadrant.

Combination set 2 shows better agreement to experimental data, it still deviates in the fourth

quadrant.

Combination set 3 deviated at the stalling region in the first quadrant as well as in the fourth

quadrant.
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Combination set 4 shows good results in the first as well as in the fourth quadrant of operation. 

The correlation derived by the author in Appendix C should undergo further verification with 

experimental results for different rotational speeds in the spectrum of lo4 <Re <lo5 and 

Ma < 0.3 to verify the validity of the slope factor d, . Further investigation should also be done on 

the annulus blockage that occurs in the fourth quadrant. This could have an impact on the slope 

factor Q, . 

Only one combination set was implemented for zero rotational speed, due to the fact that all the 

other combination sets used for 2000 r.p.m. greatly deviated from experimental results. 

Combination set 4 could not be implemented for zero rotation due to the slope factor @ falling 

outside the validity boundaries. 

combination set 5 used the same principles described in combination set 2. This combination 

shows a relatively good agreement to experimental data. 

7.5 APPLICABILITY OF THE MEAN-LINE METHOD 

Dixon and Angier argue against using the mean-line approach unless used in certain bounds. 

One of these bounds is that of an axial flow compressor operates near design conditions. The 

mean-line approach was used away from design conditions with calculations done in the fourth 

quadrant. Roos (1995) developed experimental results for near surge, near design and near 

choke conditions for each rotor and stator for the Rofanco axial flow compressor. So some 

means of validity could be tested. Figures 1.8 to 1.16 shows the comparison between the 

experimental and mean-line simulation results for each rotor stage. The mean-hne analysis 

showed relative good accuracy for this compressor. 

7.6 VALIDATION AND VERIFICATION OF CHOKING AND 

STALLING INCIDENCE 

Validation of choking and stalling incidence was done comparing the simulation results with the 

Mellor and Wood plots. The simulation results show relatively good answers. It must however be 

noted that the Mellor and Wood plots were generated with the assumption that the stalling and 

choking incidence is 1.5 times that of the minimum loss value. Results are presented in Figure 

7.6. 

MULTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 99 
School of Nuclear Engineering 



.u_ __. --- - -.

UORTH.W£ST UUlVERSITY
YUlliBESm VA 8OKOIIE.BOPHIRIMA
IIOORDWES-lJI UVERSITEIT

CHAPTER 7 - VALIDATION&
VERIFICATION

Further improvement to the choking incidence can be made by multiplying a correction factor to

the two dimensional throat width (area). This correction factor is dependent on total pressure loss

up to the throat width and a reduction in annulus height (Wright and Miller, 1991:69). Itcan be

advised that the two factors for calculating the correction factor in Figure 7.6 should be solidity

multiplied by stagger angle. The reason for that is, with a decrease in stagger angle the throat

width (area) moves to the back (Figure B.1). Thus a correctionof more than one should be

applied. The need for the correctioncan be seen in Figure 7.6 with a solidity of one.

Furthermore, with a higher solidity the length of the blade pitch reduces if the chord length stays

constant, causing the throat width to decrease and ultimately moving the two dimensional throat

width (area) with chord length. Thus with higher solidities a correction factor less than one should

be applied.

However to validate this correction multiplied with the two dimensional throat width (area),

experimental data should be generated demonstrating the choke line with pressure loss two times

that of the minimum loss value.
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Figure 7.6 Verification of stalling and choking incidences against the Mellor and Wood plots.

MULTI-QUADRANTPERFORMANCESIMULATIONFOR SUBSONICAXIAL FLOW COMPRESSORS 100

'" School of Nuclear Engineering



IIORTH.WEST UIIIVERSIN 
YUIIIEESITI 'iA BOKOIIE~WPHIRIMP CHAPTER 7 -VALIDATION & 
IIOORMNES-U~I~VERS~TEIT VERIFICATION 

Howell eta/. (1978:699) demonstrated the experimental relation of rotor choke incidences versus 

relative inlet Mach number for the first stage of a transonic axial flow compressor in Figure 7.7. 

Simulation results for the Rofanco subsonic axial flow compressor was plotted in Figure 7.8. 

Comparison between Figure 7.7 and 7.8 shows the same trends, but it must be noted that results 

presented in Figure 7.7 is for much lower inlet Mach numbers. It is of interest to note that the 

choking incidences for transon~c blades are mainly positive, while negative for subsonic NACA 

65(Alo) blades. The spectrum of the loss bucket chart shifts with different blade types 

(Figure 7.9). 

r15O 

- - 
0 
G .5. - 

- 

ODESIGN SPEED 

Figure 7.7 Maximum efficiency, stall and choke incidences versus rotor inlet Mach numbers at 
mean radius for first stage of the C135 transonic axial flow compressor (Howell et a/.,1978:699) 

Mach number [M,] 

Figure 7.8 Simulation results for minimum loss, stall and choke incidences versus rotor inlet 
Mach number at r.m.s radius for the first stage of the Rofanco subsonic axial flow compressol 

when i4,. 
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Figure 7.9 Comparisonbetweenthe loss bucketchart for transonicand subsonicblade types

7.7 NON-DIMENSIONAL POWER

As previously mentioned in Section 6.4.4, non-dimensional power allows for calculation of the

compressor power in all of the relevant quadrants. If a four quadrant non-dimensional power

performance chart for any given axial flow compressor exists, the actual power for any quadrant

can be calculated without using conservationequations. The non-dimensionalpower for the first

and fourth quadrant is presentedbelow:

Figure 7.10 Non-dimensional power for the Rofanco axial flow compressor at 2000 r.p.m.
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In Figure 7.7 the axial flow compressor starts extracting work from the fluid when the corrected 

mass flow -- 'a is in the region of 47. thus operating as a turbine. The units used to define 
PO! 

corrected mass flow and non-dimensional power is [kg/s].[K],[bar]. Non-dimensional power 

provides a straight forward way to define operating modes in a turbomachine. 

7.8 SUMMARY AND CONCLUSIONS 

In this chapter, the accuracy of the performance prediction code was verified against 

experimental work done by Von Backstrom (2005). Different deviation and loss models were 

interchanged and evaluated with the aid of experimental measurements. Conclusions on 

deviation and loss models were made, specifically with regards to the deviation from the 

exoerimental measurements. 

For the deviation models, it was concluded that combination set 4 should be used. The deviation 

model with the new incidence function presented in Figure 3.13 showed good comparison at both 

0 and 2000 r.p.m. The main advantage of using the Wright and Miller deviation model is that it is 

valid in the first and fourth quadrant. 

For the pressure loss models, it was concluded that combination set 4 should be used for 2000 

r.p.m. and combination set 5 for 0 r.p.m. It is further advised that verification with experimental 

results be performed for different rotational speeds in the spectrum of l o '  <Re < l o 5  and 

Ma < 0.3 to verify the validity of the author's off-design correlation called the slope correctional 

factor . The non-dimensional power was also calculated and presented in Figure 7.7. 

It can also now be concluded that the mean-line analysis is a valid method of simulation for the 

Rofanco axial flow compressor by comparison to the Roos (1995) data set. 

