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Executive summary

The operation of an aero-engine is limited by the occurrence of compressor stall, and

compressor performance is sacrificed to maintain a sufficient margin of operation.

Compressor stall also plays an important part in the event of a shaft failure, and

in determining if this will result in a rotor burst. In Cranfield University a tool to

model the whole engine during shaft failure has been developed, but it requires the

knowledge of the compressor performance during stall.

Low order 1D, 2D or 3D methods to model compressor stall exist in literature,

but they are still at a low maturity level and not applicable for commercial use. The

only methods available are expensive experimental testing and transient 3D CFD,

which has unacceptable computational costs. The objective of this PhD project has

therefore been identified in the development of a fast and robust 3D tool to model

compressor stall, and in its validation with data from low-speed experimental rigs.

The tool created is a three-dimensional through-flow code which uses empirical

correlations to model the blade row performance. A novel methodology has been

developed to estimate the performance of blade rows in reverse flow, based on pre-

vious models of separated blade passages. The Godunov scheme has been chosen

to create the 3D, unsteady, cylindrical, compressible, finite volume method Euler

solver on which the code is based. Appropriate body forces and boundary conditions

have been chosen and implemented.

The validation carried out on two low-speed compressors demonstrates the appli-

cability of the proposed formulation, with successful prediction of the performance

during reverse flow, rotating stall and surge. The speed, size and structure of the ro-

tating stall cell have been successfully matched to experimental data. The developed

tool can reproduce the forward flow, reverse and rotating stall regions of the map

in less than 72 hours, at a computational speed unrivalled by modern commercial

CFD codes.
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Chapter 1

Introduction

1.1 Compressor stall

The operation of a jet engine is limited by the insurgence of a phenomenon called

compressor stall. With this term we refer to the disruption of the airflow inside of

the engine’s compressor and the resulting loss of compressing capability. The effect

of this stall can vary from a small momentary reduction in power, to a persistent

loss in power, to a total loss of propulsion and serious damage to the engine.

Fig. 1.1: Sukhoi Su-57 prototype suffering a compressor stall at MAKS 2011 [1].

When compressor stall occurs this can often be observed by passengers and

ground spectators as flames coming out of the engine’s nozzle accompanied by a

series of loud bangs, (figure 1.1). Although this is often referred to as ‘explosions’
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in the press, the flames are actually caused by the chaotic flow delivered to the

combustion chamber by the stalled compressor. The irregular fuel distribution in

the chamber causes some large droplets of kerosene to remain uncombusted all the

way to the end of the turbine section and burn in the nozzle, causing the blaze. The

loud bangs are the result of periodic pressure jumps at the engine intake and nozzle

which cause sonic waves. Though no real explosion takes place, the occurrence of

compressor stall causes serious damage to the engine and an expensive rebuild or

repair is then necessary.

When an engine stalls during flight it often has to be switched off for the rest

of the mission and this leads to large economic losses to the airlines due to the

flight disruption (flying with only one engine, flying at reduced efficiency, emergency

landing, flight delays, etc.). Furthermore the occurrence of compressor stall always

leads to a loss of propulsion, if this occurs during critical parts of the mission (take-

off, landing, go-around, etc.) it can put the safety of the passenger and crew at

risk. As such, compressor stall is generally regarded as “something which must be

avoided at all costs” [2].

Compressor stall occurs as a result of very specific engine operating conditions. A

jet engine compressor is a turbo-machinery component which compresses the airflow

coming from the intake and delivers the pressurised air to the combustion chamber.

In stable conditions a pressure gradient is present across the compressor between

the pressurised air in the back and the inlet flow; the compressor imposes an axial

force on the airflow and balances the pressure gradient. This force is produced by

the rotor and stator blade rows which impose a turning on the flow. In the same way

that airfoils have a maximum lift they can produce before stalling, also the blade

passages of a compressor have a maximum value of flow turning they can produce

beyond which the flow separates. If the flow separates locally, the blades will fail

to produce enough force to balance the pressure gradient and the compressor will

become unstable. The locus of the operating conditions at which separation occurs

forms a line in a compressor map called surge line which effectively is an upper

limit to the area of stable operation, figure 1.2. The compressor becomes unstable

whenever the operating point crosses the surge line. The difference in pressure
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ratio between the point at which a constant speed-line crosses the surge line and

the normal operating line is called surge margin. The ‘distance’ from the surge line

could also be calculated as a mass-flow difference. However in an engine the pressure

is measured directly by the probes while mass-flow can only by obtained from other

measurements, for this reason the pressure ratio is the preferred method to quantify

the distance from the stability limit. A parameter to quantify the surge margin is

for example the term Z used in TURBOMATCHTM , a modular code for calculation

of gas turbine performances developed in Cranfield University [3]. The term Z is

defined as

Z = PR ∗ − PRLOW

PRHIGH − PRLOW

(1.1)

where PR ∗ is the design pressure ratio and PRHIGH and PRLOW are the maximum

and minimum value of pressure ratio of that specific speed-line. While Z in eq. 1.1

refers to surge margin in design conditions, it can also be used during off-design

calculations to quantify the proximity to stall; when Z reaches 1 the compressor

becomes unstable and stall is triggered.
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Fig. 1.2: Example of a typical compressor map.

The presence of a surge margin ensures that the engine’s operating condition is

always far from unstable and small variations are not likely to cause a compressor

stall. Despite the margin, an engine can still suffer a compressor stall for a number

of causes. These can be divided into 4 categories:
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Damage to the blade - Damage to the blade airfoils reduces their capability to

impart turning to the flow, in particular it reduces the maximum value before

separation occurs. As a result, the surge line moves downwards reducing the

range of stable operating conditions and possibly triggering a stall. The dam-

age to the airfoil can be caused by the ingestion of foreign objects like debris

or by a bird strike. The rubbing of blade tips against the casing caused by

fast acceleration or thermal expansion damages the blade tip; if the distance

between the rotor blade and the casing increases, the blade becomes more

susceptible to separation and the surge margin reduces. The ingestion of sand

and dirt for a prolonged time can cause erosion of the blades or, at high tem-

peratures, foreign matter can build up on the airfoils and change their shape,

an effect called degradation [4].

VSV malschedule - The VSV (Variable Stator Vanes) are variable geometry

blade rows used to reduce the incidence angles on the blades when the com-

pressor operates at low mass-flow; practically they increase the surge margin

over a range of operating conditions. However if a mal-schedule occurs they

can be stuck at the low speed stop (LSS) or at the high speed stop (HSS),

become mismatched and reduce the surge margin.

Fast transients - During fast transient manoeuvres the operating point leaves

temporarily the equilibrium line and moves closer to the surge line. A typical

example is a slam acceleration: when the engine is accelerated ,the operating

point moves closer to the surge line. The faster the acceleration is, the closer

to the surge line the operating point will pass. In a typical 3-spool engine

architecture a similar behaviour can occur also during fast deceleration; in

this case the operating point of the IPC rises above the equilibrium line and

moves closer to surge line [10]. On modern engines the EEC (Electronic Engine

Control) limits the rapidity at which the fuel is changed, to avoid this type of

occurrences.

Distortion of the inlet flow - A perturbation of the inlet flow can cause the

compressor to work in less favourable conditions and cause a compressor stall.
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During extreme flight manoeuvring or strong side-winds the flow can separate

in the intake, causing areas of the compressor to receive air at very low total

pressure and increasing the loading of the airfoils. A similar increase in loading

is obtained if hot gases are ingested, this can occur because of the operation of

a thrust reverser (the reversed exhaust is re-ingested by the engine) or when a

fighter jet fires a missile. Finally the ingestion of ice can cause a distortion as

the solid ice particles will disturb the airflow in the blade rows. This normally

happens when ice forms at the inlet of the engine core and is then shed and

ingested by the compressor.

Any combination of these factors must also be taken into account. For example

a small blade damage might not be enough to cause a stall by itself but it would

lower the surge margin and therefore the capability of the compressor to resist inlet

distortions. To ensure that even a combination of factors will not cause instability,

a sufficient surge margin must be achieved during the design of a new engine. The

surge margin chosen must be further increased as part of it will be lost in time due to

degradation cause by sand and dirt. At the expected engine end-of-life the amount of

margin left must still be sufficient to guarantee safe operation. Paduano [5] reported

an example of the estimation of this surge margin from the “ARP 1420 Aerospace

Recommended Practice: Gas turbine engine inlet flow distortion guidelines”, table

1.1. From this table it can be seen that up to 25% of the pressure ratio is given

up to maintain a good surge margin; a similar estimation is reported also by Walsh

and Fletcher [6].

Despite many years of research current tools are still insufficient to model and

predict compressor stall. In his 2016 review of the last 75 years of research Day states

that although we can now explain what happens during compressor stall “we have

little to offer in the way of rigorous rules of designing a more stable compressor” and

“we can seldom predict what will happen before we start” [2]. The little predictive

capability and the necessity of leaving a large surge margin, forces the designer to

reduce the load on each stage; this in turn results in heavier and bulkier compressors.

Commercial CFD codes can be used to model an unstable compressor, however they

require computational resources so large that they can not be used practically. Other
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Destabilizing effects Fan stall margin budget

OPERATING LINE Random Non Random

Inlet Distortion 0.5 -

PLA Transients 4.0 -

Variable Geometry Control Tolerances – ± 1.1

Engine to engine variation – ± 1.2

SURGE LINE REDUCTION

Reynolds number 1.87 -

Inlet distortion 6.25 -

Engine to engine variation - ± 1.3

TOTAL MARGIN REDUCTION 12.62 ± 2.083

BASE SURGE MARGIN 25.00

NET SURGE MARGIN 10.30

Tab. 1.1: Typical stall margin budget, from Aerospace Recommended Practice ARP
1420, reported by Paduano [5]. All margins expressed as percentage of the

operating line maximum pressure ratio.

methods with lower computational costs exists but they struggle to capture all the

features of compressor stall and have never reached a level of maturity sufficient to

be applied for commercial use. A review of these methods is reported in chapter 3.

Therefore, there is a need for a tool capable of simulating compressor stall within

a reasonable computational time, predicting which scenario will occur, and assessing

how design choices can affect the stability and the post-stall performance of the

compressor.

The chaotic event of compressor stall can take multiple forms, but these are

usually divided in two main types: rotating stall and surge. These are described in

detail in section 3.1.2. In the following thesis the capability of modelling compressor

stall is also referred to as the capability of modelling these two events.
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1.2 Shaft failure and turbine over-speed

A shaft failure followed by turbine over-speed is one of the most critical and de-

structive events a jet engine can suffer. Shaft failure occurs when one of the shafts

connecting the compressor and the turbine breaks and stops the power transfer

between the turbo-components. Such event can occur both as a primary failure

(because of shaft fatigue, corrosion or defect) or as a consequence of another com-

ponent’s failure like an oil fire or a bearing breakage. Immediately after the shaft

breaks the flow conditions remain substantially the same and the turbine continues

to extract the same power from the air. This power however is not transferred to

the compressor because of the broken shaft and instead accelerates the turbine. The

accelerating turbine reaches rapidly a maximum speed, called terminal speed. The

typical time of this over-speed acceleration varies from hundreds of milliseconds up

to seconds depending on the operating conditions. Depending on the sizing of the

rotor disc, before reaching terminal speed there can be another speed at which the

centrifugal forces are sufficient to break the disk, this is called critical speed. If the

turbine disc bursts, it separates in high energy fragments which can leave the engine

(uncontained failure). The fragments have such high speed and energy that after

escaping the engine they can still cut through the fuselage or through other engines.

The fragments pose a direct threat to the passengers and crew if they reach the

cabin but they can also damage other vital systems of the aircraft.

The certification Authority requires for an aero-engine to be certified that the

turbine rotors must be able to reach specific speeds without bursting. According

to EASA ‘CS-E 840 Rotor Integrity’ [7] the turbine rotors must be able to resist

for 150 seconds at 120% of the maximum speed permissible during normal opera-

tions or at 105% of the maximum speed which can occur because of the failure of

a component/system. The maximum speed caused by shaft failure (the terminal

speed) is normally the highest of all the speeds caused by component failure and it

constraints the design of the rotors causing a large over-sizing.

It is possible not to include the maximum speed resulting from shaft failure in the

rotor certification (and therefore reduce the over-sizing) if it can be demonstrated
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that this over-speed occurs at a rate less than extremely remote 1 (according to the

EASA ‘CS-E-850 Compressor, fan and turbine shafts’, [7]). The shaft failure event

itself can be remote 2 as long as the engine can safely be shut down without any

disc burst.

To comply with this requirement, engine manufacturers have introduced safety

systems to avoid uncontrolled turbine over-speed and reduce its occurrence to ex-

tremely remote [8]. All the shafts (LP, HP and where present IP) can suffer a shaft

failure however each turbine can be slower or faster in reaching the speed at which it

burst. While this can depend on many design choices, in general HP and IP turbines

reach critical speed faster because of their lower inertia. The main system to pre-

vent turbine over-speed is the immediate shut-off of the fuel flow and VSV closure

to reduce the power supplied to the turbine by the airflow. This safety system is

activated by the EEC (Electronic Engine Control, sometimes known as FADEC, Full

Authority Digital Engine Control) which relies on shaft speed monitoring to detect

an over-speed. Unfortunately the probes measuring rotational speed are normally

located in the front part of the shaft and when the shaft breaks they can only see

the front part of the shaft decelerating and can not detect the turbine over-speeding.

While on the LP shaft the probes can be positioned at both ends, the high tem-

peratures present at the back of the IP and HP shafts make it very challenging to

have a measurement there. Other strategies exist to prevent over-speed which do

not rely on speed monitoring but on events which occur automatically after a shaft

failure. These events are:

• As the shaft breaks the turbine rotor (or rotors) becomes dislocated axially

and is pushed backwards by the airflow against the stator. If the two blade

rows get close enough to interact, the blades will be destroyed and the turbine

will not be able to extract any more power; this effect is called blade tangling.

• As the rotor disc is pushed backwards it will rub against the hub of the stator

blade row and cause friction, which will slow down the rotor. The amount of
1 An extremely remote even has a probability lower than 10−7 of occurring during the aircraft

operational life.
2 A remote event has a probability lower than 10−5 of occurring during the aircraft operational

life.
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friction depends on the shape of the two structures. As the rubbing will cause

the metal to melt away, the shape of the structures in contact and the friction

produced will change in time.

• The shaft failure is very likely to start a compressor stall, this will decrease

the amount of pressurised air supplied to the turbines and possibly prevent

the over-speed.

The occurrence and magnitude of these events are very difficult to predict and

control and thus it is not easy to make them a reliable safety system. Which exact

strategy is employed by each engine manufacturer to prevent turbine over-speed is

proprietary information and not described in this thesis.

In case of a shaft failure the compressor (or compressors) are likely to suffer a

stall because of two main reasons [8]:

• Depending on the position where the shaft breaks, the compressor can dis-

engage from the rear bearings and start vibrating. The vibrations cause the

tip clearances to change: some blades will move away from the casing increas-

ing the clearances while others will rub against the casing. The increase in

tip clearance reduces the surge margin and a compressor stall is likely to be

triggered.

• As one of the compressors disengages from the turbine and decelerates, the

whole compression system (HPC and IPC/booster) becomes mis-matched. As

a result one of the compressor’s operating point can cross the surge line and

trigger a compressor stall.

The presence of a compressor stall during the shaft failure event is often critical

in determining whether a disc burst will occur. However during engine testing

the compressor has been observed experiencing different combinations of the above

effects, for example vibrations occurring and then stopping or compressor stalling

and then quickly recovering. Without a proper capability to model a compressor stall

these macroscopic effects seem to occur randomly. Therefore, the correct modelling

of compressor stall is essential to any attempt of predicting the shaft failure outcome.
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In 2007 at Cranfield University a project was started with the objective of attain-

ing the capability of modelling shaft failure. PhD projects from Gallar [9], Soria [8]

and Pawsey [10] spanning from 2007 to 2017 have focused on the creation of WEST

(Whole Engine Simulation Tool), a tool to model the whole engine during the shaft

failure and turbine over-speed event. This tool is described in section 3.2.6. The tool

requires as an input the performance of the compressor during stall, in particular

during reverse flow and during rotating stall, described by means of characteristic

line. These characteristic lines are described in section 3.1.3.

The necessity to correctly model the compressor stall has prompted the start of

a parallel project focusing on this subject. This PhD project started in 2010 with

Zoppellari [11] who created a two-dimensional tool capable to model compressor

stall in low-speed compressors, this is reported in detail in section 3.2. The success

of her PhD led Cranfield to continue the study on compressor stall modelling with

the current PhD project.

1.3 Project aim and objectives

The main aim of the project here presented is to support the shaft failure and over-

speed studies within the Cranfield UTC by developing a tool capable of predicting

post-stall compressor performance, which is a necessary input to the code WEST.

The tool must be able to model rotating stall and surge in 3D and predict the

rotating stall and reverse characteristics of a multi-stage axial compressor. The

computational time required must be much smaller than what is currently necessary,

for the same application, using three-dimensional high-fidelity commercial CFD.

The objectives of this doctoral project have been identified as:

1. The creation of a fast, robust and reliable 3D through-flow code based only on

compressor geometry and first-principles, physics based correlations. The code

must be able to simulate multiple cases of stall at different operating conditions

to produce the compressor characteristics. It must have sufficient resolution

in space and time to satisfactorily represent the modes and structures of the

flow-field during stall inception and development while keeping the computing
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time within a realistic order of magnitude.

2. The validation of the solver, the body force method and the forward flow

empirical correlations by matching the results for steady state, unstalled per-

formance to experimental data.

3. The validation of the reverse/separated flow treatment by matching of the

reverse flow characteristic to the available experimental data.

4. The validation of the rotating stall and surge simulation capability with the

available data from low-speed experimental rigs. The accuracy in predicting

rotating stall characteristics, stall cell structures and stall/surge dynamics will

be assessed.

1.4 Thesis outline

The background to this research was discussed in chapter 1. The initial problem

has been outlined as the lack of a fast and reliable method to model compressor

stall. Benefits of developing a new tool have been found in the fields of compressor

design, engine operation and turbine over-speed protection. The objectives of this

PhD have been identified and described.

In chapter 2 a brief overview of the project is presented. The contribution to

knowledge of the project and its industrial relevance are also discussed.

Chapter 3 provides an extensive literature review on three main topics essential

to this project. The first part reports the theory about compressor stall, detailing

the current understanding of this complex phenomenona. Stall inception, dynamics,

flow-field structures, performance and characterization are discussed. The second

part of this chapter reviews the types of code existing to model compressor stall. For

some meaningful cases a more detailed description of the methodology is reported.

The last section describes how compressor stall is tested experimentally. By means

of some key examples, the details of typical compressor rigs are discussed: which

measurements are available, how they are reported, how the operating conditions
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are simulated. Data from the rigs described are also used for the validation of the

code in chapter 6.

Chapter 4 illustrates the methodology adopted in the development of the code.