MULTI-QUADRANT PERFORMANCE SIMULATION FOR SUBSONIC AXIAL FLOW COMPRESSORS 103 n school of Nuclear Englneerlng LU 



IIORTH-WEST UIIll:ERSIr< 
YUIIIBESITI YA 8OKOllE-8OPHlRW 
IIDDRDWES-UIWERSITEIT CHAPTER 8 -CONCLUSION 

"Every idea which is backed by a plan and followed with massive action leaves a trail that 

is recorded as history " 
(Glen McQuirk) 
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8.7 SUMMARY 

In Chapter 1. Brayton cycle power plants such as the PBMR identified the need to simulate start- 

up transients and operation in other relevant quadrants. Outcomes of this study were identified 

such as generating a preliminary analytical performance prediction code in a software package 

called EES, simulating performance in the first and fourth quadrant. A quick overview was given 

about multi-stage axial flow compressors and the compression process. Furthermore, different 

quadrants in a performance prediction chart were categorised and a short discussion followed 

explaining each mode of operation. 

Chapter 2 introduced the reader with different methods of simulating an axial flow compressor. 

The mean-line theory in conjunction with the fundamental conservation equations for mass. 

momentum and energy for compressible "rotating pipe" flow were implemented into the 

performance prediction code. The conservation equations were broken down into three 

components namely velocity triangles, incidence and deviation models and loss models. By 

using the "rotating pipe" model only incidence and deviation models are necessary to calculate 

compressor torque and power. However, to calculate the pressure difference in an axial flow 

compressor, all three components are necessary. Furthermore, different velocity triangles and 

the blade nomenclature were also presented. 

Chapter 3 showed distinctions that were made between various incidence and deviation angle 

models used in different flow angle calculations. 

Chapter 4 classified total pressure loss in an axial flow compressor as a superposition of 

theoretical separable loss components that includes the following: blade profile losses, secondary 

losses and annulus losses. The left and right hand side of the loss bucket chart were classified 

as the choke and suction stall side. Different loss models for various conditions were presented 

in detail. Furthermore, since pressure calculations in the fourth quadrant deviated from 

experimental results, a new correctional slope factor Q, was presented correcting the off-design 

parabola when operating at i < i,,, . 

Chapter 5 presented the reader with uncertainty calculations on experimental results obtained 

from Von Backstrom. Both uncertainty methods explained in Section 5.2 were calculated and the 

biggest uncertainty was taken. Uncertainty analysis was done on the experimental results to 

accurately compare simulation results with experimental measurements. 
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Chapter 6 showed how different incidence, deviation and loss models were implemented into the 

analytical performance prediction code called EES. Sub-sections containing different equation 

sets from various models made it possible for the user to interchange between different deviation 

and loss models. This made it possible to test the validity of different loss and deviation models 

in the first and fourth quadrant of operation. The non-dimensional power term was also 

implemented and presented in this chapter. 

Chapter 7 presented the various deviation and loss model combination sets tested in the 

performance prediction code. It was found that the power performance prediction of an axial flow 

compressor, can be best simulated using the Wright and Miller minimum loss incidence model. 

However, the Wright and Miller deviation model showed too high deviation calculations, also 

noted by White et a1.(2002:185). The suggestions made by White et a1.(2002:185) were 

implemented and a new incidence function chart Figure 3.13 was developed to accommodate 

fourth quadrant operation. Incidence and deviation combination set 4 showed relatively good 

results at both the rotational speed lines. 

Pressure loss combination set 5 showed very good agreement with experimental results in the 

fourth quadrant of operation with zero rotational speed. However, with an increase in rotational 

speed to 2000 r.p.m. a deviation was found from experimental results. An off-design correctional 

slope factor was derived using an optimization program developed In EES. This correctional 

slope factor O, varied the gradient of the off-design correction parabola when operating at 

i i n  , Both the choking incidence and the new correctional slope factor were implemented in 

the off-design correction parabola. Good agreement was shown with experimental results using 

pressure loss combination set 4 in the first and fourth quadrant when operating at 2000 r.p.m. 

Choking incidence was compared with that of a transonic axial flow compressor. The result was 

that the derived choking incidence represented the same trend as that of the transonic axial flow 

compressor. The non-dimensional power chart was presented in Figure 7.7 for the first and fourth 

quadrant of operation. 

8.2 CONCLUSION 

It can thus be concluded that all the outcomes defined in Section 1.2 were met. Comprehensive 

research was done understanding and implementing the different incidence, deviation and 

pressure loss models. A new definition and method for calculating the choking incidence was 

presented. The non-dimensional power term was implemented and accurately indicated when 
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the axial flow compressor is functioning as a compressor and when it is functioning as an 

inefficient turbine. The simulation results from the analytical performance prediction model 

showed good agreement with experimental data. 

8.3 RECOMMENDATIONS FOR FURTHER RESEARCH 

Recommendations can be made regarding further work with the idea of improving the analytical 

performance prediction code for subsonic multi-stage axial flow compressors: 

Inlet guide vane losses should be implemented into the analytical performance prediction 

code if desired. 

Stall loss models in an axial flow compressor should be researched in more detail. 

The correctional slope factor should be verified at different rational speeds while staying 

within the boundaries of validity. 

A better incidence and deviation model when predicting torque at zero rotational speed 

should be investigated. 

The more complex Koch and Smith pressure loss model can be implemented into the 

analytical performance prediction code should one desire more accurate pressure 

simulation results in the first quadrant. 

The code can be improved by implementing transonic and supersonic correlations. 

Incidence, deviation and loss models such as Carneal's (1990) work should be 

investigated to accurately simulate performance in the second quadrant with positive 

rotational axial flow compressors. 

Analytical performance prediction results should be compared with different compressor 

builds and blade types. 
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APPENDIX A 

Velocity Triangles for Different Operating Conditions 

This Appendix presents the velocity triangles for reverse flow through an axial flow compressor 

Rotation 

Figure A.l  A compressor stage in reversed flow operation (Bloch and O'Brein, 
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APPENDIX B 

Derivation of an Expression to Determine Choking Incidence 

This appendix gives the derivation to estimate the choking incidence with knowledge of throat 

width and the choking Mach number at the inlet of a blade row. 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. 

If we assume from continuity: 

P 1 C.4 A, = P ,, Vpa A,, 

where the subscribe ps denotes the values at the cascade throat area 

If we assume that any change in annulus height is negl~gible, one can divide both sides of (B.2) 

by annulus height h and define flow width as suggested by Figure B.1. Thus equation (8.2) 

becomes: 

After some manipulation and taking the inlet values as the values for when a blade row is choked, 

equation (8.4) becomes: 

2 cos pch =--- 
Pch Vch 

where s is the blade pitch and o is the throat width. Figure B.l shows the difference between the 

flow width and blade pitch. The cascade throat width can be calculated from work done by Raley 

in 1966 and is presented in Wright and Miller (1991:72). Correlations are given in (3.7) and (3.8) 

with constants obtained from Figure 3.5. 

Lakshminarayana (1996:234) stated that in high subsonic flows, an inflow Mach number called 
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APPENDIX 6 

choking Mach number can be calculated for axial compressor cascades from: 

0 y + l  y - 1  

s cOS p, = 4, { T ( l - q ~ ~ h ) ] F  

Furthermore, Koch and Smith (1976:411) gave correlations relating the inlet flow conditions with 

the flow conditions at the passage throat (4.19) etc. If we take the inlet values as the values for 

when a blade row is choked, the following is obtained: 

and 

where 

and 

A:, is the annulus area contraction ratio from the inlet to the passage throat and T, is the 

blade circulation parameter equation. An iterative process is then used to calculate what the inlet 

flow angle P, would have to be for choking to occur in the passage throat region. This is done 

for a fixed rotation speed and mass flow rate. The choking incidence can then be calculated by: 
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A 
Figure B.l Calculation of flow width 
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Derivation of a Correctional Slope Factor 

Two operational speed lines, 0 r.p.m and 2000 r.p.m. were tested in the experimental work done 

by Von Backstrom (2005:P2). It was found that in the fourth quadrant the off-design pressure 

loss correlations resulted in too high pressure losses when operating at 2000 r.p.m (Figure 7.3). 

When the standard off-design pressure loss correlation given by Wright and Miller (1991:72) in 

equation (4.40) is multiplied with a correctional slope factor denoted by Q , (4.40) becomes: 

Where i,, is the choking incidence derived in Appendix B. The Mach correction slope factor 

varies the slope of the parabola when a compressor enters the choke side of Figure 4.3. The 

following three parameters should be considered when examining pressure loss in the choked 

side of Figure 4.3: 

Increase in pressure loss coefficient with increasing Mach number Figure C.1. 

The decrease in pressure loss coefficient with increasing Reynolds number Figure C.2. 

Change of pressure loss coefficient with thickness to chord ratio Vc and increasing 

Reynolds number Figure C.1. 

LOSS 
coefficient 
Y, = 

Figure C.l Pressure loss coefficient versus Mach number for NACA 65 cascades of different 
thickness at two Reynolds numbers Cumpsty (1989:178) 
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0.10 
- D Q ,  = 45Oi=-6O AVDR = 1.05 

0.08 50' -lo 1.075 
0.06 55O + 4 O  1.125 

0.04 

0.02 

0 

Figure C.2 Loss versus Reynolds number for C4 blades in a cascade 
Incidence -1 and inlet Mach number <0.15 Cumpsty (1989:178) 

The Mach number and Reynolds number effects on pressure loss coefficient were used to derive 

a correctional slope factor for off-design analysis. The basic form is defined as: 

When Mach number increases, @ increases as well in equation (C.2) resulting in an increase in 

pressure loss coefficient. However, when Reynolds number increases, @ decreases, resulting 

in a decreasing pressure loss coefficient. The Re parameter in (C.2) was assumed to be the 

same as (4.48). However the variation of pressure loss with changing Mach number was 

assumed to have the shape of a straight line for MI < 0.3 (Figure C.l). Thus (C.2) becomes: 

An optimizing simulation code was written in EES to derive answers for constants A and B. The 

optimizing simulation code is explained in Appendix F.6. Optimization for constants A and B 

resulted in: 

for l o 4  < Rechom < losand Ma < 0.3 (C.4) 

It can be concluded that a new correctional slope factor was successfully derived. Knowledge 

gathered from various authors made it possible to make valid assumptions. Experimental work 

done by Von Backstrom (2005) enabled the validation of the new empirical slope correctional 

factor (C.4). 
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APPENDIX D 

Experimental Setup & Results 

D.l THE STANDARD COMPRESSOR RIG 

The so-called Rofanco research compressor located at the University of Stellenbosch, is a three- 

stage axial flow compressor supplied by Royston Fan Co. Ltd. It has 41 rotor blades and 43 

stator blades per stage. It was originally fitted with plastic blades of 50% degree of reaction 

layout, but was later replaced with aluminium blades of approximately 80% degree of reaction. 

The compressor has a hub diameter of 300 mm and a casing diameter of 420 mm. The nominal 

blade length is 60 mm and the blade chords are 30 mm. The parameters defining the blade 

geometry are given in Table D.1. There are no inlet or exit guide vanes in the current 

experimental setup (Von Backstrijm, 2005:Pl ,lo). 

The compressor is shown in Figure D.l  and a section through the compressor is shown in 

Figure D.2. It is evident that the blade spacing between the rotor TE and stator LE is quite small 

compared to that between stator TE and rotor LE. The geometrical description of the rotor and 

stator blade row is  resented in Table D.1. 

A schematic of the compressor rig operating at positive rotation and positive through-flow can be 

seen in Figure D.3. The flow enters the compressor goes through a flow straightener entering the 

venturi, before reaching the adaptor linking the auxiliaryfan to the venturi. 

Rotor and Stator Blade Row Descriptions 

maxlmum 
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Table D.l Rotor and stator blade descriptions 

It must be remembered that the setup of the compressor rig was done to obtain data in all four of 

the quadrants presented in Figure 1.7 (a), where the data only from the first and fourth quadrant 

is to be used in this thesis. 

D.2 MEASUREMENTS AND CALIBRATION 

A short description of the measurements from the experimental work done by Von Backstrom 

(2005:P2.7) is described below. Further information regarding the commissioning of the 

compressor rig can be obtained from Von Backstrom (2005:P2). 

D.2.1 Rotational Speed 

The rotational speed of the axial-flow compressor is measured by means of a 60-tooth wheel and 

a magnetic transducer, coupled to a frequency counter. This instrument yields the rotational 

speed directly in revolutions per minute, that is to say that no calibration was necessary, although 

the values obtained were compared with those from a handheld tachometer to ensure that the 

instrument was functioning correctly, and the agreement was always within about 3 r.p.m. 

Readings were supplemented by a handheld-tachometer when it was discovered that the 

electromagnetic interference generated by the 3-phase variable speed drive system for the 

motors of the contra-rotating fans had a detrimental effect on the accuracy of readings from this 

instrument. 

D.2.2 Torque 

Torque acting on the compressor was measured by means of a HBS 3500 load-cell with a 

nominal load capacity of 20 kg. The load was connected to a HBM Scout-55 bridge-amplifier and 

the calibration curve can be seen in Appendix F Von Backstrom (2005:P2). The drive system 

consists of a direct current motor and control system. Two air bearings support the motor in such 

a way that the torque on the motor can be determined by attaching weights to a balance arm 
. - 
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connected to the load cell. The motor cooling fan exits through a duct fitted with a honey comb 

grid to ensure that the cooling air does not exert a torque on the motor. 

D.2.3 Pressure and Temperature 

Stagnation pressure readings were obtained from seven-hole pressure-rakes inserted into ports 

at the compressor inlet and exit, corresponding with the axial positions of the static pressure- 

ports. The pressure-rakes were also each connected to a separate pressure-transducer. Static 

pressure readings are obtained by connecting pressure-transducers to pressure-tapping in the 

compressor-casing at the compressor inlet, immediately ahead of the first stage, between stages 

and at the exit, or after the last stage. 

A bank of four AutoTran 705D-215 differential pressure-transducers are used to obtain all the 

relevant pressure-measurements. The transducers each has an input range of 2 kPa, and an 

output range of 10 V. All the pressure-transducers. except the one used to measure the 

pressure-difference across the venturi, had one port connected to their respective pressure- 

tapping or rake, and one open to the atmosphere. If the ambient atmospheric pressure is higher 

than the measured pressure, then the high-pressure port would be exposed to the atmosphere, 

otherwise the low-pressure port would be exposed. This is done so as to remain within the 

calibrated linear region of the pressure-transducers. 

Pressures are measured by means of Auto Tran pressure transducers with a range of 2.5 kPa. 

The output voltages are recorded through a 22 channel HP data logger to a PC. 

D.2.4 Flow 

A single differential pressure-transducer is used to determine the pressure-difference across the 

venturi connected to the compressor outlet, with the high-pressure port connected to static 

pressure-tappings in the venturi-inlet wall and the low-pressure port to similar tappings at the 

ventuli throat. The maximum pressure drop recorded across the venturi is approximately 100 

kPa when the compressor is operated at 2500 r.p.m. This corresponds to a maximum mass flow 

rate of approximately 2.7 kgls. Finally, a pressure-transducer is connected to the venturi-throat, 

so that the density of the gas at this point could be estimated with greater accuracy. 