Three main sections describe the solver, the body force method, and the empirical

correlations. The boundary conditions, the input and output of the code, the method

in which the code is used and the programming are also discussed.

Chapter 5 reports the cases which have been modelled to validate the new tool.

The availability of original geometries and measurements is described and any as-

sumption taken is discussed.

Chapter 6 reports the results obtained and the validation of the code by compar-

ison with experimental data. The chapter follows the steps of validation. First the

Euler solver is verificated modelling the flow in an empty duct, then the unstalled

forward flow is validated on a 2 stage compressor case, then the reverse flow on 2

multi-stage compressors. The rotating stall is simulated and validated on two low-

speed rigs, the structure of the flow during stall is also investigated in details and

stall cell size, shape and speed are matched to experimental data. Finally surge is

modelled and compared to experimental data, and a parametric study is carried out

to assess how the model responds to different tank volumes and inlet distortions.

In the last section a grid convergence study is also undertaken and discussed, to

highlight the uncertainty in the results produced due to domain discretization.

Chapter 7 summarises the results obtained, the validations achieved, and the

contributions to knowledge introduced by this project. It also contains the author’s

recommendations for the future development of the code.
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Project overview

The current PhD project has the objective of developing and validating a new

methodology for the modelling of compressor stall. From this methodology, a new

tool is created capable of simulating a compressor during reverse flow, rotating stall

and surge. The tool development has been divided into 3 stages which correspond

to 3 successive validation processes. For every validation stage the code requires

specific capabilities, listed in figure 2.1.

Fig. 2.1: Project roadmap.
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2.1 Contribution to knowledge

Only one validated through-flow code exists in literature which can simulate 3D ro-

tating stall, however it requires a complex scheme which solves the Euler equations

plus an additional equation. The details of this code are not in the public domain

and the method used can not be be easily reproduced. The only other validated

alternative to model compressor stall remains 3D CFD, but because of the compu-

tational cost it is not a viable option for effective use. The purpose of the current

project is in fact the creation of a new 3D through-flow code capable to model all

types of compressor stall. In this thesis the new code is presented together with its

validation.

The solver used for the new code is the Godunov scheme. Despite being only

a first order solver it is a monotone code, which guarantees an improved robust-

ness when compared to classic FVMs (finite volume method). It also produces a

physically correct modelling of the pressure waves, which play an important role

in the transient dynamics. At the best of the author’s knowledge this method has

never been used in a 3D through-flow code applied to the modelling of compressors’

post-stall transient behaviour. The features of the solver are deemed particularly

beneficial for this type of application. The implementation and extensive testing of

this new solver are the direct outcomes of this work, with simulated results compar-

ing very favourably against experimental data.

The treatment of separated flow in blade passages and the body force modelling

of blade rows during flow reversal is a very complex topic. Many body force for-

mulations can be found in literature, with more or less physical background and

different levels of complexity. Only few of them have been successfully used for 3D

reverse flow modelling. In this project a new physics-based formulation is proposed

which is general enough to be applied to different compressors without extensive

re-calibration, yet it is simple and easy to implement.
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2.2 Industrial relevance

Once completed, the tool proposed in this PhD can be used to support the design

of new compressor for commercial use. In particular it can give the capability of:

• predicting the rotating stall and reverse flow characteristics of an axial flow

multi-stage compressor,

• modelling in detail the flow-field during compressor rotating stall and surge,

• understanding the effect that compressor design, overall engine geometry and

operating point have on stall triggering and development,

• predicting the dynamics of rotating stall and surge and the pressure loading

that the engine structure is subjected to during these events.

All of these capabilities are not available to designers without either using ex-

tensive computational resources for CFD or expensive experimental testing. If such

a tool were available during a new engine design it could be used to

• improve the normal operability of the compression system,

• modify the compressor geometry to avoid compressor stall or reduce its sever-

ity,

• enhance the recoverability,

• support research on techniques to control/prevent stall.

Furthermore the maximum pressure loading during surge is one of the limiting

factors during the mechanical design of compressor blades, core ducting and fan

ducting. This loading is unknown when a new product is designed and large safety

factors are required to take it into account. Thanks to the low computational cost

required to model a compressor stall with the method proposed, the new tool could

be used to simulate many surge cycles and achieving a better estimation of these

mechanical loadings. A better estimation of the loadings would allow a more efficient

design of some large and heavy engine components.
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Literature review

This literature review has been structured in three parts. The first part discusses the

theory of compressor stall, its inception, dynamics and characteristics. The second

part is a review of methods to model compressor stall. The objective of this review is

to present the state of the art of compressor stall modelling as well as identifying the

pros and cons of different techniques. The knowledge gathered with this review is

used to support the choices made in developing the current methodology. The third

part describes the experimental techniques employed in testing compressor stall on

real rigs. A couple of meaningful cases are presented; from these rigs comes the

experimental data used to validate the present model. The objective of this section

is to familiarise the reader with the operation of a compressor rig, the experimental

measurements available and the post-processing method used to quantify/visualise

the compressor stall performance and flow-field.

3.1 Compressor stall theory

This section contains a description of the current knowledge and theory on com-

pressor stall. Hereafter the expression compressor stall will be used to indicate any

of the possible behaviours of a compressor after the stability line is crossed and the

compressor is not in a forward unstalled flow regime.

3.1.1 Stall inception

The expression stall inception refers to the initial growth of perturbations in the

compressor flow-field which immediately precedes stall. Stall inception has been
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largely studied and two main types have been identified, the modal and spike incep-

tion [12, 13].

The typical situation in which stall occurs is when the operating point of the

compressor moves along the characteristic speed-line towards the maximum pressure

rise. When low-speed experimental rigs are tested the maximum pressure rise occurs

when the characteristic becomes horizontal. The compressor is stable only when

operating on the negative sloped side of the pressure rise characteristic; when the

operating point crosses the horizontal part of the characteristic it becomes unstable.

Depending on the operating condition the various stages of a compressor can be at

different positions on their individual stage pressure rise characteristics (figure 3.1).

Some of them can be in an unstable condition while the compressor as a whole is

still stable.

Fig. 3.1: Stage total-to-static pressure rise characteristic of a multi-stage compressor at
different operating conditions [14].

When the whole compressor operating point reaches the horizontal part of the

characteristic line a 2D perturbation in velocity appears across all of the stages.

This perturbation has a sinusoidal shape in the circumferential direction and rotates

around the annulus at a fraction of the rotor speed. Depending on the operating

conditions this perturbation can reduce and disappear or grow into a rotating stall

with a smooth transition. The second case is known as the modal inception. When

modal stall inception is studied experimentally and the flow coefficient is probed at
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various circumferential positions, the inception can be observed in the traces tens

or hundreds of revolutions before the stall actually occurs.

Fig. 3.2: Waves from a modal stall inception visible in measurements of axial flow
coefficient at various circumferential positions [11].

Depending on the compressor geometry it is possible that, while the operating

point is still on the stable side of the characteristic, in one of the blade passages the

incidence angle will exceed the critical value. In this case, the flow in that specific

blade passage will separate. After the first blade row separates, an area of reduced

velocity will form suddenly and initially cover only few blade passages. This area,

called stall cell, grows very fast and covers the whole annulus in usually less than

five revolutions from inception. The velocity at which the growing stall cell rotates

is around 70-80% of the speed of the rotor itself. As both Day [15] and Jackson

[16] observed, the starting point on the cell appears to occur always on the same

blade. Day even reported it occurring when the same rotor blade was in a particular

position with respect to the stator. This finding suggests that as the compressor

approaches stall there is a specific blade with an imperceptible defect which will

start a localised cell. This type of inception, unlike the modal one, is irreversible

and once appeared it will always lead to a flow breakdown.

This initial perturbation leaves a spike on the measured flow coefficient traces

and is known as spike inception. In modern high-speed compressors stall inceptions

are usually of the spike type.

In spike type inceptions the initial separation often occurs close to the rotor tips

and in the past it has been linked to the interaction with the back-flow from the
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clearances. However it has later been proved that it occurs close to the tip even with

shrouded compressors, where no back-flow exists [17]. The Work by McDougall et

al. [18] suggests that the position of the initial stall is mainly driven by the blockage.

Fig. 3.3: Different operating point at which modal and spike inception occur [12].

The inception mechanism described here occurs if a compressor is slowly moved

towards the surge margin by mean of throttle closure, VSV malfunction or fuel spike.

There are of course other triggers which can cause an immediate stall even when

far away from surge limit. There are for example: inlet distortion, foreign object

damage, blade loss, vibrations, etc.

3.1.2 Compressor stall types

Following the stall inception the operating condition will change rapidly as the

compressor enters the post-stall transient. The compressor will follow a specific

trajectory on the compressor map and most likely settle into one of two main types

of periodic instabilities: Rotating stall or Surge.

Rotating stall

Rotating stall is characterised by one or more regions of stalled flow called cells,

which rotates around the annulus at a fraction of the rotor speed. Rotating stall

can be observed during most of the transient conditions which occur during any

compressor stall. The expressions mature or fully developed rotating stall instead

are used to indicate the situation in which the compressor exhibits a steady rotating

stall with a constant operating condition. In this section is described the mature

rotating stall.
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In a mature rotating stall, the stalled and unstalled sectors are clearly defined

and sharp discontinuities divide them. In multi-stage compressors the cell can span

axially across all of the stages, or be confined to the front ones. In the first case, the

cell often covers the full blade span and only one large stall cell is present. Instead,

when the rotating stall is present only in the first stages there are normally multiple

cells which cover only part of the span; this has been reported experimentally by

Dodds [19] and Day [14], [20].

The stall cell rotates around the annulus always in the same direction of the

rotor but at a slower speed, in a range between 20% to 60%. Normally part span

cells rotate faster than full span ones. The shape of a fully developed cell has

been reported by Jackson [16] which inferred it by the measurement of hot wires.

Figure 3.4 illustrates the stall cell at different moments during its development into

a mature stall; by its 5th appearance it had reached a steady condition.

Fig. 3.4: Stall cell developing into a mature rotating stall [16].

Although a fully developed rotating stall is not normally able to directly damage

the compressor, it greatly increases its exit temperature because of the reduced

efficiency. As a result the stall must be quickly interrupted to avoid over-heating of

the turbine. Unfortunately in some engine architectures rotating stall is very stable
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and difficult to recover from. In this case the only option to avoid damage is to

reduce the fuel flow or shut down the engine.

The current description of the stall cell structure has been introduced by Day and

Cumpsty [20]. It had been previously proposed that the stall cell was a dead wake

like the one created by a bluff body trailing across the stage and not exchanging mass

with the unstalled flow. This is know as the passive stall cell theory. The current

theory, proposed by Day and Cumpsty in 1978, is called active stall cell theory

and considers the stall cell as a region of highly energetic flow which continuously

exchanges mass-flow with the unstalled region through its lateral borders. The

active cell does not follow the flow direction but is mostly directed axially and does

not spiral around the annulus as a dead wake would do. The difference in the two

models is shown in figure 3.5.

Fig. 3.5: Passive and active stall cell models [20].

The same authors also provided a description of the flow inside of the cell and

how it is influenced by the compressor geometry. When a multi-stage compressor

with a low design flow coefficient φ? was forced into rotating stall, the stall cell

observed did not exhibit any reverse flow but only a reduction in velocity. When

the compressor was re-staggered for higher design flow coefficient, the stall cell it

developed had some areas showing reverse flow. The ratio of reverse flow to forward

flow increased with the φ?, see figure 3.6. The presence of reverse flow in the cell

produces a high swirl flow appearing in front of the rotor tips which can reach

velocities higher than the blade speed U .

The first description of the mechanism which determines the stall cell propaga-

tion has been given by Emmons [21] and is presented in figure 3.7. According to this

theory the reduced velocity of the stalled passage influences the upstream flow-field

modifying the incidence angle on the adjacent blades. The forced stalling and un-
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Fig. 3.6: Effect of the compressor geometry on the stall cell structure [20].

Fig. 3.7: Stall cell propagation mechanism as proposed by Emmons [21].

stalling of the neighbour blade passages determines the cell propagation. However

in the case in which the flow is reversed inside of the stall cell this propagation

mechanism would be impossible. Day and Cumpsty [20] then suggested that the

propagation is dictated by the blade rows acting like paddles moving around the

stalled flow. This theory was then further developed by Cumpsty and Greitzer in

1982 [22] who proposed as the main mechanism of cell propagation the inertia of

the flow inside of rotors and stators in adapting to the pressure perturbations. The

matching of these inertias in the relative and absolute frame of reference sets the

propagation speed of the cell. According to Longley [23] the inertia matching is

always the main drive of the cell propagation, however the perturbation of incidence

angle (i.e. the mechanism proposed by Emmons) and the viscous effects can affect

the propagation speed. The importance of these contributions depends on the blade
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design, and was observed only in the small-amplitude case Longley modelled, where

no reverse flow is present. The mechanism described by Emmons has also been

suggested to be the mechanism which propagates the initial cell generated during a

spyke inception [17]. This type of cell rotates much faster than a mature one, which

might depend on the different mechanism of propagation.

Surge

Surge is a cyclic stall in which the compressor experiences periodic deceleration and

acceleration of the flow, with the compressor operating unstalled for part of each

cycle. The cycle can be divided in four parts, starting from stall inception:

1. As the compressor departs from the stability line it normally exhibits a rapidly

growing rotating stall and the pressure ratio produced drops dramatically,

typically ∼ 50% of the initial pressure ratio. As a result, there is a strong

reduction in mass-flow in the whole compressor. After a few revolutions the

stall cell covers the whole annulus and the flow becomes mostly axi-symmetric.

The overall mass-flow can even become negative, with the flow exiting from

the compressor inlet.

2. As the mass-flow delivery reduces, or inverts, the volume behind the compres-

sor will de-pressurise and the pressure ratio across the compressor will fall.

3. When the pressure ratio reduces under a certain value, the compressor is able

to re-accelerate again the flow in the downstream direction. As the flow re-

accelerates the blade rows gradually unstall.

4. Once the compressor is fully unstalled, the operating point is again on the

original speed-line at a low pressure ratio. The downstream volume pressurises

again and the operating point moves towards the surge limit. Unless the

operating conditions have changed since the last cycle the compressor will

stall again and start another cycle.

The downstream volume considered in this description is in fact either the com-

bustion chamber in a real engine or the tank in an experimental rig (see section
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3.3).

The 4 parts of the cycle can be clearly identified in the trajectory found experi-

mentally by Day [58] in figure 3.8.

Fig. 3.8: Surge cycle trajectories for different values of downstream volume [58].

If during the cycle the mass-flow (or the axial flow coefficient) goes below zero

the stall is called deep surge, if it does not it is called classic surge. It is important

to notice that even if in classic surge the total mass-flow remains positive, the flow

can reverse locally.

During the reverse and unstalled parts of the surge cycle the flow remains mostly

axi-symmetric. The reversal of the flow is started by a transient rotating stall which

grows to cover the whole annulus [58]. According to the author of this thesis the

rapidly growing stall cell observed should be considered a spike inception evolving

rather than an actual rotating stall, although the difference is subtle. A similar be-

haviour was reported also during the beginning of the recovery; in this case bubbles

of unstalled flow will form and grow until they cover the whole annulus [57]. Ac-

cording to experimental finding, this recovery process takes less than half the time

than its stalling counterpart [58].

The frequency of the cycle is experimentally reported to be in the range of 3-10 Hz

on jet engines. However, it can vary greatly depending on the volume downstream of

the compressor; in particular, bigger volumes produce lower frequencies and smaller

volumes produce higher ones. Surge frequency was previously thought to coincide
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with the Helmholtz frequency of the compressor volume but it was later proved to

be wrong [58].

The violent pulsations in mass-flow rate occurring during surge are responsible

for the loud bangs heard during compressor stall. The strong pulsations in pressure

and vibrations can damage the blade rows if the surge persist for several cycles.

Continuous surge can even destroy the engines, an example is the accident of Scan-

dinavian Airlines Flight 751 where the pilots failed to recover from surge for several

seconds and both the engines became unusable [24].

3.1.3 Stalled performance characterization

A complete compressor map is a map which contains characteristics for forward flow,

reverse flow and rotating stall. These maps are normally pressure rise coefficient

ψ over flow coefficient φ and are valid for a single rotational speed. Only steady

operating conditions can be used to create a characteristic, thus only mature (steady)

rotating stall and reverse flow are shown on the map. An example is shown in figure

3.9.

Fig. 3.9: Example of complete compressor map.

Steady reverse flow can be obtained experimentally by imposing a constant pres-

sure gradient across the compressor. Putting together the operating points at dif-

ferent pressure ratios a characteristic can be drawn. The reverse flow characteristic

has normally a steep slope and intercepts the zero flow coefficient line at a value of
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ψ > 0. This is because the rotating blade rows always produce on the flow some

axial force directed downstream and there must be a balancing pressure gradient for

the overall mass-flow to be steady at 0. The point at φ = 0 is not usually part of

the steady characteristics as the compressor starts the recovery before reaching it.

The rotating stall characteristics is the locus of all the operating points of mature

rotating stall. It is usually a quite flat line and partly overlaps the forward flow

characteristic, thus creating some hysteresis. Gamache [57] reported some hysteresis

occurring also between the rotating stall and reverse characteristics.

An axi-symmetric characteristic can also be drawn, though it is not a steady

condition. This represents the operating condition of a stalled compressor which has

not developed any rotating stall. This was initially introduced by Moore [25, 26, 27],

however since a stalled compressor always develops a rotating stall in few revolutions

it is impossible to observe such condition experimentally in steady-state. Proof of

its existence has been given experimentally by Longley and Hynes [28]. They re-

staggered the rear stages of an experimental compressor to make them less prone to

stall. They were then able to run the first stage in an axi-symmetric stalled condition

while the rear blade rows maintained them stable. Koff and Greitzer developed a

technique to draw the axi-symmetric line based on the transient performance during

surge. However, the characteristic can be also obtained by simply fitting a cubic

spline to the unstalled and reverse characteristic extremes and this method has been

successfully used to model surge analytically [2].

The connection between the axi-symmetric and rotating stall characteristics has

been suggested by Paduano [5]. He used a two-dimensional lumped code to simu-

late both surge and rotating stall. Figure 3.10 shows the characteristics used and

the simulated stall trajectories for different values of downstream volume (constant

throttle and speed). Depending on the downstream volume the outcome is either

surge or rotating stall, however no rotating stall characteristic is input in the code.

In this 2D code (having axial and circumferential discretization) the pressure rise

across the compressor at a specific circumferential position is based on the local flow

coefficient. The flow coefficient can be reversed, stalled and unstalled at different

θ positions of the same compressor, and the appropriate part of the characteristic
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is used in each of them. That is, the 2 sectors are locally operating as if in axi-

symmetric conditions. The rotating stall performance is then obtained naturally as

a combination of the others. This is further supported by the clear distinction of

the stalled and unstalled sectors during rotating stall.