D.2.5 Ambient Conditions 

Atmospheric pressure was measured by means of a mercury manometer just outside the lab. All 

pressures except the differential pressure across the venturi were referenced to the atmospheric 
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pressure. Air temperature was measured at the compressor inlet by means of a thermocouple. 

D.3 EXPERIMENTAL RESULTS 

D.3.1 Zero Rotational Speed S-Curve 

The measured static-to-static pressure S-curve is shown as a parabolic curve in Figure D.4. The 

zero speed rotation was obtained by locking the compressor shaft relative to the motor casing, 

which was floating in air bearings. 

Its also represented as a parabolic curve, since the change in the angular momentum of the flow 

passing through the rotor is proportional to the mass flow times the circumferential deflection of 

the flow as state by Von Backstrom (2005:P2.10). 

D.3.2 First Quadrant Operation 

As previously described in Chapter 1, Figure 1.7 (a), compressor operation may be in the stalled 

or normal mode of operation in the first quadrant. The first quadrant operation was accessed by 

running and throttling the compressor normally, but an auxiliary counter-rotating fan in series was 

required to access the region near the x-axis where the system resistance was too high, 

described Von Backstrom (2005:P2,10). 

The static-to-static pressure rise can be seen in Figure D.4, where all the results have been 

scaled to 2000 r.p.m. and a density of 1.20 kglm3. Firstly some points where obtained in the stall 

region of the first quadrant by throttling the compressor and some by running auxiliary fans in 

opposition to the compressor, but still in the positive flow direction. Secondly data points were 

obtained in the region between the stall point and x-axis. The normal mode of operation 

characteristic shows no abnormalities. 

The first quadrant torque and power curves are very flat, even in the stall region, but otherwise 

not particularly remarkable Figure E.5. Von Backstrom (2005:P2,10) mentioned that the relatively 

low peak total-to-static efficiency of t75% can more or less be described by two effects. Firstly 

since the stator blade chord Reynolds numbers is t 0.8 x l o 5  and the general lower limit is seen 

as between 1 and 2 x lo5, but that conception is based on cascade data. Cumpsty (1989) gives 

a lower limit for compressors of 0.3 x lo5. The lower limit in compressors is due to the relatively 

high turbulence in compressors. In extreme off-design cases with massive flow separation the 

limit can be expected to be even lower, such as nearing zero rotation. Secondly is bearing power 

loss, which does not decrease as fast as power input when speed is reduced. 
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D.3.3 Fourth Quadrant Operation (Right of S-Curve) 

Fourth quadrant operation occurs when the compressor exit pressure is lower than its inlet 

pressure, the pressure rise is less than zero and the flow is in the positive direction. Von 

Backstrom (2005:P2,13) describes that this is the normal operating quadrant for a compressor 

running forwards as a turbine. In this operating mode the compressor operates as an inefficient 

turbine, since the flow relative to the blade rows is turned away from the axial direction by blades 

curved the wrong way. 

The pressure rise characteristic in the fourth quadrant is a continuation of the normal first 

quadrant characteristic Figure D.4. The same can be said for the torque and power 

characteristics Figure 0.5 and Figure D.6. Von Backstrom (2005:P2,13) describes that these 

experimental measurements agree in principle with the measurements of Bammert and Zehner 

(1980).Flow and rotation are positive, and pressure rise and torque are negative, so both fluid 

power and shaft power are negative. Negative efficiency values have no meaning, so a term call 

nondimensionai power, described in Appendix G, was incorporated to accurately define when 

the axial compressor is operating as a compressor or a turbine. 

D.4 SUMMARY AND CONCLUSIONS 

The axial flow compressor characteristics for pressure rise, torque, power and efficiency were 

measured successfully in four quadrants by Von Backstrom (2005:P2), using a small laboratory 

compressor. The experimental results obtained in the first and fourth quadrant right of the S- 

curve is used in this thesis and is compared to simulated results described in Chapter 7. 
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Static Pressure
Tappings

Figure D.1 The Rofanco axial flow compressor

Intra-stage Station
Inlet Station

Inter Stage Station
Exit Station

Intake Casing I Diffuser

Figure D.2 A section through the Rofanco axial flow compressor
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Figure D.3 Schematicof compressor rig (Positive compressorrotation and positive through-flow)
Von Backstrom(2005:P2,17)

o

Massflow Rate (kg/s)

Figure D.4 Experimental results static pressure difference versus mass flow rate
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Massflow Rate (kgls) 

Figure D.5 Experimental results torque versus mass flow rate 

Figure D.6 Experimental results power versus mass flow rate 
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APPENDIX E 

Uncertainty Analysis on Experimental Measurements 

Figure E.l Torque calibration curve 

Figure E.2 Pressure transducer calibration curve for total inlet pressure 
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Figure E.3 Pressure transducer calibration curve for static inlet pressure 
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Figure E.4 Pressure transducer calibration curve for total outlet pressure 

-ma w o %a icm rsm m 
V =  a s a 4 5 ~  + 503an pressure (pa) 

Figure E.5 Pressure transducer calibration curve for static outlet pressure 
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Figure E.6 Experimental data with uncertainty [torque versus mass flow] 

Mass flow [kgls] 

Figure E.7 Experimental data with uncertainty [power versus mass flow] 
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APPENDIX F.l 

Program Algorithm 

The basic logical structure of the performance prediction algorithm is presented in Figure F.1.1. 

Blade row sets are coupled using the array function of EES. Arrows are pointing both ways to 

indicate that inputs are given when calling and the necessary outputs are provided to the calling 

structure. Modules, functions and procedures can be updated and changed separable from the 

main wde. The number of stages is decided by the user as long the necessary input variables 

are given. 

_---- 
Machine inlet 

Lmundarles 8 stages 
[user] 1 

storage of 
parameters 

vatiable~ 

Figure F.l.1 Program algorithm 
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APPENDIX F.2 

User Variable Input 

These operating values must be supplied by the user into the main program and a lookup table 

described in Section 6.3.1. Table F.2.1 describes where certain variable must be supplied 

Table F.2.1 User supplied variables 

Compressor user inputs (main program) 

Unit Variable 

N 

Par 

To1 

m 

0, 

G I $  

Description 

ra 

r13 

rhbl 

rhbz 

rhos 

I Stator blade camber angle I 1 @ce*,,a,w I 

stages 

Compressor rotational speed 

Compressor inlet total pressure 

Compressor inlet total temperature 

Inlet mass flow rate 

Gmpressor absolute inlet flow angle - from IGV or zero for 

no IGV in setup 

Operating workmg fluid - EES variable 

5mw 

5s,ara 

%em,r,m,w 

1 amla I Rotor solidity 1 1 

Number of stages in the compressor 

rpm 

kPa 

"C 

kgls 

Compressor user inputs (lookup table) 

Tip radius at trailing edge of rotor 

Casing radius at trailing edge of stator 

Hub radius at leading edge of rotor 

Hub radius at trailing edge of rotor - leading edge of stator 
-. 

Hub radius at trailing edge of stator 

r11 

m 
. 

m 

m 

m 

m 

Rotor stagger angle 

Stator stagger angle 

Rotor blade camber angle 

( t a x , a  I Stator blade maximum thickness 1 m I 

- - - - - -  

U S W I ~  

Cm,w 

c 3 t m  
- 

tmex.mw 

-- 
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Tip radius at leading edge of rotor m 

Stator solidity 
ppp 

Rotor blade chord length 

Stator blade chord length 

Rotor blade maximum thickness 

m 

m 

m 
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User variable input for compressor operating conditions is changed in the main program as 

previously mentioned and is displayed in Figure F.2.1 where user inputs supplied to EES lookup 

tables as mentioned in Table F.2.1 can be seen in Figure F.2.2. The rows representing stage 

one to three. Each variable consist of three rows meaning input variables for three stages. 

MACHINE INLET CONDITIONS 

/ Stages = 3 Numberofstages 

1 N = 2000 Rotational speedrpm 

poi = 99.7117 lnietatmosphericpressure 

TO, = 21 517 Inlet atmospheric temperature 

f f l  = 2.5 Inlet mass flow rate mto adai compressor 

ei  = 0 Compressor absolute inlet flow angle - from IGVor zero for no IGVin setup 

Figure F.2.1 User variable input for operating conditions in main program 

- - 
R a  3 0 21 0 21 0 21 0 I5 015 0 15 d9 9952 16 3273 11 

I," d 

Figure F.2.2 EES lookup table for blade geometry in each blade row 
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APPENDIX F.3 

Performance Prediction Formatted Equations 

This section presents the main overall multi stage axial compressor formatted equations in EES 

that calculates the overall performance of the Rofanco multi stage axial compressor. Some 

calling arguments are also displayed to s h o w  where all the sub-programs is called from and with 

its input variables 

MAIN PROGWM 

Gas Properties 

Only alr 

GI$ = 'he 

g = 9.796 Grs4tation of Newton's taw 

MACHINE INLET CONDITIONS 

stages = 3 Numberofstages 

N = 2000 Rotationalspeed rpm 

Pa = 99.7117 lnletabnospher~cpressure 

To, = 21.517 lnletatmospher~ctemperature 

i = 2.5 Inlet mass flow rate into anal compressor 

8 ,  = 0 Compressor absolute inlet flow angle - ham IGVarzero for no IGVw setup 

I,., = 0.09 Constant 1, far rotor Figure 3.5 

I,, = 0.135 Constantt, for stator F w r e  3.5 

INITIALISE STAGE PARAMEERS 

~ 0 2 . 0  = PO, Pressure 

= To Temperature 

03.0 = 8, F l ~ w a r o l e  
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A ,  = n rt1,12 - K . m ~ . i  for i = 1 to stages lnietarea rotor 

Az., ' n ru.12 - n . r h b u  for I = 1 to stages Outletarea rotor- lnlelarea stator 

A , , =  n . h 3 , i Z - n . r h m i  for 1 = 1 to stages OuUelareastator 

r,,,( = Lookup ( 'Stage geomeW. i . 'r,,') for i = 1 to stages ~ i p  radius at ieadng edge of rotor 

rt2., = Lockup ( Stage geameby, i , r ) lor i = 1 to stages Tip radws attrailng edge of rotor 

r u t  = Lmkup ( 'Stage geometry, i r '  ) for i = 1 to stages car ing iadlus at trailmy edge of stator 

r,,,,, = Lmlrup ( 'Stage geomew, i ' ) for i = 1 to Stages Hub mdws at leading edge oliotor 

c ~ 2 . i  = L d u p  ( 'Stage georneby, i , ' ) for i = 1 to stages Hub radius at tra~lhny edge ot rotor ieading edge ofstahr 

for i = 1 to Roal-mean-square radius outlet rotor - inlet stator 

rwi2 + m.3.1 for i = 1 to stager Root-mean-square radius ouuetstalar 

= Lookup ( 'Stagegeomeby, i .  '=la,$ for 1 = 1 to stages Segger angle rotor 

im.,, = Lockup ( 'Stagegeomeby. i ' t o  ) for i = 1 to stages Staggerangle stator 

Ocamw.nnor., = Lookup I 'StagegeomeW. i .  Wets,.,,,,,; ) for i = 1 to stages Cambeisnpierotim 

Ooambr.rt.~or.i = Lookup ( 'Stage geomeW, i , e t a , ;  ) for i = 1 to stages Camber angle stator 

oma, = Lookup ( 'Stage geomew, i .  'sigma,,') for i = 1 to stages Solid~ryroror 

ollaor, = Lookup ( 'Stagegeomeby. i 'sigma.,,.; ) for i = 1 to stages Sol~ditystator 

Crnt0r.i = - for i = I to stages Blade pmh of rotor 
ornmi 

%,m,,, 
space.t.t,,., = - for i = 1 to stages  BIB^^ p l~c~ l  O I S M ~ O ~  

D I l O l D l l  

c,,,,,, = Lookup ( 'Stage geomeby, i . ' c d  ) for i = 1 to stages Cord m a r  

c.,.,,,, = LooLup ( 'Stagegeomeby, i ' 1 for i = 1 to rsger  Cord stator 

lt.,,i = L&up ( 'Stage gearnew. I ,  , ) for i = 1 la stages b u m u m  blade th~ckness mtor 

= Lmkup (Stage georneby, I ,  , ) for i = 1 to stages W a m m  blade thickness stator 

f t* .< - rWt,l + rt2,t - rhb2,! 
H,td = 2 

for i = 1 to Stages Mean height ofrorar 
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0famber.mtor.i 
PIB.~ Frotm.,+ for i = 1 to stages Inlet rotor blade angle 2 

Bcsmbr.mtor.l = a2s.i - a m  for i = 1 stages 

8cambr.aka,~r., = ~ z B . ,  - 838,, for i = 1 10 stages 

, = 1 8  - B ,  for i = 1 to stages Cacularing alpha angle 

PIB,! = 180 - L(ls,, for i = 1 10 stages Calculalmg alpha angle 

tan ( h i )  = Ian ("") + *" ( "") 
for i = 1 to stage5 Calculating mean angle (inlet flow and outletflow)afrator 

2 

The calling of the  total^., sub-section is not shown, because the variable input is to long. 

ROTOR lNLf3 CONDITIONS 

PO?., = P03.r~ for i = 1 10 stages 

To,, = To3.+1 for i = 1 to stages 

ha, , ,  = h i , !  + 0.001 . 0.5 Ct, !  for i = 1 to stages 

TO,,, + 273.15 = ( T,,, + 273.15 ) 1 + ( M ] for i = 1 to stages 

hl,, = h (G1$ ,TZT1,,) for i = 1 to stages 

p,, = p(G1$ .T=T,,,,P=pl,i) for i = 1 to stages 

SI,, = s ( G I $  .T=Tl,i.P=p,,i) for i = 1 lo stages 

p r . ,  = Visc ( G1$ . T=T1,,) for i = 1 to stages 

p.1. Cmtor,, . V?,? 
Rerotor.i = for i = 1 to stages 

P 1.8 
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C1.i 
M?,, = for i = 1 to stages . R,,, . (TI , (  + 273.15 ) 