Fig. 3.10: Stall trajectory simulated with a 2D lumped model, with different
downstream volumes [5].

Fig. 3.11: Complete compressor map with throttle characteristic.

When testing an experimental rig, a plenum can be set downstream of the com-

pressor, exhausting to the ambient pressure through a throttle. A throttle charac-

teristic can be introduced to describe the effect of the throttle area on the operating

point. This characteristic links the mass-flow exhausted through the throttle with

the pressure jump between the plenum and the atmosphere. If a plenum and throttle

is employed, a steady operating condition can only be reached at the intersection of

the throttle characteristic and the rotating stall or unstalled characteristic. From

image 3.11 it is easy to understand how, by closing the throttle, the compressor

can be forced into stall. Also it can be observed that a hysteresis exists between

the unstalled and rotating stall line (see also figure 3.18). Unlike the axi-symmetric
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characteristic, the throttle line starts from the [0, 0] point of the map.

In real engines a link exists between the pressure in the combustion chamber

and the exhaust through the NGVs and the nozzle. However, the mass-flow also

depends on the temperature in the combustor and on the secondary air system, and

it is not so straight-forward to draw a characteristic line equivalent to the throttle

characteristic.

3.1.4 Compressor stall dynamics and stability

The dynamics of stall play an important role in determining which type will occur:

rotating stall, classic surge or deep surge. For example, during a surge cycle the

pressure at the back of the compressor is determined by the downstream volume and

how quickly it will depressurise and repressurise. Other factors influencing dynamics

are the compressor performance (function of geometry and rotational speed), the

ducting and the throttle capacity. This is true for compressor rigs only, even more

factors must be included when considering real engines.

In compressor rigs it is easy to modify the volume of the downstream plenum and

assess its influence on the compressor’s stability. It has been observed many times

that as the volume is reduced the compressor behaviour will change from exhibiting

deep surge to getting locked in rotating stall [58, 57, 2].

With very large volumes the back pressure changes much slower than the time

required for the flow to invert direction. In this case the surging compressor reverses

and recovers at almost constant pressure ratio and the operating point follows closely

the reverse characteristic during the blow-down. If the volume is reduced the surge

trajectory shoes more of the compressor dynamics. The operating point overshoots

the peak pressure ratio when stalling. The reversing and recovery parts of the cycle

also become oblique, as in fact the pressure in the volume will change substantially

during them. If the volume is reduced even further during the reversing of the flow

the pressure will adjust so fast that the compressor will recover before reaching the

zero mass-flow line resulting in a classic surge. All these trajectories are illustrated

in figure 3.12. As the volume is reduced further, the re-pressurization of the plenum

becomes so fast that the compressor is unable to reach the unstalled line again.
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Fig. 3.12: Surge trajectory for different volumes.

In this case, the oscillation reduces and following a spiral trajectory the operating

point finds an equilibrium on the rotating stall characteristic. The equilibrium

point is at the crossing of the throttle and the rotating stall characteristic. The

operating point does not arrive on the axi-symmetric characteristic because in the

meanwhile a rotating stall has developed. For some geometry or operating condition

the compressor post-stall behaviour might change from deep surge to rotating stall

without classic surge.

Fig. 3.13: Trajectories of classic surge and mature rotating stall development.

The rotational speed of a compressor can also strongly influence the type of

compressor stall which occurs. Day and Freeman [14] tested the 8-stage Rolls-Royce
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VIPER compressor stalling it at different rotational speeds and observed different

types of stall, figure 3.14. This testing was done on a real engine with a working

combustor downstream of the compressor.

At the lowest speed the front stages would experience a multi-cell, part-span

rotating stall which is of light intensity and is not dangerous for the compressor or

the engine’s health. At higher speeds (in the case studied, 65% to 85% speed) a

full-span, single-cell rotating stall is experienced. At even higher speeds surge will

occur and at the very highest speeds during the flow reversal the combustor will

flame out and the engine will shut down.

Fig. 3.14: Stall inception behaviour of the Rolls-Royce VIPER compressor at different
speeds [14].

In this test an effort was made to ensure that the rotational speed was constant

as the engine was artificially throttled beyond the stability line. As can be seen in

figure 3.14, at a higher rotational speed corresponds a higher peak pressure ratio

when stall occurs. As Day suggested [58], the different types of stall should be linked

to both the rotational speed and the pre-stall pressure ratio, which represents the

amount of energy stored in the pressurised combustor.

Greitzer [33] analysed the system stability on a lumped compressor model and

proposed a non-dimensional parameter B to determine whether it would surge or
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get locked in rotating stall. The Greitzer parameter is as follows:

B = U

2a

√
VPl
ACLC

(3.1)

where U is the mean blade velocity, VPl is the volume of the downstream tank

(plenum), AC is the effective area of the compressor and LC is the effective length

of the ducting. According to Greitzer’s theory for every compressor a critical value

BCRIT exists such that if the B parameter calculated for the current system is

< BCRIT the compressor will exhibit rotating stall, otherwise it will surge. There

is also a value of B above which the surge will be a deep surge and below which

it will be a classic surge. When the velocity is kept constant this theory follows

the results observed experimentally changing the tank volume. Similarly, when the

plenum volume is constant and the rotational speed changes, the same trends from

the Rolls-Royce VIPER test are obtained.

The B parameter is widely used in compressor stall studies but the critical value

of B parameter can not be predicted for a newly designed compressor. In fact as

pointed out by Day [58] the parameter contains only the blade velocity, and no other

consideration of the compressor performance (characteristic shapes, peak pressure

ratio...). Therefore the value of BCRIT found for a compressor can not be transferred

to a different one; only experimental testing can the determine a new value.

Many other factors are ignored when this parameter is applied to real engines.

In experimental testing the surge is often initiated by closing the throttle until the

stability limit is reached. In cases where the stall is triggered in some other way,

BCRIT can be different. For example, in case of a VSV malschedule or FOD the

compressor performance will be modified and the value of BCRIT would change

unpredictably. As a result the B parameter is of limited use in predicting the stall

behaviour during the design of a new engine.

Linearised model of compressor stall dynamics and stability

The lumped model proposed by Moore and Greitzer (described in section 3.2.1) can

be used to investigate the stability and surge dynamics of a compressor rig with
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compressor, plenum and throttle. Paduano [5] proposed to study the compressor

rig system using an analogy with a mass-spring-damper system, as shown in figure

3.15.

Fig. 3.15: Mass-spring-damper system analogy of the Moore and Greitzer lumped
model. Reported by Zoppellari [11].

In this analogy the masses are the fluids in the compressor and throttle duct,

the spring is the pressure build up in the plenum and the compressor and throttle

provide the damping.

In the Moore-Greitzer model compressor and throttle are modelled only through

their characteristics. The equilibrium point of a compressor-plenum-throttle system

is found at the crossing of the compressor and throttle characteristics (figure 3.16).

The characteristics are linearised around the equilibrium point and we define their

slopes as:

CC = d∆PC
dṁC

∣∣∣∣∣
EQUILIBRIUM

(3.2)

CT = d∆PT
dṁT

∣∣∣∣∣
EQUILIBRIUM

(3.3)

If we consider the system in figure 3.15 oscillating around the equilibrium point,

its motion can be described by the characteristic equation

s2 + 1
LC

(
1

4B2CT
− CC

)
s+ 1

4B2LC

(
1− CC
CT

)
= 0 (3.4)

where the displacement modelled is the mass-flow (or φ) in the compressor, B is the

Greitzer parameter and LC is the length of the compressor.
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Fig. 3.16: Equilibrium points of a compressor rig at different throttle settings

Using equation 3.4 we can analyse the stability of the possible equilibrium points

of this system. The system is stable when the coefficients of elasticity and damping

are both positive, therefore:

CC < CT (3.5)

CC <
1

4B2CT
(3.6)

Since the throttle characteristic slope and the B parameter are always positive,

a negative sloped compressor characteristic is always stable. As can be seen from

figure 3.16 the first condition is always satisfied at every crossing point. The second

condition is satisfied for negative CC but also for a small range of positive character-

istic slope. In a typical compressor this range is very small (4B2CT is a large value)

and the compressor will become unstable at CC ∼ 0. Based on this criterion the

only parts of the characteristic which are stable are the negative sloped one and the

rotating stall characteristic if CC is low enough.

Hynes and Greitzer [29] studied compressor stability using a more complex ver-

sion of this model where the flow is two dimensional and described using a Fourier

transformation. While the axi-symmetric characteristic predicted the stability lim-

its exactly as described in equations 3.5 - 3.6, they also found that any harmonic

disturbance in the flow would become unstable (and grow) when CC < 0. These

instability analysis seems to support the experimental findings on modal stall incep-

tion, which is in fact described as the growth of asymmetrical perturbations once

the compressor is throttled slowly beyond CC = 0.
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It is important to remember that this linearised stability analysis is valid for

compressor which reach the peak at C = 0 unstalled (i.e. without any blade passage

separating). Modern high-speed compressors generally become unstable because

of a local separation and not because of the mismatching of the compressor and

throttle/NGV.

Equation 3.4 can also help in understanding the shape of the mass-flow oscilla-

tions during surge. If we consider a sharp throttle closure (and relative characteristic

change) this will set an equilibrium point with the compressor characteristic in the

stalled region. This can be either the axi-symmetric or the rotating stall character-

istic, depending on the flow-field in the compressor. In this condition the use of a

linearised analysis is not appropriate but, as proposed by Paduano, it can give some

qualitatively description of the effects of the single parameters on the dynamics. The

coefficients in equation 3.4 are the damping and the elasticity of the system and they

both contain B, CC , CT . A large B parameter will result in a small damping and a

weak elastic response, and therefore large flow oscillations,; a small B will instead

cause small oscillations, figure 3.17.

Fig. 3.17: Transient response of surge system to a pressure perturbation [5].

Although this was not reported by Paduano it seems reasonable to extend the

analysis and observe that a compressor characteristic with a steep slope will have

small damping and a weak elastic response. This observation is particularly mean-

ingful if we consider that typically the CC of an axi-symmetric characteristic is always

higher than that of a rotating stall characteristic. Therefore, a compressor in rotat-

ing stall generally exhibits smaller oscillations and more damping than a compressor
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which has not developed any asymmetry. This observation will be useful during the

analysis of some of the results from the new tool, in chapter 6.

3.1.5 Compressor stall recoverability

As the compressor completely unstalls during a surge cycle it is normally quite

simple to recover from it. It is in fact sufficient to avoid the conditions which caused

the crossing of the stability line at the previous cycle. If the initial perturbation was

temporary and disappeared, the compressor will recover automatically (e.g. a fuel

spike). If a damage occurred and the surge margin was reduced the compressor can

be recovered by opening the bleed valves and lowering the operating point on the

speed-line. This is in part equivalent to opening of the throttle in a compressor rig

(see figure 3.11).

In case of a rotating stall instead the hysteresis of the cycle is such that even

opening the bleed valves is often not sufficient to return to unstalled condition. In

these extreme cases it is necessary to reduce the rotational speed to recover and

then re-accelerate; sometimes it is even necessary to turn off the engine and restart

it.

Fig. 3.18: Hysteresis in rotating stall and effect on recoverability.

The analysis of surge dynamics reported in the previous section also suggests

that a rotating stall equilibrium, because of the flat characteristic, is very stable
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and responds to perturbations with small, damped oscillation. For this reason it is

more difficult to destabilise a rotating stall equilibrium point and trigger a recovery.

3.2 Analytical/numerical modelling of compres-

sor stall

In this section a review of numerical methods used to model compressor stall is pre-

sented. For the most meaningful cases a description is given of the specific features

and results obtained; these are compared together in the summary to analyse the

state of the art and identify which methods offer the best capabilities. The different

modelling methods are here presented in increasing order of complexity.

 

 

Fig. 3.19: Compressor stall models in order of complexity and computational cost.

A particular type of low-order codes used for modelling of compressor stall are

through-flow codes. Through-flow codes have been used in the design of turbo ma-

chinery since the 1960s and are still used now as fast alternative to 3D CFD, espe-

cially in the case of multi-stage compressor [30]. In this type of code the flow-path

is solved as a one, two or three-dimensional domain. Unlike normal CFD the blades

are not present in the domain geometry but their effect is imposed on the flow. The

domain becomes simply the empty annular duct. The flow is usually modelled using

Euler equations and every viscosity is introduced as a blade effect.

The effect of the blades is often introduced as a turning and a pressure loss,

which requires the estimation of deviation and pressure loss of the blade rows. In
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alternative it can be introduced as a pressure and temperature rise, which must

also be estimated. Usually this is done by means of empirical correlations or char-

acteristics. Typically, characteristics are used when the compressor performance is

modelled as a whole, correlations instead are used to model performance of single

blade rows or stages. There are many effects which contribute to the deviation and

pressure loss of a single blade row, figure 3.20, and trying to estimate them with

a correlation requires strong simplifications. Many sets of correlations have been

developed, mostly based on linear cascades experimental testing, but none of them

has a universal application.

The effect of blade can be practically implemented in the equations in different

ways. The most popular method is the introduction of forces as source terms, to

impose the right turning and pressure loss. This is called the body force method.

Fig. 3.20: Sources of pressure loss and deviation in a cascade row.

3.2.1 0D/1D models

Through-flow codes

One dimensional (mean-line) through-flow codes are broadly used in the prelimi-

nary stage of compressor design, however they are not typically used for post-stall

modelling. An exception is the one-dimensional mean line through-flow code de-

veloped at P.I. Baranov Central Institute for Aviation Motors. This code has been

further developed to model steady reverse flow and rotating stall by Mikhailov et
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al. [31]. The tool models the stages performance based on ‘compressor stage gener-

alised functions’; this functions are developed by a statistical analysis of empirically

found compressor stage maps. Experimental data were collected by many papers for

steady reverse flow, full span mature rotating stall and part span mature rotating

stall. The rotating stall is assumed to be part-span or full-span depending on the

level of blockage (or the flow coefficient). The code was validated reproducing a

low-speed 3-stage rig’s compressor map data, but the matching was not accurate.

Despite being able to model even a three-dimensional stall (part-span stall) with

a one-dimensional tool this method requires a large knowledge of detailed perfor-

mance of similar compressors to build up the functions and can only model steady

conditions.

Lumped models

Lumped models were the first tools used to model compressor stall and the idea was

initially proposed by Greitzer [33].

Fig. 3.21: Zero-dimensional lumped model created by Greitzer [33].

In this lumped model the compressor is substituted by a total pressure rise

function,

ψC = f(φC) (3.7)

which is taken from the experimentally measured characteristics. In the original

version only the rotating stall characteristic was used in the post-stall region. The

flow is considered incompressible in the compressor and the throttle. The plenum
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downstream is modelled as a volume with uniform pressure and isentropic processes.

It exhausts to the atmosphere through a throttle which is defined by a parabolic

characteristic

ψT = f(φT ) = 1
2KTφ

2
T (3.8)

The plenum properties depend on the mass-flow exchanged with the compressor

and through the throttle:
dρPl
dt

= 1
VPl

(ṁC − ṁT ) (3.9)

dPPl
dt

= γPPl
ρPlVPl

(ṁC − ṁT ) (3.10)

The momentum equation along the axial direction in the compressor and throttle,

and the plenum equations are non-dimensionalised using two parameters B and G.

The equations become:
dφC
dt

= B(ψC −Ψ) (3.11)

dφT
dt

= B/G(Ψ− ψT ) (3.12)

dΨ
dt

= 1
B

(φC − φT ) (3.13)

where Ψ is the pressure ratio across the compressor Ψ = PPl/PATM . B is the

Greitzer’s parameter

B = U

2a

√
VP

ACLC
(3.14)

and G is the ratio of compressor and throttle inertia defined as:

G = LTAC
LCAT

. (3.15)

Normally the length of the throttle LT is negligible and G becomes very small.

The throttle then adapts almost instantaneously to the changes, ψT = Ψ, and

the throttle equation is cancelled. The values of pressure rise obtained from the

experimental characteristic are valid for steady state. In order to extend them to

transient simulation the pressure rise in the equations is updated using a first order
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time lag law,
dψC
dt

= 1
τ

(ψC,SS − ψC) (3.16)

where the time constant τ is based on the rotation period

τ = 2πr
U

(3.17)

The original model by Greitzer was used to simulate classic surge for a low-speed

compressor.

A model aimed only at modelling steady, mature rotating stall was later devel-

oped by Moore and was then integrated with the model from Greitzer to create

a code which could deal with both the instabilities and their developments [34].

In this code the flow coefficient is a function of time, axial and circumferential lo-

cation φ(t, x, θ). The flow is considered uniform and irrotational at the inlet and

thus in the compressor system the flow coefficient can be described as a sum of a

circumferentially averaged value φ and harmonic perturbations

φ =
∑
n,0

φ̃n(t)einθe|n|x + φ . (3.18)

The compressor pressure rise instead is evaluated at the compressor’s front face

and is also specific of the circumferential position, ψC(t, θ). The compressor charac-

teristic used in this model is only the axi-symmetric one: a single line which com-

prehends unstalled, stalled and reversed regimes. The new model was successfully

used to predict surge and rotating stall with good agreement with the experiments

[34, 35]. Longley [23] in his review of lumped codes reported how these models can

also predict the cell propagation speed based on the blade rows’ inertia.

Despite the results obtained, these ‘lumped’ models could never distinguish be-

tween part-span or full-span stall, and could not have any indication whether the

stall is incepted at the front or the rear of the compressor. Also they could not

distinguish if a rotating stall propagated axially along all the stages or was confined

in a portion of the compressor. Furthermore the lumped model can not be used

to predict the performance of the compressor during stall, but on the contrary it
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requires as an input the axi-symmetric and reverse flow characteristics.

3.2.2 2D models

Meridional through-flow codes and SLC codes

2D meridional through-flow codes are routinely used for performance prediction.

While they can model flow reversal they can not simulate rotating stall as the flow

is assumed symmetric. For this reason there is no meaningful example of this type

of code used for post-stall modelling. For the present project only their set of

empirical correlations for forward flow are of interest. The through-flow codes from

Al-daini [36] and more recently Petrovic [37] which contain various sets of empirical

correlations were reviewed although in the end these were not used.

A method which has many features in common with meridional through-flow

codes is the Streamline Curvature Method (SLC). The SLC models the flow in the

compressor divided in streamlines which do not exchange mass-flow but change their

area along the axial direction. Calculations are performed in the meridional plane

and are generally used to obtain steady state performance. The code SOCRATES

is a SLC code developed in Cranfield for fast prediction of compressor performance

in a large range of operating conditions [38]. Portions of this code have been used

in the present tool, in particular the set of empirical correlations for unstalled flow

and the algorithms which perform annulus and blade geometry creation.

2D circumferential through-flow code

Hendricks et al [39] proposed a 2D circumferential through-flow code where the

blades were represented by actuator disks whilst every inter-blade space and in-

let/outlet duct was modelled with 2D Euler Equations. Bleeding was introduced in

the actuator disks. A two-spool high-speed compressor was modelled as validation.

The inception of inception was simulated and matched with experimental results,

however the model was not able to simulate the post-stall behaviour and no mature

rotating stall or surge was modelled.

Lindau and Owen [40] developed a two-dimensional tool where the body force
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method was replaced by using two different sets of equations for blade rows and

blade-free regions. In the blade-free region the two-dimensional Euler equations

were used, inside of the bladed regions the equations were transformed into one-

dimensional by restricting the circumferential velocity based on the local passage

direction. The solver used was a Roe solver as it was thought to be suited for

unsteady flow modelling. Blade performance was estimated using a table of deviation

and pressure losses taken from literature. However no experimental validation was

presented in the paper and the results appear to be only preliminary.

In her PhD project, which spanned from 2010 to 2012, Zoppellari created a quasi-

2D (using parallel compressors) and a fully 2D solver to model rotating stall and

surge [11]. A parallel compressor method is when a 2D discretization is achieved

by putting together many 1D domain and allowing some flux exchanges between

them. The code successfully reproduced the reverse characteristic and part of the

rotating stall characteristic of the C106 compressor (see section 3.3). Surge was also

modelled and the correct trend was observed although no direct validation with the

reported trajectories or frequencies was done.

Fig. 3.22: C106 complete compressor map with results from FENICE [11].

The present work is in fact the continuation of that effort with the introduction

of the span dimension. Some of the methodology employed in FENICE has been

used in the new code, this includes:
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• plenum and throttle model,

• correlations for stall detection,

• treatment of the fluid in the relative FOR (rotor blades).

These will be described later in the methodology, chapter 4.

The method employed to model the performance of separated blade passages in

FENICE is a lumped version of Longley’s method [41], described in section 3.2.3.

During reverse flow a total pressure loss was calculated based on the blockage factor

b, obtained by integrating the entropy generated by the full mixing of the wake.

The total pressure loss coefficient is then a function of the blade stagger angle γ and

inlet angle α

ω =
(
| sin(α− γ)|

cos(α)

)2

(cos(α))2 (3.19)

The deviation was instead set to 0, ignoring the effect of wake mixing on flow

direction. During the transient conditions when the flow was neither fully reversed

nor fully forward, no correlation was applied. This method of modelling reverse

flow performance was initially used in the current project as the author took up

the project from where Zoppellari finished. However, when applied to the first test

case it was found to have very poor results and a new methodology was developed,

this will be described in section 4.7. The finite difference MacCormack scheme from

FENICE was also used in the first stages of development of the new code, but it

was deemed not robust enough during the transients. It was later substituted by

the Godunov scheme.

In 1996 at Cranfield university PhD student Alexander Wilson [42] created two

models to simulate the stall behaviour of the Rolls-Royce VIPERTM engine com-

pressor, tested by Day and Freeman [14]. The first model is a quasi-2D code with

the compressor modelled as a a series of parallel compressors. The flow is consid-

ered incompressible and inside of the compressor only the axial direction is solved,

the tangential velocity in the compressor is assumed uθ = 0.5 U . The blade rows

are modelled as a semi-actuator disc. In this model the whole compressor perfor-

mance is interpolated from a single characteristic but the body forces (only axial)
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Fig. 3.23: Simulated post-stall behaviours of the Rolls-Royce VIPER compressor [42].

are distributed across the compressor domain to take into account the inertia of

the flow inside. Only the forward, unstalled characteristic is experimentally known.

The axi-symmetric stalled characteristic is interpolated assuming that at ṁ = 0 the

pressure rise would have been 15% of the peak value. The reverse characteristic

is obtained by scaling data from literature, the rotating stall characteristic is not

used. The compressor domain is solved numerically while the inlet duct is solved

analytically. To simulate the experimental condition also the combustion chamber is

modelled using two volumes (cold and hot) and a simple combustion efficiency. Like

in the experimental rig simulated, air can be bled inside of the combustor prompt-

ing the compressor to stall by reducing the available turbine capacity. A random

disturbance is introduced to allow the code to develop asymmetric structures.

The quasi-2D code was successfully used to model most of the behaviours ob-

served experimentally, although a limitation was the 2D semi-actuator disk which

did not allow to model rotating stall confined to front stages only, or part span cells.

By varying the rotational speed and the flow pumped into the combustor the cases

simulated were surge, rotating stall, flame-out and the case were the flow pumped

in the combustor exits steadily from both the turbine and the compressor (called

”ALF”, axi-symmetric low flow). The results are shown in fig. 3.23. The second

model created by Wilson is a 3D model and is described in the next section.
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3.2.3 3D models

A 3D body force method was developed at the Massachusetts Institute of Technology

starting with the work of Gong [43] and improved in the subsequent years. The

initial tool was created to simulate rotating stall and employed a body force method

based on a database of correlations produced using CFD. In this methodology the

compressor geometry is simulated using RANS CFD in a large range of operating

condition. A database of the blade response to the different conditions, in terms of

pressure rise and turning, is created and stored. This is then used to create a body

force method which responds dynamically to the changing conditions. The method

developed by Gong is valid only for incompressible flow and strictly axial machines.

The validation was done on a 4-stage GE compressor and a single stage experimental

rotor. It focused on modelling stall inception triggered by localised disturbances

(spoiled inlet sectors). The main features of the flow breakdown and cell growth were

observed in general accordance with experimental observation, although reverse flow

was not modelled and the simulation could not be taken further. Only the steady

state results were directly validated but only on a single compressor.

The tool was then further developed by other researchers at the MIT which im-

proved the method making it more general. The works of Kewada, Reichstein, Patel,

Walker and Kerner are cited and briefly described by Brand [44], which himself im-

proved the body force method adapting it to compressible flow and non strictly axial

streamlines. Brand verificated the new solver modelling a fan rotor and matching it

with the RANS simulations used to create the database. The unstalled results were

successfully matched with the CFD, although the values of entropy creation and

turning were taken from the CFD itself. Operation at low mass-flow (i.e. post-stall)

was simulated but no validation was possible as the RANS simulation diverged when

the flow separated.

A 3D code was created by Wilson to model stall inception in high-speed com-

pressors [42]. This is a through-flow code using Miller’s correlation to determine

pressure loss and deviation. The solver used is a finite volume method in the merid-

ional plane while a finite difference method was used to calculate the effects in the
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circumferential direction. The correlations for reverse flow are not introduced and as

such the code can not model post-stall behaviour but only stall inception. A quite

ambitious feature of the code is that it solves RANS (Reynolds averaged Navier-

Stokes) instead of Euler equations. This is done following the work by Gallimore

[45], which first introduced the shear stress in a 2D meridional through-flow code.

However, unlike the previous work, not only the radial variations in velocity are

considered in calculating the shear stress but every term in the meridional plane.

The use of no-slip condition at the end-wall produces the boundary layer; the grid

is not uniform but finer close to the walls for better resolution. The body force

method is relatively simple (compared to similar codes) but includes the effects of

tip clearances by setting the forces at zero in the end wall region. The method

was tested to prove its unsteady and near wall modelling capability, however it was

validated for stall inception against only one test case.

Escuret and Garnier developed a 2D and a 3D code for surge and rotating stall

modelling at SNECMA [46]. The 2D code is an axi-symmetric code where the

blades are solved using a 2D through-flow method developed at ONERA. The 3D

version instead uses fully 3D equations only in the blade-free volumes and multiple

2D (meridional) through-flow solvers for the bladed regions. The bladed regions are

solved in a rotating frame of reference and a blockage is introduced to take into

account the fraction of the annular area occupied by the blades. The solver used is

a Jameson-style multi-step finite volume method coupled with a residual smoothing

technique to increase the CFL up to 10. An atypical type of plenum model is used,

a 1D continuation of the computational domain shaped into a large volume, figure

3.24.

A single-stage case was reported. The domain of about 60000 points (113 X 12 X

47) would take 3 hours to simulate 0.1 s of physical time on a single core. The code

was used to predict the stability of the compressor when perturbed by a sinusoidal

or axi-symmetrical perturbations. Only the instability limit was validated while the

details of the flow-field were not. Rotating stall was obtained for different mass-flows

but the code was not adapted to deal with reverse flow, and only classic surge of

small oscillations was modelled. The results reported appear to be only preliminary
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Fig. 3.24: Example of compressor and plenum domain as modelled by Escuret and
Garnier [46].

and the validation is based only on the absence of clearly mistaken patterns.

Through-flow codes with separated flow modelling

At Cambridge University Longley created a 2D model similar to the one proposed by

Escuret which was used to model the stall inception and how inlet distortion would

affect it[47]. This was later expanded into a 3D FVM code capable of simulating the

post-stall performance [41]. The main contribution in his paper is a new method to

model directly in the solver the highly separated flow which occurs when the blade

passages stall. He introduced a variable b to quantify the flow non-uniformity in

the length-scale of the blade channel, which is smaller than the domain grid itself.

The necessity of the term b arises from the fact that a grid element corresponds to

one or more blade passages; when the flow in the passage is separated it becomes

impossible to describe mass-flow and momentum with the primitive variables. In a

1D case the primitive variables are V = [ρ, u, T ], if the flow is uniform the mass-flow

ṁ and momentum Q can be described as

ṁ = ρu, Q = ρu2. (3.20)

However, when the flow is non uniform in a length-scale smaller than the element

itself, it becomes impossible to simultaneously describe mass-flow and momentum

with these terms alone. An example of this situation is shown in figure 3.25.
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Fig. 3.25: Flow separated at a lengthscale smaller than the grid element [41].

If we consider the density to be constant in the element an equivalent velocity u

can be defined, which has the same mass-flow as the separated flow:

ṁ =
∫
V
ρu dV

/∫
V
dV = ρu. (3.21)

The momentum however will always be higher then the value that a uniform

flow would have

Q =
∫
V
ρu2dV dV

/∫
V
dV ≥ ρu2, (3.22)

the ratio of the LHS over the RHS of this disequation is always higher than 1

and it’s the parameter b. The real mass-flow and momentum can then be described

if b is added to the primitive variables

Q = ρbu2. (3.23)

With the new variable it is necessary to modify the Euler equations and a sixth

equation is introduced to model the transport, creation and dissipation of the non-

uniformity. The conservative variable used is the excess energy which is the difference

between the kinetic energy of the real flow and that of an equivalent uniform flow

with the same mass-flow. The three-dimensional form of the equation is:

∂

∂t

(
1
2ρ(b− 1)u2

)
+ 1

2(b− 1)2u2∇ · (ρu) +
(
b− 1
b

)
ρu∇

(
1
2b

2u2
)

= −u · F − ρT DS
Dt

(3.24)
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The RHS terms represent the creation and dissipation of the non-uniformity in

the flow, the first term generates separation every time the blade forces are not

perpendicular to the flow. The last term is an entropy creation term which controls

the dissipation of the non-uniformity, it is calculated as:

ρT
DS

Dt
=
(
b|u|
1/2s

)
1
2ρ(b− 1)u2. (3.25)

The ratio of dissipation (in time) is set as the time for the jet flow (b|u|) to

travel the distance of half a span. Despite being a somewhat arbitrary choice, it is

justified by the fact that whichever is the length of mixing the integral of the energy

dissipated is always the same.

Through the creation, transport and mixing of the non-uniformity it was possible

to naturally model pressure loss and deviation during reverse flow and transients.

Rotating stall and surge was then modelled without any need for empirical corre-

lations except for the forward unstalled flow ones. The reversed and rotating stall

characteristics of the 3-stage compressor described by Gamache and the 4-stage

compressor tested by Day (see section 3.3) were reproduced and matched with ex-

perimental results although not for the whole range of flow coefficients. Surge was

modelled although not validated against any experimental finding. The domain used

for the 4-stage compressor had 131 axial ×6 radial ×32 circumferential elements and

required 30 hours of computational time for 2 s of physical time on a single core.

3.2.4 3D CFD

Classic CFD codes are routinely used to model the performance of turbomachinery

and in the years have earned a great trust in their reliability and accuracy. How-

ever when modelling multi-stage compressor systems a great computational cost is

required. In fact it is normal practice to simulate only a reduced amount of blade

passages instead of the whole annulus to save time and resources. As part of the

shaft failure and over-speed studies in Cranfield, Lucas Pawsey [10] modelled the

reverse flow in a multi-stage modern compressor. The domain was circumferentially

only 1/5 of the annulus and consisted of 32 millions elements, the program used
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Fig. 3.26: Surge and rotating stall of Gamache’s 3-stage compressor modelled by
Longley [41].

was ANSYS CFXTM. To properly model the unsteadiness in the separated flow a

transient simulation was used. The computational power required was very large

and the simulation run on 64 dedicated cores for 2 months before reaching a steady

state.

3D CFD has been also used to model rotating stall although enormous computa-

tional resources are required. One of the latest and most state of art attempts is the

work done at London Imperial college and reported by Dodds and Vahdati [19, 48].

A modern 8-stage intermediate-pressure compressor was tested experimentally at

a range from 50% to 80% design speed and throttled to stall. The unsteadiness

obtained was a front-end multi-lobed rotating stall. The compressor was then mod-

elled using the code AU3D in order to simulate the same stall. As the stall is present

in the front part only, the first three stages were modelled in 3D with full annulus

while the rear ones were modelled as a one-dimensional domain. The 3D grid had

∼ 250.000 elements per blade passage and when processed on a cluster with 160

cores it took 2 days per rotor revolution. The rotating stall was validated against

experimental results for the full range of velocities, providing accurate and detailed

description of the stall cell structure. In figure 3.27 the development of a multi-

cell part-span stall, caused by VSV movement, is visualised at different moments in
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time.

Fig. 3.27: Part-span stall cells development, following a stator vane restaggering [19].

3.2.5 Compressor stall modelling methods summary

All the models reviewed in this chapter are compared in table 3.1; only the models

capable of simulating rotating stall are considered. The features compared are:

• the presence of span-wise resolution,

• the capability to model reverse flow,

• if the compressor performance is lumped or modelled stage by stage/by blade

rows,

• the method used to model the compressor/stage/bade row performance (la-

belled ‘Performance’)

• the computational time; some older methods which were originally reported

to take hours have been put as ‘low’ considering the advance in computational

power in the last 20 years

• the capacity to model rotating stall or surge, a distinction is done if the stall

was only obtained (o) or also validated experimentally (v).
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Lumped (Paduano) x v x chic low v v

Hendricks x x v correl. low o o

Lindau et Owen x x v correl. low o o

Escuret et Garnier v x v correl. hours x o

Zoppellari x v v correl. hours v o

Wilson (2D) x v x chic low o o

Gong/Brand v x v CFD hours x x

Longley v v v correl. hours v o

3D CFD v v v N/A months v v

Tab. 3.1: Comparison of rotating stall and surge models in literature.

Despite the unmatched resolution and the validated methodology the 3D CFD

requires excessive computational resources; the objective of this PhD is indeed to de-

velop an alternative to model three-dimensional compressor stall with lower compu-

tational cost. The lumped models have been validated and employ minimal compu-

tational resources, however they require the knowledge of the stalled characteristics

and as such can not be predictive.

From the comparison of through-flow codes it appears clear that only the three-

dimensional code can properly identify the different type of stall (part-span or full-

span). However, most of the 3D codes were not validated or even developed to the

point of being capable of modelling all types of compressor stall. The tool which is

capable of modelling compressor stall with the maximum detail without requiring

the knowledge of the characteristic is the one created by Longley. This model

also presents the most physically true and generally applicable method to model

the performance of a separated blade row. However the addition of a new, singular

equation complicates the Euler solver and increases the computational time. Besides

the new complex set of equations is incompatible with some particular type of Euler
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solver, unless the solver itself is extensively modified. One of these incompatible

solvers is the Godunov scheme, which has been chosen to develop the new tool, as

is described in section 4.2.2.

Following this review this author decided to:

• use a three-dimensional body force method to model the blade rows adapting

one or more of the numerous formulations,

• model the performance of each blade row using empirical correlations to model

forward flow and determine when the blade passage stalls

• the performance of blade rows with reverse flow will be based on the separated

flow model. However it will not be introduced with an additional equation,

but with a simpler correlation.

These choices have shaped the new methodology developed, described in details in

chapter 4.

3.2.6 Full engine stall modelling

As described in the section 1.2 in order to certify an aero-engine it is necessary to

predict the maximum speed reached during shaft failure or to determine whether the

shaft failure will lead to rotor burst. The maximum speed reached is not necessarily

the terminal speed, depending on the rapidity of the safety systems in shutting

down the engine. Specific tools have been created with the objective of modelling

the engine during a shaft failure and calculate the maximum rotor speed during the

transient. The objective of these tools are:

• Determine the outcome of a shaft failure event, distinguishing between rotor

burst or safe run-down.

• Predict the maximum speed during the event, and the speed profile during the

transient.

• Determine the effect of changes in engine design on the maximum speed during

shaft failure and investigate which design choices can be used to reduce speed.
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Haake et al. [49] proposed in 2011 a tool to simulated the engine during shaft

failure. This tool uses a set of sub-models to simulate the performance of the

components critical to the shaft failure transient.

Fig. 3.28: Compressor/combustor domain of the shaft failure modelling tool [49].

Compressor, combustor and inlet ducting are modelled as a single 1D domain,

solved using an Euler solver. The domain extends from the core inlet to the first

turbine NGV inlet, figure 3.28. The blade rows presence is introduced by an axial

force and a work exchange term in a similar fashion to the body force method.

These terms are estimated from the pressure and temperature rise extracted from

maps. The pressure and temperature rise produced by the compressor are evenly

distributed in the domain elements which are part of it. The instantaneous operating

point on the map is interpolated based on the mass-flow at the compressor inlet.

The inertia in the change of compressor performance is introduced by lagging the

pressure and temperature rises. Bleed flows are introduced and modelled as constant

source terms. A set of typical stage compressor characteristics are used, each divided

into reverse flow, unstalled and rotating stall characteristic. The axi-symmetric

characteristic is not used and from the paper it would appear that the rotating stall

characteristic is used for both rotating stall and surge.

The heat release in the combustor is calculated using a 0D model and introduced

as a source term. The profile in time of the fuel injected during the event must be

known a priori. The heat release is halted if the conditions in the combustor move
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outside the flammability limits and resumed if they return within the limits.

A zero-dimensional model is used to predict the performance (capacity) of the

turbines during over-speed, the turbine characteristics are produced using a perfor-

mance program. A friction torque model is used to predict the friction caused by

the interaction of the stator and rotor structures. The friction is function of the

speed, the turbine structures’ shape and the axial displacement of the rotor blade

row. The melting of the structures is taken into account and the shape used as

input is changed in time as it deforms. By considering the torque produced by the

flow on the turbine and the one caused by the friction, the model can predict the

acceleration of the turbine rotor and determine the terminal speed.

Individual components have been validate separately and the tool as a whole was

validated in steady state on a 10-stage, high-speed HPC. An IPT shaft failure was

modelled on a two-shaft engine and successfully matched to experimental data.