U,,, = . rrma,l,, for i = 1 to Stages 

rn 
cal,, = - for i = 1 ta stages m., . A,., 

e l , !  = es,,, f a r  i = 1 to stages 

C.,,, = C , ! .  cos ( eq, )  for i = 1 to stages 

cul., - = i n  ( ) for i = 1 to stager 
c1.1 

C.1.i v,,, = for i = 1 10 stages 
cos ( 180 - 0 1 . 0  

p, , ,  = la0 - .,,, for i = 1 to stages 

, .  , ,  = - + , for i = 1 ta stages 

ROTOR AVERAGE CONDITIONS 

T g i  = 0 5  ( T O  + T o )  for i = 1 to stages 

~ ~ ~ ~ ~ ~ ~ t ~ ~ . i  = 0.5 (POI,, + po2.;) for i = 1 to stages 

Tsugmtor.i = 0.5 . (T , , ,  + T2,,) for i = 1 to stages 

P ~ V ~ , O ~ , , , ,  = 0.5 - ( P , ;  + P,,,) for i = 1 to stages 

,mgmtor.i = 0.5 . (m.i + @,, I  for i = 1 lo stages 

M argmcor.i = 0.5 . ( p j . ,  + p z,,) for i = 1 la stages 

CaVgm~,,i = 0.5 ( C j , , +  C2,0 for i = I to stages 

V.,,t,.,, = 0.5 . ( VI,, + V 2 , ~ )  for i = 1 to stages 

The calling of the  total^,, sub-section is not shown, because the variable input is to long. 
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TO,, + 273.15 = ( Tli f 273.15 ) [ ?  + (*) Mz,,'] for 8 = 1 to stages 

h,, : h 1 G1$ .T=Tzi )  for i = 1 lo stages 

m,, = G I $  ,T=TZi .P ip2, )  for i = 1 lo stages 

r 2 ,  = s ( GlS .T=T2,,.P=p2,i) tor i = 1 to stager 

, , ,  = VISE I G1S .T=Tzi)  for i = 1 fo slages 

e m  c x w  ' ca,,  
R e m ~ , ~  = for i = 1 to stages 

1L 2.8 

M2.r = for i i 1 b Stages 

UZ., = u, . , for 1 = 110 stages 

"I 
c.21 ' y for 8 = 1 10 stages 

As., 

C,. = u,., - V,., - sin I 1 8 0  - a2,) for 1 = 1 b stages 

Cd.8 - = ( e2,,) for i = 1 D stages 
C2I  

fi2, = 180 - 02., b r  i = 1 fo stages 

a,., = mPB.i - IIZ., bl i = 1 b stager 

i ,  = 8 ,  n 2 ~ ,  for i = 1 b stages 

4TOR AVERAGE CONDITIONS 

for i = 1 to stages 

for i = 1 lo Stages 

T ,,,, ,,,,,( = 0.5 . ( T z i +  T,,,) for i = 1 lo stages 

P ,,,, ,,, ,,,, = 0.5 (p2.i + p3.i) for i = 1 lo stages 

,,,,,., ,,,, = 0.5 . (,,i + ,,!) for i = 1 lo Stages 

r avgrtatw.i ' 0.5 - ( p z., + 11 3.1) for i = 1 to stages 

C = 0.5 [ C 2 , ,  + C3,,) for i = I lo Stages 
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To3, 4 273.15 = (T , ,  + 273.15) [i + (+) ~ a , , ' ]  for i = 1 lo rlilger 

rn 
Cs3., = - for I = 1 m stages 

PI, . As., 

C,,, = C , ,  s a  ( e l , )  for i = 1 to stages 

. = C .  i n  i ,  for i = 1 lo stages 

6.. = 8 , .  - BJB, for i = 1 fo stages 

OVER4LL STAGE PARAMETERS 

PR, = Pa3- for i = i lo stages 
PO?., 

Qs.; 
, = - for i = 1 to stages 

Qi 
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OVERALL MACHINE PARAMETERS 

POWER = Z o Compressorpov.er 

Poe " POJ.J 

Pos PR = - Stagnation pressure ratio 
Poi 

A p  = p03,3 - POI., Stagnalion pressure dafference 

A ~ , . .  = p3,3 - p , ,  Stalrc pressure difference 

m [ + 273.15 1 
CM = Corrected mass Row 

- 
60 Corrected speed 

Qc 
Q s m  = 

P" , 6 Non-dimensional power 

hm = ~ O I I  

hoe = hol.3 

Q ' m - (hoe - h a )  Compressorwork 

how = h ( G 1 $  , s = s ~ , , , P = p o e )  

Q. = m (how - ho, ) Compressor Isentropicwork 
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APPENDIX F.4 

Performance Prediction Formatted Equations 

This section presents the various flow field prediction methods presented in Table 5.1. This 

equations is the sub-section programs and is called from the main program 

F.4.1 Function to linearly interpolate 

Fundon Interpol(A, 0 ,  Y1. YZ, &l 

r ( Yl >= Y2 ) Then 

Else 

Endlf 

End Intorpol 

F.4.2 Minimum loss incidence - Lieblein 

MINIMUM LOSS INCEDENCE 

1 0  lo ,=002857143'belai F~gure 3.2 for sigma=O 4 

i n  ;o,2=-0 01525+0 20391'beta,-0 00342769'bela~2+0.0000862955'beM 13-7 04167e~7'belat4 Figure 3 2 far s#gma=Z 

1u.~o=lnler~ol(0.4.2.in lo., , o r ~ 2 ~ ~ , ~ , ~ ,  

n3=-0.0522-000302'beta ,~00000393'beta 1 2  Ftgure 3.1 foisigrna=O.4 

n2=-0.01 1821+0.0001 7691'betar+0 00000606'beM ,z-G.lZe-7'bela , 3  Figure 3 1  for sigrna=2 

n=interpal(0.4.2.nr.,, 2.,,,,,,,1 

K,,,=l Shape factor for NACA65 blades 

Kt=O 00149Q+18.395.(Vc)-105.2831(Uc)2+260.4167'(~c)i Fgure 3.3 

io=K8h-K,fio 10 Equalon 3 2 

1~,,,=i0+n'~ela,,,~,.-1 Equalton 3.3 

MODULE Minimum,-,. (0,. o. 1, c, Bcamkr. s. 0. MI. D m :  i d  

0 
I = s r c c a  I Equation 3.4 

r ( 0.155 - M, + 0.935 ) 
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F.4.3 Stalling -, Optimum Incidence and Deviation -Wright and Miller 

Proreaure StalladDedatlon (inc, stagger. e,,b.,, 0. c ,  space, PI. PI. C.1. C.2. t-x. 6 ~ .  : i*, lopt ,  6. In, iw) 

Sl  ALLING .. OPTlMllM INCIUENEE AND ~'EVlAlIONVVRlCHT AND MILLER 

rn = 0001667 e,der 0 2133 Fgure 3 11 

r n r  := 0.3333 Bc.,~., 3 667 Flgule 3  12 

m2 = -004742 . eOzmbc2 + 3319 - eqamb, 2.55 Fnlllrill 

A = 0.00002 stagger3 - 0.0039 - stagger' + 0.265 stagger 6.8151 F l g l i r r 3 4  

B = - 012 stagger 0.2 ~ , q u r e  3 4 

c = 1 0 x 1 0 ~  stagger' - 00002 stagger' + 0.0146 stagger + 0.0843 F l g u r r 3 4  

X = 0 00003 stagger3 - 0 004 staggerz r 0 3536 stagger - 2 0266 Figure 3 4 

Y = - 0 0915 stagger + 6 3 Flgure 3 n 

z = - 4 . 0 ~  10.' . s1agger3 - 0,00001 staggerz 0.0073 stagger 0.0995 F lgwe ? 4  