The program WEST (Whole Engine Simulation Tool) is the code developed in

Cranfield University by the shaft failure and over-speed team [10], started in 2007.

This tool uses a similar set of sub-models as used by Haake et al., but has been

further developed to consider other aspects critical to the event. The sub-models

and their domains are presented in figure 3.29.

Compression side solver:

•Transient Euler eq. solver

•FAN, IPC & HPC maps

Expansion side solver:

•Turbine over-speed maps

•Quasi-steady turbine matching

solver

Secondary Air System solver:

•Transient solver

•Tanks and pipes network

Friction torque calculator:

•FE analysis (blade tangling)

•Analytic model (seal segment)

Combustion model:

•Transient combustion model

Fig. 3.29: Components of the code WEST [10]. Background image from Plemmons et
al. [50].

For brevity only the improvement over the model by Haake will be listed here.

• The compressor/combustor domain extends up to engine inlet, including the

lower part of the fan which is modelled with specific maps. The complete

maps are required for the compressor, unstalled flow, rotating stall and reverse
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flow characteristics. The axi-symmetric stalled characteristic is obtained from

the others with the fitting technique described in section 3.1.3. Since the

compressor must be able to accelerate or decelerate during transient, maps for

different speeds are necessary.

• The SAS (Secondary Air System) is modelled as set of plenums and 1D ducts.

The pressure in the SAS determines the bleed flows and is used to calculate the

turbine axial displacement. This algorithm dynamically modifies the inputs

to the turbine model, the torque model and the compressor.

• The combustor features an improved fuel control schedule which simulates the

decisions of the FADEC in real time, in particular the over-speed protection

system and the surge protection system.

• The turbines are simulated with a 0D model which considers the HP,IP and

LP turbines separately; the turbine maps have been improved to model the

over-speed conditions. The turbine performance is now a function of the axial

displacement of the blades, incorporating the effects of tip clearance change.

Furthermore the different turbines maps are not independent from each other

but when a turbine over-speeds it affects the performances of the one down-

stream.

WEST has been validated at steady state on the full flight envelope on a modern

turbofan engine with two compressors. A classic surge caused by a fuel spike was

modelled on a single shaft engine and validated with experimental measurements.

While the main objective of WEST is shaft failure modelling, it can also be

used to investigate compressor stall as a whole engine event. Even though the

compressor model is only 1D, the whole engine simulation has some advantage on

the post-stall models previously described. In fact it allows to model fuel spikes or

slam accelerations as triggers and to assess the interactions of the fan, combustor,

SAS and dynamic fuel control on the post-stall transient.

The WEST code employs the Roe scheme as Euler solver on the compres-

sor/combustor domain. It is a first-order Total-Variation-Diminishing finite volume
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scheme selected for its robustness and physically true modelling of pressure waves.

The Roe scheme was originally developed in Cranfield in 1981 [51]. The Roe solver

in WEST has been co-implemented by this author and modified to take into account

the source terms and the semi-perfect gas model following the description by Toro

[52] and the works done by Mohanraj et at [54] and Di Mare [53]. This scheme

does not naturally satisfy the entropy condition (see section 4.2.2), therefore it was

adapted to transonic conditions using the algorithm proposed by Harten and Hyman

[55]. The code created manages to retain stability and accuracy while being applied

to a very coarse mesh with strong source terms and non-smooth solution [10]. The

inclusion of all terms and the effect of area variation allows to avoid any unwanted

non-conservative effect caused by the interaction of solver and source terms. The

solver created can not be applied to 3D while retaining these capabilities and it

could not be employed in the present project. However the knowledge developed by

the author has been useful to better understand the similar effects occurring in the

Godunov scheme employed in this project.

3.3 Experimental investigation of compressor stall

The purpose of this section is to describe the general methods used to experimentally

test compressor stall by means of some meaningful examples. The two rigs described

here are used as test cases for the validation of the new tool, described in chapter 6.

3.3.1 Eastland and Gamache’s test on the 3-stage compressor

At MIT Eastland [56] and Gamache [57] tested experimentally a 3-stage low-speed

compressor rig for post-stall behaviour. Eastland focused on mature rotating stall

while Gamache studied steady reverse flow and mature rotating stall at almost zero

mass-flows and negative flows. The compressor has a constant annulus, a hub to tip

ratio of 0.88 and blades with aspect ratio close to 1.

The compressor was run electrically, which ensured constant rotational speed,

and in both tests a variable area throttle was used to investigate different operating

conditions. In order to study a wide range of conditions the throttle exhausted into
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Fig. 3.30: The 3-stage low-speed compressor tested at MIT [57].

a plenum which is connected to the atmosphere through a centrifugal fan. This

allowed to obtain back pressures down to sub-atmospheric values in the plenum

volume and also to avoid recirculation.

As Gamache’s focus was on reverse flow his test was done with the compressor

removed and placed in reverse. The sub-atmospheric pressure in the plenum was

used to force the flow through the compressor even when running in reverse. The

whole test rig is shown in figure 3.31. Gamache run the same compressor geometry

of Eastland completing the compressor map with the reverse flow characteristic. A

second geometry with a higher reaction was also tested, obtained by re-staggering

the blades. In order to obtain performances at zero mass-flow the throttle was

modified so that it could be completely closed.

The mass-flow through the compressor was measured by means of an orifice

plate: by measuring the pressure drop across it the mass-flow was deducted. Porous

plates were used to straighten the flow in the duct before the orifice plate, to ensure

no swirl is present and the measurement is accurate. In both the experiments done

the static pressure was probed by means of tap sensors on the internal or external

wall between every stage. Rakes of total pressure probes were used at inlet and

outlet, thermocouples were used in between stages to measure total temperature.

The measurement of the axial velocity in unstalled operation, obtained with the
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Fig. 3.31: A schematic of Gamache’s test rig [57].

pressure probes, was used to calibrate the orifice plate.

Uncalibrated hot wires were used to study the rotating stall. Eastland put one

in front the 2nd rotor and one after the last stator while Gamache put only one at

inlet of the IGV. These hot wires are monitored on a storage oscilloscope and left a

trace which became erratic whenever the wire was inside of the stalled flow, figure

3.32.

It is easy to measure from this trace the period between passages of the cell,

TRSC , and the period in which the hotwire was inside of the stalled flow, tRSC .

From this data it is possible to calculate both the translational speed of the cell

URSC = 2πr
TRSC

, (3.26)

the area of the cell

ARSC = tRSC
TRSC

AC (3.27)

where AC is the area of the annulus at the axial position where the measurement

is taken. Whilst the cell speed is quite accurately calculated, the size of the cell is

more ambiguous. It depends in fact on the axial location of the hot wire and on

the voltage threshold used to define the period tRSC . As a result the measurements
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Fig. 3.32: Hot wire trace during rotating stall [57].

of Eastland and Gamache for the same configuration do not match although they

follow a similar trend.

3.3.2 Day’s test on the 4-stage compressor

At Cambridge a low-speed 4-stage compressor was tested by Day in 1994, [58]. This

compressor consists of 4 repeating stages preceded by a high solidity IGV.

Fig. 3.33: The 4-stage compressor tested by Day [15].

In this set-up the compressor is followed by a plenum volume and a throttle

discharging directly into the atmosphere. The plenum and the ducting had variable
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volume and length and Day reported results for B parameters ranging from 0.3 to 1.5

(and plenum volumes up to 33 m3). With the original set-up the compressor would

exhibit only deep surge or rotating stall. It was further modified by introducing

plates along the exit duct. This reduced the hysteresis of the cycle and permitted

to observe classic surge. A set of 6 traverse hot wires was put in front of the IGV

to obtain traces of axial velocity and measure the growth of rotating stall cells.

Traverses performed in reverse regime demonstrated the overall uniformity of the

flow during this part of the surge cycle.

Day reported the complete compressor map, surge trajectories for different sizes

of the plenum and the respective cycle frequencies. The timing of deceleration,

reversal and acceleration were also described as shown in figure 3.34 where the

measurement of the absolute velocity during the surge can be observed.

Fig. 3.34: Absolute velocity measured at compressor outlet during surge [15]

3.4 Summary

In this chapter is reported a literature review describing the various aspects of

compressor stall. The first part of the review is the description of the current

knowledge on the two main type of compressor stalls and how their performance can

be characterized. A review of the models and methods existing to simulate these

stall is also performed, ranging from lumped zero-dimensional codes to state-of-the-

art three-dimensional CFD. Finally a description is offered of the typical set-up of
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an experimental rig used to study compressor stall and what data can be obtained

through its measures.

The methods to simulate compressor stall available in the literature have been

assessed to see how they meet the requirements for a new tool as described in the

research aim of this thesis, section 1.3.

• Three-dimensional high-fidelity-domain CFD offers the most detailed and ac-

curate representation of the flow-field, however the examples reported in litera-

ture show computational times of weeks (or months) for a few rotor revolutions

for a limited number of blade rows.

• Lumped models can be used to model surge and rotating stall, however they

are not predictive and require the knowledge of the compressor performance

in every regime.

• Through-flow codes can offer a two or three-dimensional representation of

compressor stall with a lower computational cost; they solve the Euler equation

and require empirical correlations to model the blade rows performance during

every flow regime.

Based on this review the new code has been chosen to be a three-dimensional

through-flow code using the body force method, empirical correlation and a new

treatment for reverse flow; the details of this choice are described in section 3.2.5.

This code will have to be able to model reverse flow, rotating stall and surge on low

speed compressor rigs and be validated against experimental data wherever possible.

Such a code is not available in the public domain, the existing codes have not been

validated or cannot be easily reproduced; a gap in the knowledge is then identified,

which will be addressed in this research project.
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Chapter 4

Methodology

4.1 Tool development overview

The tool methodology is shaped from the assumptions made at the project start.

These were identified based on what was learnt from the literature review and which

code capabilities are targeted. The code is required to have the following character-

istics:

• solve the 3D unsteady, cylindrical, compressible Euler equations. No shear

stress is modelled and friction is introduced only as a blade effect;

• the body force method is employed and the blade rows are replaced by a 3D

force-field. The forces introduce on the flow the turning and the pressure loss

imposed by the blades;

• turning and pressure loss are estimated using empirical correlations.

In this chapter the methodology of the code is described, expanding from these

three initial assumptions to the details of the full working code. The Euler solver,

body force method and empirical correlations are described in detail in sections

4.2 to 4.4. The successive two sections report the correlations used for forward

flow and stall detection. Section 4.7 describes the novel method developed to

treat reverse/separated flows. Section 4.8 describes the boundary conditions, the

plenum/throttle model and their implementation in the code. Section 4.9 illustrates

the inputs and outputs of the code and the methodology developed to efficiently

create the complete compressor map with the tool. Section 4.10 describes briefly

how the programme was coded and parallelised for higher computational speed.
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4.2 Euler solver

In this section the Euler solver which has been developed for the code is described.

The first section is devoted to explain the theory behind the choice of the scheme.

The solver chosen is then described in section 4.2.2. A report of how the solver is

implemented and some auxiliary algorithms employed is given in the last sections.

The detailed implementation of the equations is provided in appendix A.

4.2.1 Monotone and TVD scheme

When solving the Euler equations in applications which are expected to contain flow

discontinuities (e.g. shocks or pressure waves) it becomes important to consider some

specific characteristics of the scheme employed [59]. A scheme can be:

• Monotonic

• Total Variation Diminishing

• Monotonicity preserving

A numerical scheme applied to a conservation equation of the form ∂U
∂t

+ ∂F
∂x

= 0

can be written in the form:

Ut+dt
i = H(Ut

i−k,Ut
i−k+1, ...,Ut

i+k) (4.1)

where the apex t indicates the time step. A scheme is monotonic if the function

H is a monotone increasing function of each of the arguments of position i − k <

j < i+ k:
∂H

∂Uj

≥ 0 (4.2)

In practical terms a monotone scheme has the property that:

• No new local maximum/minimum is created

• The value of the local maximum does not increase and the value of the local

minimum does not decrease
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This means that unlike many classic CFD methods (e.g. a classic upwind

method) a monotone scheme does not introduce spurious/numerical oscillations

when discontinuities are present. This behaviours are compared in figure 4.1.

Fig. 4.1: Monotonic behaviour of a numerical scheme [59].

Another property is that a converged solution of a monotonic scheme is always

a physically acceptable solution; i. e. such scheme can not produce any unphysical

behaviour like a decrease in entropy through a shock (called rarefaction shock). This

property is in fact known as entropy condition.

A scheme is Total Variation Diminishing or TVD when the integral of the con-

servative variable derivative on all the domain (Total Variation, TV) is always de-

creasing in time:

TV =
∫ ∂U
∂x

dx (4.3)

TV (Ut+dt) ≤ TV (Ut) (4.4)

Finally the monotonicity preserving propriety means that, if the scheme was

monotone at time t then it is monotone also at the next step t+ dt.

The relationship between these characteristics, for a non-linear scheme, is:

• A monotone scheme is TVD

• A TVD scheme is monotonicity preserving

Godunov proved that a scheme can not be monotonic if it is more than first-order

accurate, this is known as Godunov’s order barrier theorem (Godunov, 1959; cited
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by Hirsch [59]). While second or higher order solvers can not be monotonic they can

be made TVD by using algorithms called slope limiters. These are algorithms which

limit the derivatives used for interpolations, preventing them from overshooting and

creating spurious oscillations. High order methods also do not naturally satisfy

the entropy condition and additional algorithms are necessary to avoid un-physical

solutions.

The properties of a monotone scheme are important when modelling compres-

sor instabilities where we expect to see many pressure waves travelling across the

domain and controlling the event dynamics. To accurately model a discontinuity

with a classic CFD method it would be necessary to use a very fine grid which

would increase the computational time, defeating the purpose of using a through-

flow code. For this particular application it is very attractive to use a monotonic

(or monotonicity preserving) scheme.

4.2.2 The Godunov scheme

The scheme selected to create the tool’s solver is the first order monotone scheme

proposed by Godunov, which wields his name [52]. It is a finite volume scheme where

the inter-volume fluxes are based on the solution of the local Riemann problem.

Every time step of the Godunov scheme involves 3 separate stages:

1. The variables inside of the volumes are interpolated using a piecewise constant

distribution to obtain the states on each side of the inter-volume boundaries.

Fig. 4.2: Riemann problem at an inter-volume boundary.
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2. At volume boundaries we can observe a Riemann problem as shown in figure

4.2. In the image the two states, left and right of the boundary, form a

discontinuity on the edge (position x= 0) at the beginning of the time step (t

= 0). Continuity and pressure waves are generated and start travelling from

the origin point on the boundary. The structure shown in the figure is only

one of the 10 possible combination of waves.

The HLLC (Harten-Lax-van Leer-Contact) Riemann solver is used to model

an approximation of these waves and of the states between them. The state in

which lies the line departing vertically from the starting point is the state in

which the boundary remains during the time step. The fluxes calculated from

this state are the physically correct one.

3. The fluxes calculated are put in the Euler equations to determine the flow-field

at the next time step.

The formulations of the Godunov scheme and of the HLLC Riemann solver

implemented in the code are taken from the book ‘Riemann Solvers and Numerical

Methods for Fluid Dynamics’ of E. Toro [52].

The scheme is applied in the 3D code as an unsplit finite volume method, which

means that no dimensional splitting is used and the solution is advanced in time

using all fluxes in a single step. More complex methods exist for 3D applications

where fluxes in different directions are used at different stages of a single time step

[52]. These split techniques takes into account the interaction of the fluxes and are

more accurate, however they increase significantly the computational time.

The solver calculates the optimal time step dt at every iteration based on the CFL

(Courant-Friedrichs-Lewy) condition. The CFL condition for a Godunov scheme is

set to a value of 0.5 to avoid interaction of waves coming from different boundaries

inside of the volumes, as shown in figure 4.3. The time step is limited as:

dt ≤ 1/2dx
amax

(4.5)

The basic form of the Godunov scheme here described is first order accurate

in space. It can be transformed into a high resolution scheme by replacing in the
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Fig. 4.3: Interaction of waves from different boundaries [52].

first stage the piecewise interpolation with a linear interpolation. The scheme then

becomes the second order method known as MUSCL scheme (Monotonic Upwind

Scheme for Conservation Laws) [52]. The MUSCL scheme is not naturally mono-

tonicity preserving or TVD, but it can made so by using slope limiters.

The monotonicity of the Godunov scheme, together with the conservative prop-

erties of a finite volume method, grants much more robustness when compared to

the McCormack scheme previously employed in FENICE and in the early iterations

of this code. Artificial viscosity had previously been a problem as it was in conflict

with the high gradients typical of this type of simulation. The Godunov scheme

does not require the use of artificial viscosity and no error is introduced because of

it.

As a first order method the Godunov scheme introduces substantial diffusivity.

However it is suggested that it could be advantageous to simulate compressor stall

with Euler equations using a diffusive method. Since shear stress is absent, the pres-

ence of some numerical viscosity could prevent un-physical solutions with extreme

recirculation from being modelled and overall it would stabilize the simulation.

The time stepping technique chosen to advance the solution in time is the Euler

forward scheme, very simply:

Ut+dt = Ut + ∂U
∂t
· dt (4.6)

The solver is then first order accurate in time and space.



Chapter 4 Methodology 71

4.2.3 Grid generation

Grid generation takes as input the annulus geometry and the number of axial, radial

and circumferential elements Nx, Nr, Nθ . Axial and circumferential directions are

discretised uniformly, the annulus span is divided at every axial position in uniform

radial intervals. The domain is then divided in Nx × Nr × Nθ volumes. Figure 4.4

shows the volume shape in the meridional plane with their centroids and vertexes.

The volumes, vertexes, centroid and any other geometrical feature are identified

using a triplets of indices i, j, k, corresponding to the axial, radial and tangential

positions.

Fig. 4.4: Volumes’ vertexes (red) and centroids (blue) with the indexing used.

Axial intervals dx and sector angles dθ are constant for every volume, the radial

interval instead depends on the axial position (or axial index i), dr = dr(i). The

grid and all its geometric quantities are constant during the simulation and are

pre-calculated.

Once the blade geometry is generated it is over-imposed on the domain. The

volumes are divided into rotor, stator and duct elements depending if they are in

the force-field of the blades or not, as in figure 4.5.

4.2.4 Equations

The equations solved in the code are the cylindrical, compressible, unsteady Euler

equations:
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Fig. 4.5: Example of grid generation for the compressor rig described in NASA TP1493
[61].
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+
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(4.7)

Where the specific internal energy and enthalpy are calculated considering a

calorically perfect gas:

E0 = CV · T + 1
2(u2

r + u2
θ + u2

x); H0 = CP · T + 1
2(u2

r + u2
θ + u2

x) (4.8)

The Euler equations are closed with the perfect gas equation:

P = ρRT (4.9)

The specific heat ratio is constant and is assumed to be γ = 1.4, the gas constant

for air is taken as R = 287 J/(kgK). The specific heats at constant pressure and

volume are therefore CP = 1004 J/(kgK) and CV = 717 J/(kgK).
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Note that the primitive variables are:

V =



ρ
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uθ

ux

T



(4.10)

The equations can be written concisely as:

∂

∂t

[
U

]
= −1

r

∂

∂r

[
E · r

]
− 1
r

∂

∂θ

[
F

]
− ∂

∂x

[
G

]
+
[
S

]
(4.11)

where U is the conservative variables vector, E,F,G are the radial, circumfer-

ential and axial fluxes and S is the source terms vector.

The effect of the blades is introduced using the body force method which in the

equations is represented by a forcefield f added to the source terms. This consists

of three forces in the three directions and a work exchange term WEX added only

in the rotors.

f =



0

Fr

Fθ

Fx

WEX



(4.12)

The equations are also modified inside of the blade passages by removing the cir-

cumferential flux, which is blocked by the presence of the blades .

For the points inside of the stators the equations become:
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∂
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(4.13)

For the points inside of the rotors the equations are:
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+
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ρu2
θ

r
+ ∂P
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
(4.14)

In equations 4.14 the circumferential flux is substituted with a term which in-

troduces the translation of the conservative variables with the blade passages. This

term was initially proposed by Gong [43]. This term is solved using a 3rd order

upwind method in order to reduce the dispersion due to the low number of elements

in the circumferential direction. By taking into account the rotation with this term,

the rotor equations can be solved in the absolute frame of reference with no need

for a multi-domain approach.

Also the equation in the blade passages can be written in a concise form as:

∂

∂t

[
U

]
= −1

r

∂

∂r

[
E · r

]
− Ω
r

∂

∂θ

[
U

]
− ∂

∂x

[
G

]
+
[
S

]
+
[
f

]
(4.15)
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where Ω is 0 for the stators.

4.2.5 Solver implementation

This subsection details how the finite volume Godunov scheme is practically imple-

mented in the present code.

Fig. 4.6: Areas nomenclature for a generic grid element.

The nomenclature of the areas in the grid is shown in figure 4.6. The areas

forming the volume i, j, k are two vertical AV , two horizontal AH (although in general

these are not horizontal) and two circumferential Aθ. The circumferential areas are

superimposed in the image and they are positioned at θk ± dθ/2 .

During every time step the fluxes across all of the interface areas are calculated.

Hereafter the calculation of the flux across AHi,j is used as example.

Fig. 4.7: Flux calculation across an horizontal area.
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The first (projection) step in the Godunov scheme is the piecewise interpolation.

The primitive variables at the volumes’ interface (Vi,j UP , Vi,j DOWN) are simply

those stored in the volume centroids, Vi,j and Vi,j+1. While ρ, T , P and uθ are

directly used, radial and axial velocities are projected into the normal and parallel

direction to the wall, u⊥ and u‖.

The HLLC Riemann solver employed calculates on the interface an approximate

value of the waves and of all the inter-wave states. The primitive variables at the

interface VRS
i,j are extracted from the Riemann problem solution and from these the

flux Ei,j is calculated as in equation 4.7. The axial fluxes G across the areas AH and

the circumferential fluxes F across the area Aθ are calculated in a similar fashion.

The third step is the calculation of the time derivative. As this is a finite volume

method the equations 4.7, 4.13 and 4.14 are modified by transforming the space

derivatives into the integral of the flux through the volume area. This is calculated

as the sum of the fluxes E,F,G through the 6 areas of the volume. The source

terms S and f instead are integrated as constant in the element volume.

Special attention must be paid for the pressure. The pressures on areas AV and

Aθ are acting along only one of the cylindrical coordinates, and are included in the

fluxes. However, the pressure on the interface AH must be applied in both the radial

and axial directions. The pressure is multiplied by the projection of the area AH on

these direction and introduced in both the equations.

The density equation, as it is implemented, is:

∂ρ

∂t
· Vi,j = (ρu⊥)RSi,j−1,k · AHi,j−1 − (ρu⊥)RSi,j,k · AHi,j +

(
(ρuθ)RSi,j,k−1 − (ρuθ)RSi,j,k

)
· Aθi,j

+ (ρux)RSi−1,j,k · AVi−1,j − (ρux)RSi,j,k · AVi,j (4.16)

The implementation of all the equations is reported in appendix A.

Once the derivative in time are calculated the solution is advanced to the next

time step using equation 4.6.



Chapter 4 Methodology 77

4.3 Body force method

In this section the body force method used is described. The version detailed here is

valid for the unstalled forward flow only. Modifications are necessary to apply body

forces to separated/reversed/mixed flow, these are explained in section 4.7.

As suggested by Longley [41] the length-scale of a rotating stall cell is greater

than a few blade pitches. When modelling rotating stall it is then sufficient to

model only a reduced number of virtual passages in place of the physical ones. The

virtual passages are the circumferential elements of the grid, with the number of

elements in the order of the number of real blades. There is then no resolution

of the flow profile inside the channels, instead the flow inside each grid element is

a pitchwise-average of the flow inside one channel or more. The virtual passages

are not capable to model features of a single passage (like for example a particular

passage stalling) but should instead be seen as a statistical average of a large number

of blades contained in a single circumferential element. This is the so-called infinite

number of blades assumption. Since the number of virtual passages is constant along

the compressor, the ratio of real/virtual passages varies between compressor stages

and can be greater or less than unity (see figure 4.8).

Since the fluxes in the circumferential direction are set to zero for blade rows, this

means that the flow entering a stator row at a position k exits at the same position k

and same angle θ. The stagger angle of the rows is ignored and the flow is artificially

shifted in the θ direction while passing across each blade row. No correction was

introduced as this does not produce any significant error in the model.

4.3.1 Pseudo-meridional planes

The body forces are introduced in every element inside the blade rows along the

so called pseudo-meridional planes. These planes are formed by all the volume

centroids with the same radial index j and as such are not necessarily flat but follow

the shape of the grid. An example of these planes is shown in figure 4.9. The axial

and radial velocities of the volumes inside of the blade rows are projected on the

pseudo-planes, to obtain a velocity parallel to the plane uξ as in figure 4.10. As
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Fig. 4.8: Real and virtual blade passages in the tool. Their ratio can be higher or lower
than 1.

shown in this figure the local direction of the plane λ is given by the local shape of

the grid, in particular:

λi,j = tan−1
(
ri+1,j − ri−1,j

2 · dx

)
(4.17)

Fig. 4.9: Meridional view of the pseudo-plane in a rotor blade row. NB The grid in the
picture is formed by volume centroids, not vertexes.

Fig. 4.10: Axial and radial flow projection on the local pseudo-plane.
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4.3.2 Regimes

During compressor stall, different types of flow regimes are expected to occur, these

are shown in figure 4.11.

A. Forward flow B. Mixed flow C. Mixed flow

D. Mixed flow E. Full reverse flow

Fig. 4.11: Possible flow regimes.

The flow regime is evaluated at every pseudo-meridional plane j, at every cir-

cumferential position k, at every blade row. The regime is forward flow if in every

point on the pseudo-plane uξ > 0, it is reverse flow if in every point uξ < 0, it is

mixed flow in every other case. The regime evaluation is performed at the beginning

of every time step.

4.3.3 Direction imposed

The body forces impose a direction β along the pseudo-meridional plane. This is

calculated starting from the interpolation of the blade camberline on the pseudo-

meridional plane, β0. Two modifications are applied to the camberline β0:

• At the leading edge it is modified to match the incoming flow angle αIN . This

allows to keep the body forces parallel and perpendicular to the flow.

• At the trailing edge it is modified to match the estimated exit angle and

introduce the correct turning in the flow.
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The exit angle is obtained from the deviation δ which is defined as the difference

between the flow angle and the blade metal angle at outlet

δ = αOUT − βOUT . (4.18)

The deviation δ is estimated by the empirical correlations.

Fig. 4.12: Components of the imposed direction β.

Shape functions are used to gradually modify the direction imposed and obtain

smooth direction changes. An example of two shape functions is shown in figure

4.12. The shape function βα used to match the inlet angle has a value of 1 at the

leading edge and decreases to 0 in the first half of the chord. The shape function

βδ used to introduce the deviation instead grows from 0 at mid-chord to 1 at the

trailing edge. In the tool their shape and length can be set by the user.

Finally the direction imposed is :

β = β0 + (αIN − β0 IN) · βα + (δ − β0OUT ) · βδ (4.19)

In case of reverse flow, only the deviation is added at the flow outlet (which in

reverse flow is at the blade leading edge). For blades operating in mixed regimes the

direction imposed is purely the camberline β0. During a flow reversal the instan-

taneous flow direction at the blade inlet can become very close to 90◦ if the axial

velocity goes to zero. In this case the direction imposed β at the inlet would also

become close to 90◦. However the body force method does not have a solution for
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purely circumferential flows and becomes unstable at angles very close to 90◦. A

similar problem would occur if during reverse flow the angle after mixing would be

estimated to be > 85◦ and the body force would try to impose that. To avoid any

of these situations the imposed direction is limited to a maximum value of 80◦ in

any point of the domain.

Fig. 4.13: ]
Flow velocity decomposition on the imposed direction.

The velocity uξ and the circumferential velocity uθ are projected on the direction

β and divided into components normal uψ and parallel uη, used in the body force

calculation.

4.3.4 Body force formulation

The effects of the blades on the flow is introduced by the body forces. Two different

effects are introduced independently by two force terms:

• A turning force FN turns the flow in the direction imposed by the passage

without changing the total pressure in the relative frame of reference. This

force is normal to the flow in the relative frame of reference.

• A pressure loss force FPL imposes locally the total pressure loss estimated by

the empirical correlation, ∆P0. This force is always parallel to the flow in the

relative frame of reference.

The parallel force FPL is in the same direction of uη, while the normal force FN
is in the direction of uψ. These are projected in the θ and ξ direction; Fξ is further
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projected in the x and r directions. The forces Fx, Fr and Fθ obtained are then

introduced in the Euler equation as source terms. The work exchange term WEX is

calculated multiplying Fθ and the blade velocity.

WEX i,j = Fθ i,j · Ω · ri,j (4.20)

In rotor blade rows the forces, which are aligned to the flow in the relative FOR,

are not aligned in the absolute one. The turning force can then increase the total

pressure of the flow and produce a total pressure rise. Similarly the rotors can

extract total pressure when the compressor is windmilling.

Fig. 4.14: Direction of turning and pressure loss forces in the relative FOR; in red the
control volume considered.

The value of the turning force was taken from what was suggested by Longley

[41]:

FNi =
ρiu

2
η i

RCUR i

+ FCOR i (4.21)

The first element takes into account the change in momentum along the local ra-

dius of curvature of the blade passage as a centripetal force. The radius of curvature

is obtained by modelling the local camberline of the blade as a circular arc.

RCUR i = tan(βi+1) + tan(βi−1)
2 ·

(
1 +

(
tan(βi+1) + 2 tan(βi) + tan(βi−1)

2

)2)−1.5

(4.22)
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The component FCOR is a corrective force which reacts to the misalignment

between the direction imposed β and the actual flow direction. It is proportional to

the velocity uψ:

FCOR i = −ρi|uξ i|
uψ i

s cos βi
·KCOR (4.23)

This force is essential to model the response of the blade surfaces to the flow

during transients and it also ensures that in the case of strong radial redistribution

in the blade, the correct flow direction will be maintained. The parameter KCOR

is a constant value which controls the magnitude of the blade response (and thus

the blade stiffness). Longley proposed a value of 2 to guarantee that the flow will

exit the passage aligned with the stagger angle in reverse flow. However, in the test

cases studied by this author the value was found to be insufficient for high speed and

high swirl simulations, instead a value of 10 was used for KCOR. The formulation

by Longley is also slightly different from what used in equation 4.23, which justifies

the re-tuning of the constant.

The pressure loss force FPL is calculated based on an approximation proposed

by Longley which gives accurate results in a wide range of flow velocities:

FPL = −∆P0 i
Pi/P0 i

∆x · cos β (4.24)

The turning force FN presented in equation 4.23 does not take into account the

pressure gradient inside of the channels. The formulation based only on the curva-

ture in fact becomes more and more under-predicting as Mach number increases.

Gong proposed that a force proportional to the local axial gradient of pressure should

be included [43]:

FPRESSURE ∝
∂P

∂x
· sin βi (4.25)

The local pressure gradient is a function of the geometry, the pressure loss and the

flow-field. The derivation was performed by Brand [44] starting from the differential

version of the Euler equation. The final version used in the code is:
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FNi =
(1−M2

ξ )
cos2(β)(1−M2) +KOFF

·
ρiu

2
η i

RCUR i

+ tan β(1 + (γ − 1)M2

1−M2 +KOFF

FPL+FCOR (4.26)

The constant offset KOFF is added to avoid singularities when the Mach number

approaches 1. While Brand proposed a constant value in the present work KOFF is

set to zero for Mach numbers up to 0.9 and is introduced gradually at higher values.

This guarantees avoiding the singularity while retaining higher accuracy at lower M.

4.4 Empirical correlations

The body force model described in section 4.3 requires the knowledge of the total

pressure loss and deviation at every pseudo-plane. These are quantified by means of

two parameters, the deviation δ and the pressure loss coefficient ω. The coefficient

ω is defined as the total pressure loss over the relative inlet dynamic head:

ω = P0OUT − P0 IN

P0 IN − PIN
(4.27)

The IN and OUT subscript refers to the position where the flow effectively enters

or exits the blade. These position are reversed when the flow is reversed. The

coefficient ω has no meaning when inlet and outlet can not be clearly defined.

At every time step, ω is estimated using the empirical correlation and then

multiplied by the inlet dynamic head to obtain the overall total pressure loss. The

pressure loss is redistributed along the axial chord using a sinusoidal distribution,

allocating for every grid element inside the pseudo-plane a local pressure loss, ∆P0.

In every element is then calculated a force FPL to introduce this pressure loss.

The values of ω and δ are calculated using correlations which are developed for

steady state flows. These are extended for transients application using a first order

time-lag law:

ωt = ωt−1dt + (ωt−dt − ωtSS) · τ/dt . (4.28)

ωSS (or δSS) are the steady state values calculated at the time step t, the previous
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time step being t− dt. τ is the time constant, calculated as the time for the flow to

cross the blade row:

τ = cx/ux (4.29)

When the change in ω and δ is due to the movement of the operating point

in the unstalled region of the map, this constant is small compared to the overall

timing of the event. However this delay becomes important in the modelling of

the passage stalling when both parameters change substantially in a short amount

of time. When a passage stalls the change in deviation and pressure loss becomes

effective when the separated vortex which is started at the leading edge reaches the

trailing edge (see figure 4.15). This particular definition of τ is chosen to model this

event because the speed of the vortex shedding is the flow velocity itself.

Fig. 4.15: Separated cell shed from the leading edge during passage stalling.

The values of deviation and pressure loss coefficient calculated at every time step

are specific of a particular virtual blade passage (which represent one or more blade

passages) and is stored at a particular radial and tangential position j, k. If the

passage is part of a rotor blade row this will rotate in time and the values of ω and

δ must be translating together with it (figure 4.16). In order to take into account

this effect at every time step the coefficients are rotated using a 3rd upwind method.

The formulation used to model the rotation from time t to t+ 1 of the pressure loss

coefficient calculated at a circumferential position k is:
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
ωt+dtk = −Ω

6 · (2ω
t
k+1 + 3ωtk − 6ωtk−1 + ωtk−2)/dθ, Ω ≥ 0

ωt+dtk = +Ω
6 · (2ω

t
k−1 + 3ωtk − 6ωtk+1 + ωtk+2)/dθ, Ω < 0

(4.30)

The use of a 3rd order method reduces the smearing caused by the small number of

circumferential sectors. In fact the size of the element dθ is normally an order of

magnitude bigger than the rotation Ω · dt.

Fig. 4.16: Example of stalled virtual passages in a rotor blade row and their translation.

The order at which these operations are implemented is:

1. Steady state values of ω and δ at time t are calculated,

2. the rotation algorithm is applied, to model the shifting during the last time

step (t− dt)→ (t),

3. the rotated values of the coefficients are updated with the time lag law, to

obtain the coefficients used in the present time step.

4.5 Forward flow correlations

The correlations described in this section are used for forward unstalled flow. These

are mostly based on experimental measurements from cascades with typical blade

profiles. All the correlations described here have been proposed in literature and

reported by Aungier [60]. In the following section all the angles are in degrees, the

nomenclature is shown in figure 4.17.
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Fig. 4.17: Nomenclature of angles and dimensions in a blade passage [60].

4.5.1 Pressure loss coefficients

Before starting the simulation a design value of loss coefficient is calculated, which

is function only of the geometry and therefore constant.

The design value of the aerodynamic angles α∗ at inlet and outlet are required

for this correlation. If these angles are not known specific correlations are available

in the code to estimate them based on profile geometry.

To obtain the design loss coefficient the first step is calculating the design value

of the diffusion factor as:

D∗ = 1− u∗IN
u∗OUT

+
[
rOUT u

∗
θ OUT − rIN u∗θ IN

(rOUT + rIN) · σ · u∗ξ IN

]
(4.31)

All the velocities in equation 4.31 are values in design condition. The design

profile loss coefficient is then calculated as:

ω∗ = [K1(K2 + A1D
∗ + A2D

∗4)] 2σ
cos(α∗OUT ) (4.32)

The constant K1, A1and A2 should be obtained through data fitting if possible,

but general value are proposed by Aungier. The constant K2 takes into account the
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end wall losses and is estimated using the formula:

K2 = 1 + (s/h) cos(α∗OUT ) (4.33)

In the code these constants have been obtained by data fitting values from NASA

report TP1493 [61]. The data fitting process had already been performed during

the development of SOCRATES and those values are imported in the code.

From this point onward the coefficients are not pre-calculated but computed at

every time step. The attack angles λ at positive and negative stall are computed

using empirical equations for low Mach number cascades:

λNS − λ∗ = −9 +
[
1 +

(
30

αIN NS

)0.48]
· θ

4.176 (4.34)

λS − λ∗ = 10.3 +
(
2.92− αIN S

15.6
)
· θ8.2 (4.35)

The attack angles and flow angles are one function of the other, αIN = λ + γ,

therefore these equations are solved iteratively. Incidence angles i and stall margins

R at stall conditions are calculated as:

RNS = λ∗ − λNS = i∗ − iNS (4.36)

RS = λS − λ∗ = iS − i∗ (4.37)

It is assumed that the value of the loss coefficient will be 2ω∗ at stall condition

(positive and negative). The profile of the function ω = f(i) is assumed parabolic

and passing through the 3 points at stall and design condition, as shown in figure

4.18.

For increasing Mach numbers the profile of loss coefficient is shifted upward and

the angle of minimum loss changes. The applicability of the correlations previously
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Fig. 4.18: Loss coefficient profile and the effect of Mach number [60].

shown can be expanded to high Mach number using the correction:

iNS = i∗ −RNS

1 + 0.5M3
IN

(4.38)

iS = i∗ − RS

1 + 0.5KSHM3
IN

(4.39)

KSH is a shape factor with value 1.0 for NACA profile, 1.1 for C4 series and 0.7

for double circular arc profiles.