I,, = A + 8 - o - c 8~.,b., Equannn36 

iOp .= X f Y o - Z - eoambr Equallon 3 S 

inc - 1- 
lp := abs!mc) to be in conterwlth parlneter 

I* - I.pt 

If (stagger > 50) Then 

D A = 1  

Else 

r ( ( stagger -= 50 ) and (stagger >= 25 1 )  Then 

PA .= 0.00 Stagger - 3 

Else 

PA = - 1  

Enair 

Endlf 

I7 ( I, - 0.5 ) Then 

D = 0.7 exp (0.55 ( I ,  PA ) I  - 0.85 Figure 3 13 

Else 

If ( (  lp -= 0 5 ) m a  ( Ip - 2)) Then 

D = 0.4696 ( 1. + M ) - 015 

Else 

K ( ( I ,  = 2 )  and I, <= 3 ) ) men 

0 = 00213 . (Ip M )' - 01561 (Ip r 44 )' t 03191 (ID r M )' - 00755 (1) M ) I  + 0 1583 (Ip + M - 00002 

Else 

0 = t 

End17 

Enan 

Endn 

6 = D  ( i . - i , , . ) + h * & ~ .  

End ~~&mwaim 
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F.4.4 Choking incidence - van Antwerpen 

CHOKING INCIDENCE AWHOR 

MODULE Umking(l,.c. tmai. i, o. garnrnal, S S ~ C ~ . V ~ . ~ . V ? ~  pz.Mt. PI. Be. p j .  ch,.~: Bchl I~h~ks.0. M c ~ )  

l2 = 0.9 Anyconslant. t,,,Ic=O.l 

La" 
1 - 0.4458 . . - 

C 
A,.sT~R = Equation 6.9 

Equation 8.8 

I 
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ElSe 

n ((,= 1 0 )  men 

U (fun< r 0 6 5 )  Then 

I, = 0 8 8 1 3  funr4 o 4884 runt' - 2 5 0 1 5  runt2 + o 4861 runt + 9998 

ElSe 

If ( ( funr .= 0 6 5 )  and (funr c= 0 8 2  ) I  Then 

12 = 0 5 5  

Else 

IZ = 35 131 rum' - 1 4 4 7 8  m c 3  * 222 27 rune * - 151 61 runt 3 9 3 8 3  

Endn 

E"dK 

Endm 

End11 

End CMsOaPh 

F.4.5 Test to determine if blade row is chocked 

Procedure Bladech*. (i. inc, i,hoxs : choke$) 

TEST TO DETERMINE IF BLADEROW IS CHOCKED 

lf ( inc c ishoke ) Then 

Call WARNING ( 'Blade raw in stage XXXAis..' . i ) 
choke$ := 'Stage is choked' 

Else 

choke$ := 'Notchoked' 

Endlf 

End WaJechok. 
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F.4.6 Deviation - Lieblein 

, = 1 Stlapi: l i r r o r  lor NALA65 blade-. 

If ( l o > =  0 4 ) a n d  ( a <  1 2 ) )  Then 

slope := lnlerpol ( 60 . 70 . slope, . slope2, p ,  ) 

Else 

If ( (  pr  (= 60 1 and ( p ,  . SO ) ) Then 

slope, := 1.006 - 1.526 + 0.475 + 0.276 o3 - 0132  F1gurs3 Ofoibeta.=iO' 

slope := Interpol ( 5 0  , 6 0 ,  slapel . sloper. pr ) 

Else 

Sloper := 0.972 - 2.563 + 2.685 o2 - 1.288 03 + 0.234 o 4  :\gurc~inforbi:la.=0 

slope2 := 0.978 - 1.955 + 1.49 0 2  - 0.475 - + 0.046 . F~gi~re310forbe~?, -SO.  

slope := Interpol ( 0  . 50 , slope, . slopez , p,  1 

End11 

Endlf 

3 : , + ( I  - i ) slope Eouatlcn 3 17 

End Dsviation 
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F.4.7 Deviation - Csanady 

e a i c  
e = Eqiiauon 3 13 

space - cos ( p 2  ) 

F.4.8 Low Reynolds Number Deviation - Roos 

P I  .= P I  - Ers 
6 = 6 2  - P m  - 603 

Else 

6 = 0 
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F.4.9 Operating Range - Casey 

U r  .= 1 Equation 4 33 

Else 

F.4.10Test to determine if blade row is stalled - Casey 

TEST TO DETERMINE IF BLADEROW IS STALLED WCASEY 

Procedure Iador.,,(i, m. i,, i m , m . . ~ ~ l .  : mop$) 

" [I,, - 1 *,",, 1 >= 0.8 

CAI WAWINO ( laassnow ls XX*I\. . m ) 
Call WARNlNO ( 'Blade row in stage XkXAis..' . i ) 

#"OD$ .= 'Stage is stalled' 

Else 

map$ := 'In operating range' 

Endlf 

End Bbdeaa" 
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APPENDIX F.5 

Loss Model Formatted Equations 

F.5.1 Blade Profile Losses 

B L A E  PROFILELOSS MODELS 

D~fhrsmn factor equalfon Liebleil. oil-rleslgn condibms 

D,.,=(c~s(beta~,icas:beia~.).(1.12*0 61' ~cosloeta,,)"sgmai.(lan(beta~)-tnnthelan,l) Cqunllon 4 14 

~ ~ ~ 

D~hs lon factor equallon L8eblcir offdesign condttro,is 

D,,,=icos(beta,4cosII~ata,,:~fl l 2 * a ~ P 5 S ~ ~ ~ 1 , , , . , ' " ~ 1 0 6 l * ( l c o i l b e ~ ~ - , i ' ~ s ~ ~ n r i l ~ ( ~ n l h h t t , . - l a n i b u l n , ~ ~ 1  Cr ju . l lw  4 2 4  

~ ~...~~...~ ............. ~. 

Difilsion factor equitlon Klapproth 

U := r ,  

Maksmwm ielacity t i  cascade Jailsen and MoRuti 

t 
E = 0 4 + - Equaltoo 4 53 

C 
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chokng  inc 

If i i >= in,,,, ) Then 

OH-dasgi? correcbaii Casey 

~ ~~~ ~- 

Off-design correcllon Miiler and Wasdell 

w q:zi!t4n ,.n, / ! 'd7 ,m, l )*l  ~ q u a t l u n  4 39 

. ........ .... ... 

Else 

Of-deslgn correction Author 

0.73 MI + 0.01 rn := Eqi~atlon C 4 
489.8 . Re - O 5  

Endlf 

wp := wp, ' W,"C 

....................-.--...................................................--.----------..-..-.. = ................................................................................................. 

ANNULUS LOSS 

wa := 0.02 . - - .  2 i  ) Equation 4 43 
c o s 3 ~ ~ m )  

~..~~~.~..~~~.~.~--~--~-.~-.--.-~~----------------- ........................................... .................................................... 

SECONDARY LOSS 

............................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ................................................... 

TOTAL LOSS 

w , ~ .  := w, wconesl~ . w c o m m  + W. + w s  WW,.~ Equatlon4.1 

-- 
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F.5.2 Reynolds Correction - Koch and Smith 

REYNOLDS NUMBER CORRECTION FACTOR KOCHAND SMIT1-I 

~ C U \  := 0.000067 Cenlerline awragedevlotion of lhe roughness parllcles 

k, := 6.2 . kCLA 

Re, := 200000 Cnilcai Re, number=.lo5 

W ( R e  <= Re,  ) Then 

Else 

......... ~... ~~ ..-. ~ . . ~  ....-.... ~ .... ~ ~~ ........ ~ .... ~ .... ~ ........ 