The new angle of minimum loss and the pressure loss at that condition are defined

as:

im = iNS + ((iS − iNS)RNS)/(RNS +RS) (4.40)

ωm = ω∗ ·
(

1 + (im − i∗)2

R2
S

)
(4.41)

The loss coefficient is then interpolated using a normalised value of the incidence

angle, as shown in Figure 4.19.

The normalised angle, ξ is calculated as:

ξ = (i− im)/(iS − im); i ≥ im (4.42)

ξ = −(i− im)/(iNS − im); i < im (4.43)
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Fig. 4.19: Interpolation of pressure loss coefficient as proposed by Aungier [60].

The loss coefficient ω is interpolated considering again a parabolic profile, with

the coefficient being the minimum at im and double the minimum value at the

corrected values of negative and positive stall. Outside of the range −2 < ξ < 1

a linear extrapolation is used. For the cascade performances beyond negative stall

this extrapolation is used as there are no better formulations in literature. Some

correlations used for reverse flow might be adapted in the future to model this

condition. To model the behaviour after positive stall instead a different set of

correlations is used.

The correlations described in this section do not consider shock losses and are

not suitable for transonic blades.

4.5.2 Deviation

The deviation is estimated using the procedure described by Aungier [60]. The first

step is calculating the deviation for a zero camber blade in design conditions with

the equation:

(δ∗)1.0 = 0.01σ|α∗IN |+ [0.74 σ1.9 + 3σ] ·
(
|α∗IN |

90

)(1.67+1.09σ)

(4.44)

From this specific case a more general deviation for any blade in design condition
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can be calculated as:

b = 0.9625− 0.17 |α
∗
IN |

100 − 0.85
(
|α∗IN |
100

)3

(4.45)

m =
0.17− 0.0333 |α

∗
IN |

100 + 0.333 |α
∗
IN |

1002

σb
(4.46)

δ∗ = KSHKt,δ · (δ∗)1.0 +m · θ (4.47)

The factor KSH is the shape factor presented in the previous paragraph. The

factor Kt,δ is a thickness correction factor calculated as:

Kt,δ = 6.25 · tb
c

+ 37.5 ·
(
tb
c

)2

(4.48)

The deviation in off-design conditions is calculated as a function of incidence

angle and meridional velocity ratio as:

∂δ

∂i
=

1 + (σ + 0.25σ4)
(
|α∗OUT |

53

)2.5

e3.1σ (4.49)

δ = δ∗ + ∂δ

∂i
(i− i∗) + 10

(
1− uη OUT

uη IN

)
(4.50)

4.5.3 Rolls-Royce correlations

The forward flow correlations described from Aungier where found to poorly model

the performance of the C106 rig, in particular the deviation. The current project is

funded and industrially supervised by Rolls-Royce plc which is also the manufacturer

of the C106 compressor rig blades. The company offered to the author to study the

correlations used by the compressor design team in Rolls-Royce and import part of

them in the program. The forward flow correlations for both δ and ω were transferred

in the code and are available as an alternative to those in literature.

The original method is a mean-line calculation used during the initial stage of
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the design. It calculates at every blade row one average value of δ and ω for the

whole span. Unlike the forward flow correlations described previously this ω is a

sum of a blade profile loss and an end-wall loss calculated separately.

This method has been adapted to use in 3D by applying the profile loss and the

deviation correlations to all the pseudo-meridional planes and at all circumferential

position. The end-wall losses are also calculated, but only once for every blade

row (at every circumferential position). Although the end-wall losses are physically

generated at hub and tip they can not be introduced in the domain only at the

extreme positions. Since no shear stress is modelled, there is no momentum exchange

between the streamlines in the flow. Therefore the losses at the end-wall will not

mix span-wise downstream but they will concentrate on the first and last span-wise

elements unrealistically. To avoid this problem the losses are introduced with a

parabolic distribution in the blade row where they are generated (in a way they

are ”pre-mixed”). In practice the losses are estimated with the correlation and

distributed along the span, then an end-wall loss coefficient ωEW j is calculated and

added to the blade profile loss.

These correlations are Rolls-Royce proprietary and commercially sensitive, there-

fore they will not be described any further here. In the scope of this thesis they are

simply an alternative to the correlations reported in the previous section.

4.6 Stall detection

A criterion proposed by Aungier [60] is used to identify when a virtual blade passage

stalls.

The equivalent relative velocity ratio vRE is calculated from the total pressure in

the actual flow field and represents the instantaneous diffusion of the blade passage.

This is then compared with the velocity ratio at the peak value of diffusion, beyond

which stall occurs (RHS of equation 4.51 ). This is calculated based only on the
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blade geometry. Stall occurs if:

vRE =
√
P0OUT − POUT
P0 IN − PIN

< (2.2/DEQ)0.6 ·

0.15 + 11tb/c
0.25 + 10tb/c

1 + 0.4
[

θσ

2 sin(θ/2) cos(γ)

]0.65 (4.51)

The first term of the RHS is a correction, function of the equivalent diffusion

factor. It is added only when DEQ > 2.2 as for high values of diffusion this criteria

was found to be too conservative.

The δ and ω coefficients are calculated using the forward flow correlations until

the stall is detected by this criteria. If i > iS in the calculation of the pressure loss

coefficient then the ω is extrapolated from the ”stalled” region, however the blade

is not considered stalled unless this criterion (eq. 4.51) is met. When the stall is

detected a different set of calculation is used to estimate ω and δ for a separated

passage, regardless of i and iS. These new correlations are based on the theory by

Thomason and Moses [62] for separated passages. Although these correlations model

a separated passage, their use in the code is analogue to that of normal forward flow

correlations. They are not the same as the correlations for reverse flow, described

in the next section.

The criteria was developed for steady-state and is extended to transient simula-

tion using a time-lag law. A virtual passage is modelled as stalled only if the right

inlet and outlet conditions occur for a sufficiently long time for the stall to develop.

This is practically obtained by the fact that ω and δ will reach the new higher value

in the time set by the time constant τ .

4.7 Separated flow modelling

The modelling of separated (reverse and mixed) flow is crucial for the post-stall

simulation. It must be accurate but also robust enough to avoid numerical insta-

bility during the chaotic reversing of the flow. Models of separated flow have been

developed by Moses and Thomason [62] and recently by Longley [41], and they are

all based on similar assumptions:
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Fig. 4.20: Separated flow structure within a typical blade passage in reverse flow, based
on the model proposed by Longley [41].

• Flow separates on the suction surface and the mixing can continue after the

trailing edge,

• The separated jet exits at the T.E. (or L.E. in reverse) with the direction of

the stagger angle,

• Friction is negligible and the jet flow is isentropic, pressure loss derives only

from separation and mixing,

• Deviation is due to the wake mixing.

In the model proposed by Longley the separation, and therefore the pressure

loss, is produced by the force which abruptly turns the flow when it enters the blade

passage at high angle. This force is the integral of the pressure on the blade surface

and is always normal to the blade. As the turning force is directed against the

incoming flow it also introduces a pressure loss. The flow does not slow down, but

separates isentropically and the loss is not detectable until mixing occurs.

A similar approach is used in the current code: when the mixed or reversed

flow is present the normal and parallel forces are replaced by only one turning force

which is normal to the blade, not to the flow angle. The change in direction is

mainly provided by the correction force FCOR. ω is not calculated, but the pressure

loss is introduced naturally by the turning force.

This method is preferred to the use of empirical correlations as it allows to deal

with mixed flow when an inlet and an outlet are not clearly defined and strong radial

flow is present.
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The calculation of deviation has been developed starting from Longley’s model

described in the literature, section 3.2.3. The parameter b is defined in his model

as the ratio between the real axial momentum of the separated flow and the axial

momentum of the pitchwise-averaged flow. It can be calculated from the inlet attack

angle as:

b = 1 +
∣∣∣∣∣sin(α2 − γ)

cos(α2)

∣∣∣∣∣ (4.52)

By applying a control volume to the flow between states j and 1, (figure 4.20),

and by solving the momentum in the axial and tangential direction, the flow angle

α1 can be calculated as

tan(α1) = tan(αj) · b (4.53)

From the angle at the exit the deviation can be calculated. Note that the flow is

considered incompressible and thus the density is assumed constant in the passage.

The resulting model of the separated flow then becomes the one shown in figure

4.21. The pressure loss takes place only at the entrance, where the flow is misaligned,

and a deviation is in place to impose the estimated post-mixing angle.

Fig. 4.21: ]
Scheme of the novel separated flow passage treatment.

While the model in figure 4.20 considers the flow in the passage to be fully isen-

tropic in reality the mixing occurs partly inside of the blade at the interface between

the separated boundary layer and the jet. This is considered in Longley’s model by



96 Methodology

means of an entropy-generation term which, in every element where separation is

present, mixes out the flow at a prescribed ratio. The prescribed ratio is such as the

excess energy, which is the energy stored in the non-uniformity of the flow, is mixed

in the time in which the jet flow travels the distance of a half a pitch.

The mixing out occurring inside of the blade passage is introduced in the corre-

lation used for estimating the deviation. Therefore the deviation becomes function

also of the length and pitch of the passage:

δ = f(αIN , γ, σ) (4.54)

The detailed description of the formulation of the new correlation and its derivation

are reported in appendix B.

The assumption of incompressibility sets a limit to the model. As the Mach

number increases we expect that a large difference in flow velocity between inlet

and outlet can occur, depending on the angles. With a different flow velocity at the

outlet the value of b at the trailing edge would change and so would the post-mixing

deviation. An extension of the method to compressible flow would necessarily require

a further development of this model.

4.8 Boundary conditions

Different types of boundary conditions are used to simulate the compressor domain,

figure 4.22. A plenum and throttle model can also be added to the simulation as it

allows to simulate dynamically changing conditions downstream of the compressor.

In this section the details and formulation of each of them are described.

4.8.1 Non-reflective boundary conditions

Very specific boundary conditions are necessary at domain inlet and outlet in order

to model the post-stall transient behaviour of the compressor. They must be able

to work during flow reversal, with subsonic and supersonic regimes and they must

behave as physically as possible. Different types of conditions for boundaries with
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Fig. 4.22: Boundary conditions applied to the compressor’s computational domain.

mass exchange have been considered. These are presented for comparison in figure

4.23.

The most common type of boundary conditions are obtained by imposing the

prescribed value of pressure and temperature as constant at the boundaries. During

transient simulations these so called reflective boundaries reflect every wave exiting

the domain generating new non-physical waves travelling backward.

Another simple type of boundary conditions can be implemented by using ghost

nodes outside the boundary and extrapolating every flow property from inside the

domain. When these boundary conditions are crossed by a wave they will let it pass

through and adapt to the flow conditions which are behind the wave. In this case

no reflection is generated. The flow properties at the boundary however can not be

imposed any more but they depend only on what happens inside the domain.

The boundary conditions used in this code are the non-reflective boundary con-

ditions proposed by Poinsot and Kele [63]. These boundaries adapt to the flow

property behind the exiting wave like those obtained by extrapolation but then

slowly return to the imposed value.

The non reflective boundary conditions are imposed by modifying the Euler

equations solved in all the elements at the first and last axial positions of the domain.

For example at the last axial position in the domain the equations used are:
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Fig. 4.23: Types of boundary conditions and their dynamic response to a pressure wave
exiting the domain.
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(4.55)

where:

H ′ = 0.5(u2
r + u2

x + u2
θ)d1 + d2/(γ − 1) + ρuxd3 + ρuθd4 + ρurd5

At the elements in the first axial position a similar set of equations is used

although with different signs as the direction normal to the boundary is negative.

The vector in red is used to introduce the boundary condition. It replace the flux in

the axial direction and is calculated with a finite difference method. The flux terms
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in the circumferential and radial directions and the source terms are solved using

the same finite volume method as the rest of the domain. By construction the grid

at the domain boundary is perpendicular in the meridional plane therefore there is

no interference between the axial flux and the others.

The switch ISW is used to control radial equilibrium. The switch is set to 1 only

where the flow is exiting the domain. In this case the presence of the radial flux

in these equations guarantees that the radial equilibrium of pressure is maintained

and, in case of high swirl, the pressure has a profile in the span-wise direction. With

the radial equilibrium active, only the average static pressure will equal the one

imposed. The switch is set to 0 where the flow is entering the domain. In this case

each point along the span will reach the prescribed value of inlet total pressure and

temperature at that position. The same method is used with the circumferential

flux in case of asymmetric flow. The switch is calculated locally (ISW = ISW j,k) and

can deal with mixed flow where part is exiting and part is entering the domain.

The terms d1, d2, d3, d4, d5 are the incoming and outgoing characteristic wave

amplitudes. The formulation of this wave amplitude contains the imposition of

the prescribed values of pressure, temperature and direction. More details on their

formulation are given in appendix C.

The number of flow property imposed at the boundary depends on the local flow:

• For flows entering the domain the total pressure and total temperature are

imposed. The direction is imposed as axial.

• For flows exiting the domain subsonically only the static pressure is imposed.

• For flows exiting the domain at supersonic speed nothing is imposed, and the

boundary condition behaves similar to the extrapolated type (see figure 4.23).

If the flow is exiting supersonically but the static pressure at the boundaries becomes

lower than the prescribed value, the algorithm switches back to subsonic boundary

conditions. This forces the flow to decelerate and re-pressurise through a shock-wave

travelling backward.
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4.8.2 Wall boundary conditions

Wall boundary conditions are applied at every element on the first and last radial

position. Unlike the boundary conditions at inlet and outlet they are not applied

by modifying the equations but by creating ghost nodes. The ghost nodes (in this

case more correctly ghost volumes) are elements added on the other side of the solid

wall which only serve to impose the boundary condition.

In case of the hub wall the elements in contact with it have a radial index j = 1;

ghost nodes are created on the other side of wall with index j = 0.

Fig. 4.24: Ghost nodes at the hub wall (in green).

The values of pressure, density and temperature in the ghost node are set to be

the same as their neighbour:

Pi,0,k = Pi,1,k Ti,0,k = Ti,1,k ρi,0,k = ρi,1,k (4.56)

The component of velocity normal to the solid wall (which coincides with the inter-

element boundary) is set as the opposite of the value inside the domain, while the

tangential and the circumferential are set to be the same:

u⊥ i,0,k = −u⊥ i,1,k u‖ i,0,k = u‖ i,1,k uθ i,0,k = uθ i,1,k (4.57)

The ghost nodes are used when solving the Riemann problem at the solid wall

boundary. From the result the primitive variables at the boundary V RS
i,0,k are ex-
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tracted and used in the Euler equations.

The tangential velocity at the wall is the same as in the element centroid and in

fact a free-slip condition is introduced. This is the only possibility since no shear

stress is modelled by the Euler equation and no-slip conditions would be impossible.

4.8.3 Plenum and throttle model

As was first introduced by Greitzer [33] a plenum and throttle model can be ap-

plied downstream of the compressor domain. This model does not substitute the

boundary conditions described in the previous section 4.8.1, but it allows to modify

dynamically the value of pressure and temperature prescribed making it dependent

on the mass-flow. This type of boundary is necessary to model surge and rotating

stall as they happen in a compressor rig where, in fact, a plenum and throttle are

physically present. The effect of the plenum on compressor stall has been described

in chapter 3.

Following the model of Greitzer, the plenum is considered to be much smaller

than the wavelength of an acoustic wave associated with surge. Therefore the static

pressure in the plenum is uniform and the velocities are negligible. The variation of

density and pressure inside the volume depends on the mass-flow exchanged with

the compressor ṁC and with the atmosphere through the throttle ṁT . The density

variation is calculated as

∂ρPl
∂t

= 1
VPl

(ṁC − ṁT ) (4.58)

Assuming that the pressure in the plenum changes with an adiabatic transfor-

mation, the pressure variation can be written as

∂PPl
∂t

= γ PPl
ρPl VPl

(ṁC − ṁT ) (4.59)

The value of ṁC is taken as the instantaneous integral of mass-flow at the compu-

tational domain outlet. The mass-flow through the throttle is calculated considering

it as a simple convergent nozzle discharging from the plenum pressure to the atmo-

spheric pressure PATM . The atmospheric pressure is input from the user and is not
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affected in any way from the flow in the simulation. The Mach number at the nozzle

throat is calculated as:

M2
T = 2

γ − 1

(
PPl
PATM

γ−1
γ

− 1
)
. (4.60)

The value of MT is limited to a maximum value of one as the nozzle would choke.

The mass-flow in the throat is

ṁT =
√
γρPl PPl · AT ·MT (1 + γ − 1

2 M2
T )−

γ+1
2(γ−1) . (4.61)

At every time step a 4th order Runge Kutta method is employed to calculate the

time evolution of ρPl and PPl. The scheme used to advance from time t to t+ dt is

UPl,0 =


ρtP l

P t
P l

 (4.62)

(
∂UPl
∂t

)
1

= f(UPl,0)

UPl,1 = UPl,0 + 1
2

(
∂UPl
∂t

)
1
· dt

(
∂UPl
∂t

)
2

= f(UPl,1)

UPl,2 = UPl,0 + 1
2

(
∂UPl
∂t

)
2
· dt

(
∂UPl
∂t

)
3

= f(UPl,2)

UPl,3 = UPl,0 +
(
∂UPl
∂t

)
3
· dt
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(
∂UPl
∂t

)
4

= f(UPl,3)

U t+dt
P l = UPl,0 +

(
1
6

(
∂UPl
∂t

)
1

+ 1
3

(
∂UPl
∂t

)
2

+ 1
3

(
∂UPl
∂t

)
3

+ 1
6

(
∂UPl
∂t

)
4

)
· dt

Where the time derivative is calculated using equations (4.58 - 4.61). ṁC is

estimated once at the beginning, ṁT is estimated at every intermediate time step.

At every time step (of the main Euler solver) PPl is used as the imposed static

pressure at the compressor outlet.

In case of flow reversal, PPl is the prescribed total pressure while the temperature

TPl = PPl/(ρPlR) is the total temperature. If during a surge the plenum pressure

PPl equals the atmospheric one PATM and the mass-flow through the nozzle becomes

0, then the algorithm will impose the pressure and temperature in the plenum to be

the same as the atmospheric. This practically means that temperature and pressure

at the compressor outlet equals the atmospheric, without any losses through the

throttle.

When the plenum and throttle model is used, the main control of the simulation

is the throttle area AT which can be dynamically changed to simulate the typical

operations of a compressor rig. The atmospheric pressure at the nozzle exit and the

inlet conditions can also be changed.

The plenum and throttle can be used to simulate the combustion chamber and

turbine NGV of a real engine. However, the lack of a model for combustion does

not allow to model the post-stall behaviour of a real engine with all the possible

outcomes, as was done by Wilson [42]. The modelling of combustion would also

permit to simulate the fuel spike as a trigger for compressor stall; in the present

code the variable throttle is used instead.