R W O L D S  NUMBERCORRECTION FACTOR WRlWT AND MILLER 

IF [ R ~ ~ ~ O " T H E N  

N .,,,, ,*-480 8 V ? e t o L '  Equamn 4 48 

ELSE 

IF (~e>la"bND ( ~ e c l o "  THEN 

* l , . : ~ ~ . I n  . ,3  6.Rel I " ,  Equal~on 4.48 

ELSE 

Wior.erm=l Equador 4 48 

ENDIF 

EYDIF 
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F.5.3 Mach Correction - Jansen and Moffatt 

MACH NUMBER ('I:IRRE(:TI~N FACTOR JANSEN AND MoFFATT 

MODULE MaChcnic (pol, PI,  P,V, V m a ~ ,  g,  r :  Micntlc) 

END Machcmic 

F.5.4 Annulus Blockage Factor 
ANNIL I I  BLill'KAGE F A I ~ I O R ~ I W T  AND tIIILLER 

SUBPROGRAM BlockaRe (c. PI .  Pr.o. h, Age.. ,ha. R. C.1. C.~ .P I .  PI. ~ 1 . ~ 2 .  MI. UI. ~ ~ . ~ 3 , . 7 , r  ~ 3 2 .  OF) 

car C12 
C,, = 2 

- .  
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APPENDIX F.6 

Optimization Algorithm 

An optimization code was created to generate empirical correlations. These empirical constants 

are used in the correctional siope factor which in turn gives a variation in the gradient of the off- 

design correction parabola. The optimization code used the same sub-sections presented in 

Appendix F.4 and F.5 only now using a two dimensional array as input. Experimental data from 

work done by Von Backstrom (2005) is read into the optimization program for a specific rotational 

speed Simulation results are then compared with experimental data. Using the least square 

method answers for the desired empirical constants are calculated resulting in the least amount 

of error between simulation and experimental results. Input data can vary from one to a range of 

experimental measurements. 
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APPENDIX G 

Derivation Non-Dimensional Power 

Problems with using isentropic efficiency arise when calculating work transfer rate for a 

compressor in all of the relevant quadrants. Thus a new and more generically applicable 

representation of the work transfer to the compressor element is required. The section below 

illustrates the derivation of a non-dimensionlai power variable, which is intended for use to 

calculated compressor power in all of the relevant quadrants. 

The relation of pressure and temperature for a compressor is described in Cohen et a/. (200157) 

and is given by: 

If one defines the power to a compressor as: 

Q, = mCJT0, - T , i )  

Substitution of (G.l) into (G.2) leads to: 

When using dimensional analysis, variables involved may be combined to form a smaller and 

more manageable number of dimensional groups. Cohen eta/. (2001:173) demonstrated that the 

important variables used in turbomachinery are: 

When these variables are written in its most useful non-dimensional form, these groups emerge: 

The temperature deferential over a compressor can be presented as follows: 

AT,,, = To, - TOi (G.6) 

By replacing the variable RTo, in (G.4) with RAT,., (G.5) leads to the following set of non- 
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dimensional variables: 

AT0.c with 
Next, consider the new non-dimensional variable formed by multiplying - 

To, D2p0; 

When one defines the work (power) transfer rate to a horizontally mounted compressor as 

displayed in (G.2), substitution of (G.2) into (G.8) leads to: 

after some manipulation. 

The ratio FP can be rewritten as presented by Cohen el  a/. (2001 :66): 

Substitution of (G.10) Into (G.9) leads to: 

Disregarding the influence of the property y , it follows that 
h  AT^,^& 

is directly proportional 
D2p0, Z 

to 4, . She latter variable can therefwe be used to replace the variable - m 
D2p0, JRj;T; TOi 

(G.7), leading to the following set of non-dimensional variables: 

The isentropic can now be replaced with the non-dimensional work (power) lransfer rate variable 
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d, . Defining a compressor as a device delivering power to the fluid and a turbine as 
D2p0, JRTo, 

a device extracting power from the fluid, the sign of 
6, will indicate whether the turbo 

D~P,, 

machine is functioning as a compressor or a turbine. When looking at an axial flow compressor, 

a positive sign indicates that the turbo machine is in the compressor mode and a negative sign 

indicates that the turbo machine is in the turbine mode of operation. 

Considering a compressor of fixed geometry operating with a specified fluid, R and D may be 

omitted as done by Cohen et al. (2001:174) and the non-dimensionlal power IQ can be defined 

by: 

Traditionally isentropic efficiency of an axial compressor was plotted against two non- 

dimensionlal variables to obtain a set of curves as showed in (G.14): 

Instead of using (G.14) for calculating the work (power) transfer rate, the following function can be 

used to obtain a set of curves: 

The derivation of non-dimensional power can also be located in the Flownex lheory manual - 

Compressor element (2006:13) under the heading 'Dimensionless work transfer rate". 

"Non-dimensional Power" is replaced by the word "Corrected Work in the Flownex manual. 

-- 
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APPENDIX H 

Percentage Error between Simulation & Experimental Results 

Different tables are shown to illustrate the % error in comparing simulation with experimental 

results. It must be noted that the average percentage error was calculated using experimental 

results without any uncertainty. The %Error is defined as: 

H. l  Static Pressure Difference ( ~ 3 . ~ 1 )  

Table H.1 Pressure %error at 0 r.p.m, 
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Table H.2 Pressure %error at 2000 r.p.m 

H.2 Torque 

Table H.3 Torque %error at 0 r.p.m 

0.275 -0.941 

0.370 -1.61 1 
0.464 -2.444 - 0.464 -1.589 34.97- 
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0.558 - -3.380 
0.652 -4.819 

% Average = @kd% 

0.558 
0.652 
0.744 
0.837 
0.928 

0.744 
0.837 
0.928 

-6.129 
-7.320 
-8.849 

-2.295 
-3.128 
-4.067 
-5.141 
-6.312 

32.097 
35.084 
33.640 
29.769 
28.673 
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Table H.4 Torque %error at 2000 r.p.m 

H.3 Power 

If one defines power as Q, = (1)Z the average % error for torque and power should be the 

same. The reason for the increase in % error can be due to the fact that scaling the experimental 

data to 2000 r.p.m was not as accurately done. 
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% Average = I $$.b&'j6 1 
Table H.5 Power %error at 2000 r.p.m. 

-- 
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APPENDIX I 

Mean-line Applicability 

Simulation results where compared with experimental work done by Roos (1995) 

Figure 1.1 Axial velocity near surge (Rws, 1995) with simulation results 

Figure 1.2 Flow angles near surge (Roos. 1995) with simulation results 
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Figure 1.3 Total guage pressure near surge (Roos, 1995) with simulation results 
I\.lalVelolVPm6k, 2 5 Y # s  

40 

Figure 1.4 Axial velocity near design (Roos, 1995) with simulation results 
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Figure 1.5 Flow angles near design (Roos, 1995) with simulation results 

Figure 1.6 Total guage pressure near design (Roos, 1995) with s~mulation results 
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Figure 1.7 Axial velocity near choke (Roos, 1995) with simulation results 
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Figure 1.8 Flow angles near choke (Roos. 1995) with simulation results 
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Figure 1.9 Total guage pressure near choke (Roos, 1995) with simulation results 
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