4.9 Simulation input, output and strategy

This section is devoted to explain how the simulation is set-up and controlled by the

user. The first part explains which inputs are required and what type of simulation
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can be chosen. The second part describes how the outputs are created and how they

are post-processed. In the last part is described the strategy used to obtain rotating

stall and surge. A flow chart describing the order of the code algorhitms is reported

in appendix D.

4.9.1 Simulation input

The input consists of a series of .txt files which are read sequentially by the program.

The first file specifies the general settings:

• The simulation mode: transient or steady.

• The axial, radial and circumferential size of the domain.

• The total length in time of the simulation and the intervals at which the flow-

field is saved. These are both input in µs.

• The use of a plenum/throttle model or a constant outlet BC at the outlet.

NB the plenum/throttle model can be used only if the simulation mode is

transient.

• The correlations set used for forward flow, choosing between those described

by Aungier or those developed by Rolls-Royce.

• The number of cores employed for the simulation.

The steady simulations start from a uniform flow-field in all the domain. In

this mode an algorithm checks at every time step the axial mass-flow across the

domain; when the mass-flow is uniform (under a certain threshold) the simulation is

considered converged. The converged simulation is stopped and the flow-field saved.

The transient simulations load the flow-field from a saved result and use it as

a starting point. This can be a previously converged solution or any saved result,

even in the middle of a transient. If this mode is chosen the data to be loaded must

be present in the same folder as the input, this includes the 5 primitive variables’

values in all the domain, the location of the grid element centres and the number

of elements in the 3 directions of the simulation loaded. All these data files are



Chapter 4 Methodology 105

produced by the tool output in the correct format and they just need to be copied

and pasted.

The compressor geometry is set up by three input files, they specify:

1. The annulus shape, input as the x − r coordinates of the points forming the

hub and tip wall.

2. The position and shape of the blade rows in the meridional plane. For every

blade row the type (rotor or stator) and the number of blades are also specified.

3. For every blade row a series of blade profiles from hub to tip. For each profile

the inlet and outlet metal angle, the stagger angle and the type of profile are

input.

The types of blade profile recognised are double circular arc and parabolic arc.

From the type and the input angles the camberline of the whole profile is generated.

In every blade row then we have many profiles at different span positions. From

these the local value of the camberline in every element centroid is interpolated.

These values form the β0 profiles used to generate the imposed direction at every j

pseudo-plane as described in section 4.3.3.

These three geometric input files have the same format of those used by the

program SOCRATES. Therefore any geometry created for one code can be easily

used in the other.

Another input file is dedicated to the boundary conditions. In this file the initial

value of total temperature, total pressure at inlet and static pressure at outlet are

specified. These are input as radial profiles from hub to tip. The use of profiles

allows to reproduce specific inlet conditions from experiments or CFD for better

comparison. As described in section 4.8 these profiles are ignored in the boundaries

where the flow is exiting the domain and the radial equilibrium is imposed. The

initial value of rotational speed in RPM is also specified.

After the initial conditions a list of events can be added. Each one of these events

prescribes a change in boundary conditions at a specific time t. Both rotational speed

and pressure/temperature profiles can be modified. While the initial conditions are



106 Methodology

set identical at every circumferential position, the subsequent modifications can be

applied to circumferential intervals, creating non-symmetrical perturbations.

If a plenum and throttle model is used then an additional input file is required.

In this input file the atmospheric pressure, the plenum volume and the throttle

area are specified. When using a plenum, the value of static pressure at the outlet

prescribed in the previous input file is discarded. If the throttle area is specified

as −1 then it is calculated from the value of mass-flow and pressure at the initial

instant.

M2
T = 2

γ − 1

(
PPl
PATM

γ−1
γ

− 1
)

(4.63)

AT = ṁC√
γρPlPPlMT

·
(

1 + γ − 1
2 M2

T

) γ+1
2(γ−1)

(4.64)

Also in this input file a list of events can be added, each one prescribing a change

in atmospheric pressure or a change in throttle area. The changes in atmospheric

pressure require the new value of pressure, the changes in throttle area instead are

input as percentages ∆A% meaning that in the event at time t:

At+dt = At ·∆A% · 100 . (4.65)

The automatic throttle creation should be used only if the flow-field is in steady

state. If a unsteady transient simulation is loaded (for example a developed rotating

stall) it is necessary to load also the conditions in the plenum and the throttle area.

For this reason whenever the simulation is saved also the values of ρPl, PPl, VPl, AT
are saved in a separate file called ‘TANKDATA’. If when the simulation is restarted

this file is present, then it is loaded and these plenum conditions are used. Otherwise

the normal procedure is followed and, if requested,a new throttle area is calculated.

Even if the plenum conditions are loaded from the results (and the data in the

plenum input file discarded) the events list is still read, to allow for further throttle

or atmospheric pressure changes.
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4.9.2 Simulation output

The main output of the code is the flow-field itself, consisting of the values of

the primitive variables V in every element in the domain. These are saved at the

prescribed time interval in successive folders each containing the whole flow-field

at that time step. The output results are printed in extension-less files written in

ASCII code (i.e. the numbers are written in characters). Aside from the 5 primitive

variables also the grid and the blade geometry are saved, but this is done only once

at simulation start.

Other data can be saved as required by the user, for example ω and δ, the flow

regimes, the direction β in every element and many other parameters. The size of

the output data can be a limiting factor when deciding which parameters to save. A

3D simulation with 512000 elements modelling 800 ms of surge with results printed

every 2 ms requires 61 GB of space with all parameters saved. The same simulation

would take about 20 GB with only the primitive variables saved.

The text-like results are post-processed using MATLAB TM scripts. These in-

clude:

• performance analysis used to create maps and draw operating point trajecto-

ries,

• visualization of the flow-field along planes in the 3 directions or with probes

mimicking the experimental measurements.

The scripts can be used to analyse a particular moment in time or they can be

programmed to run through every folder and draw the evolution in time of the flow-

field. A library of MATLAB scripts has been developed by the author and can be

used to quickly obtained some standard post-processing.

4.9.3 Simulation strategy

This section contains the strategy developed to obtain a full compressor map for a

new compressor geometry in the most computationally efficient way possible.
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When a new compressor geometry is studied the first step is to obtain forward

and reverse characteristics. The simulations are launched from uniform conditions

(steady mode) and the rotational speed and boundary conditions are set constant.

Every simulation is run until a steady state is obtained; and each one of the points

is then used to form the characteristic. It is normally a good habit to use the flow-

field post-processing to check the result obtained is as expected. Since in these two

regimes the real flow-field is mostly axi-symmetric the simulations are run in 2D to

speed them up. This is obtained by setting the circumferential elements Nθ to 1.

The solver will then ignore every circumferential flux and rotational term running a

faster, symmetric version of the code.

To quickly create the characteristics, the simulation can be programmed with

many subsequent events. For example when reverse flow is simulated the initial

gradient of pressure is set very high to guarantee that the compressor will stall

and enter reverse flow. After the compressor reaches a steady operation on the

characteristic, the programmed events will gradually reduce the gradient of pressure

between boundaries. If the intervals are large enough that the simulation reaches

a steady state between events, then with a single run the full characteristic can be

created.

When an high-speed compressor is modelled the first simulation can require

longer computational times. If the compressor is modelled with a high starting

speed (>∼ 4000 RPM) and a uniform flow-field then the pressure waves caused

by the initial adjustments will likely crash the code. If the code is robust enough

not to crash, there is also a chance that the compressor will stall because of the

large pressure waves travelling in the domain. If the objective was to obtain the

compressor running in forward flow then the simulation would need to be restarted.

The same problem occurs if a large change in rotational speed is requested as a single

event. The changes are imposed instantaneously, and this can cause an excessive

and unstable reaction in the flow-field. The strategy normally used is starting the

simulation at low speed (around 3000 RPM) and use subsequent steps to gradually

increase it to full speed.

In the case of the NASA compressor rig described in section 6.3 the 70% speed-
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line, just below transonic conditions, can be reached with subsequent steps in only

100 ms (simulated time). While it might look like a slow process, an acceleration of

this magnitude obtained in only 0.1 s is a very un-physical and extreme situation and

requires a very robust code to be simulated. With a 2D simulation this acceleration

can be performed in 3 minutes of computation on a quad-core workstation. The

up-to-speed solution can then be saved and reloaded as starting point for the next

simulations at that speed.

To simulate a compressor stall the starting point is usually a converged simulation

of an unstalled operating point close to the surge margin, obtained in 2D. The

3D stall simulation is run in transient mode and loads the flow-field from the 2D

solution. The 2D flow-field is copied at every θ position and creates a symmetrical

initial condition. To simulate a compressor stall a plenum and throttle model must

be used. To initiate the stall a boundary event is used; this can be either a throttle

closure, a change in inlet condition, a change in atmospheric conditions (at nozzle

exit), or a change in rotational speed. Depending on the conditions imposed, the

various type of compressor stall can be obtained.

The 3D simulations, which start perfectly axi-symmetric, never develop any

asymmetry since all the circumferential positions in the numerical model are ex-

actly the same. To introduce some asymmetry a temporary pressure distortion is

set on part of the inlet using boundary condition events. Even if the distortion

lasts only few milliseconds this was found to be enough, in the right conditions, to

develop a rotating stall.

Rotating stall takes only few rotor revolutions to develop but, if a large number

of elements is used, this can require more than 15 hours of calculation. To speed up

the creation of the rotating stall characteristic only the first point is obtained as a

result of a compressor stalling. All the subsequent simulations are started loading

the flow-field of the previous rotating stall. By closing and opening the throttle the

other points on the characteristic are obtained in a shorter time (figure 4.25).

Once enough rotating stall operating conditions are simulated a characteristic

can be drawn, and the full compressor map is completed. Figure 4.26 is a diagram

summarising the steps used to test a new compressor.
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Fig. 4.26: Strategy used to test the post-stall behaviour of a new compressor design.

4.10 Programming

The code is written in Fortran90 and programmed using Microsoft Visual Studio

as IDE (Integrated Development Environment) and Intel Parallel Studio XE as

compiler. The empirical correlations for forward flow imported from SOCRATES
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are pre-compiled DLLs (Dynamic Link Libraries) and are kept as such in the present

code. The new correlations produced during the project are not DLLs but integral

part of the code; as such they are easy to access, modify and test. Compiling of the

correlations into DLLs will be performed once their development is concluded.

The program has been parallelised using OpenMP directives in order to reduce

the computational cost. Because of its architecture, the Euler solver is easy to

convert into parallel computing. The domain is divided in the axial direction in sub-

domains which are processed by separate processors. Each processor runs almost

independently its own sub-domain. Each processor calculates the Riemann solvers,

local B.C., fluxes, time derivatives and flow-field at new time-step Vt+dt in its own

domain without needing data from the others.

An exception is represented by the fluxes at the interface between the sub-

domains. Each of them is calculated by a particular processor but used also by

the processor working on the adjacent sub-domain. If a processor lags behind and

has not finished calculating the fluxes, the adjacent processor might use a faulty

value in his own calculation. To avoid this problem a barrier is introduced after the

flux calculation. This barrier will hold the processors in that point until they have

all reached it. Once all the processors have cleared the fluxes section, they will start

with the second part of the solver.

Although the Euler solver is only one of the algorithms, it consumes a large part

of the computational time of every step, ∼ 80%. At this stage, it was not considered

necessary to extend the parallelization to the body force method or the correlations.

The computational time obtained with different cores is shown in figure 4.27, the

results were obtained on a work station with a quad-core processor and 8 virtual

threads. If more than 4 threads are used, then 2 of the threads are run by the same

core at half speed. Therefore there is no substantial improvement in computational

time when using more than 4 cores.

Although a large acceleration is obtained, the benefit rapidly decreases with the

number of processors, with very little differences between 3 and 4 processors. As

such, the current parallelisation will probably not be efficient on a large number

of processors (like a cluster). If the code is to be run on more processor than
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Fig. 4.27: Computational time reduction with number of threads employed.

a workstation, a better parallelisation should be implemented. For example the

parallelization should be extended to other algorhitms, like the body force method.

In fact, as the Euler solver is parallelised on many cores the body force method

becomes the next most computational ‘costly’ part of the simulation.

4.11 Summary

The literature review presented in this thesis has identified a specific set of require-

ments for the new tool developed in this research. The type of tool created was

chosen to be a three-dimensional through-flow code using the body force method

and empirical correlations; particular attention was devoted to the method used to

model the performance of separate blade rows during reverse flow. This chapter

presented the development of the new through-flow tool and its formulation. The

various algorithms implemented in the new tool were described in detail, highlighting

their assumptions and limitations.

Some of the methodology here reported represents a contribution to knowledge.

• The Euler solver selected for the tool, using the Godunov scheme, is employed

here for the first time in the modelling of three-dimensional compressor stall

in a through-flow code. The advantages of using this type of scheme in the

current application have been presented and discussed.
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• A new method for the modelling of separated blade rows during reverse flow

operation has been proposed. This method is based on the model for separated

blade rows proposed by Longley [41], but estimates the performance of the

blade rows using empirical correlations and a modification of the body force

method.

In the following chapter the code created will be validated using various test cases

for forward flow, reverse flow and compressor stall, following the steps proposed in

chapter 2.

The reduction of the computational cost was another important focus of the tool

development; in fact, the tool has been parallelised and a simulation strategy has

been proposed to create the full compressor map with the minimum computational

cost. During the validation, the full compressor map of two multi-stage low-speed

compressor rigs will be created, assessing the computational cost performing this

task using the new tool.



114 Methodology



Chapter 5

Test case geometries and set-up

In this section the set-up of the test cases and their corresponding models are de-

scribed. Special focus is given to which informations were or were not available and

which assumptions have been made. In this thesis 4 test cases are analysed, they

will be called:

• 2-stage NASA rig

• 3-stage MIT rig

• 4-stage C106 rig

• Modern high-speed HP compressor

5.1 2-stage NASA rig

The 2-stage NASA rig is a transonic experimental compressor tested for performance

by Urasek et al. [61].

The model was set up easily as the geometry of the compressor is described in

detail and every information needed is available. The compressor has a low hub-to-

tip ratio and an increasing mean-line annulus. The modelled annulus is extended at

constant span of about two radii in front and at the back of the compressor.

The compressor performance is also described in detail; in particular pressure

ratio, PR, and mass-flow, ṁ, are available on several points along the 50%, 70%,

80%, 90% and 100% speed-lines. In the post-processing of the tool simulations, the

pressure ratio is taken as the ratio of the area-averaged total pressure at domain
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Fig. 5.1: Meridional view of the NASA 2-stage rig [61].

outlet (i = NX) and domain inlet (i = 1)

PR = P0OUTLET/P0 INLET (5.1)

The mass-flow is calculated at the domain inlet, as the sum of the mass-flow in all

elements with i = 1

ṁ =
Nr∑
j=1

Nθ∑
k=1

ux 1,j,k · ρ1,j,k · A1,j (5.2)

5.2 3-stage MIT rig

The 3-stage MIT rig is the low-speed compressor described in section 3.3.1. Gamache

[57] tested two different geometries obtained by re-staggering the blades. In the cur-

rent work only the low reaction build was modelled, the same geometry also used

by Eastland [56]. Only little geometrical information were given by Gamache and

Eastland. The blade angles are reported only at mid-span but from the pictures in

the report (figure 5.2) it appears that the blades are slightly twisted. The only in-

formation on the blades’ shape in the meridional plane is the mean chord. Therefore

the blades in the model are assumed to be square and untwisted. The meridional

position of the blades is taken from the paper of Haynes et al. [64] who also tested

this rig for active rotating stall control.

The compressor has a constant hub and tip annulus. The modelled domain is

extended at constant hub and tip of one hub radius in the front and back of the
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Fig. 5.2: Blades from the 3-stage MIT rig [57].

blade rows.

The performance maps are reported as pressure rise ψ over flow coefficient φ.

Data are available with static-to-static, total-to-static and total-to-total pressure

rise coefficient; in the present work only the total-to-total ψT−T will be used, unless

otherwise specified. The pressure rise coefficient is defined as:

ψT−T = ∆P0

0.5ρU2 (5.3)

where the density is measured as the area-average at compressor inlet, the blade

speed U is taken at mean radius and the delta pressure is measured from domain

inlet to outlet. The P0 and T0 are area-averaged at the domain inlet and outlet.

The flow coefficient is defined as:

φ = ux/U (5.4)

where the axial velocity used the area-averaged value at domain inlet.

The torque measurements during steady reverse flow and rotating stall are also

reported using a torque coefficient defined as:

ψT = T
1
2 · ρU2ACr

(5.5)

where T is the integral of the torque on all the rotors.
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5.3 4-stage C106 rig

The C106 rig is a low-speed compressor with interchangeable blades, property of

the Whittle laboratory in Cambridge University. The blade set-up modelled is the

one tested by I. Day in 1994 [58] and described in section 3.3.2. The blade angles

reported in the paper are only the camber angle and the stagger which do not

describe the geometry (or at least the turning) uniquely. The full design tables of

the blades have been kindly supplied privately by Professor Day to this author; this

geometry is propriety of Rolls-Royce and will not be described in this thesis. The

data supplied are for one stage, repeated 4 times; each blade row is described by 5

profiles from hub to tip. The IGV geometry however was not described neither in

literature nor privately. The IGV was then assumed to have 0◦ inlet angle and the

same T.E. angles as the stators, which makes them very lightly loaded. The IGV

stagger angle was guessed as half of the T.E. angle.

The annulus has constant hub and tip, the domain was extended with straight

walls of 2 radii in front and 1.5 radii behind the compressor.

The compressor maps are also provided as φ − ψ but the post-processing is

different from the one employed by Gamache and Eastland. In fact the pressure

jump is calculated as the difference between the total pressure at inlet and the

pressure (static) in the plenum, and the denominator does not have the coefficient

1/2. The pressure rise coefficient is then

ψ = ψT−S C106 = PPl − P0 INLET

ρU
2 . (5.6)

5.4 Modern high-speed HP compressor

A modern high-speed 6-stage HP compressor is modelled to investigate the applica-

bility of the current code to commercial turbo-machinery rather than experimental

rigs. The geometry was available in detail to the author and no assumption was

necessary. This data is proprietary information of Rolls-Royce plc and will not be

reported or represented in this thesis.
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Only the characteristics at reverse flow were modelled, these were available as

pressure and temperature ratios over corrected mass-flow. The corrected mass-flow

during reverse flow is defined as:

ṁ′ = ṁ ·
√
T0OUTLET

P0OUTLET
(5.7)

where the temperature and pressure are taken at the domain (geometric) outlet.

The compressor data are Rolls-Royce property and commercially sensitive, there-

fore the results have been scaled by factors KSCALE X and KSCALE Y . An offset

KOFFSET Y has been added and the rotational speed has been non-dimensionalised

with a reference NRT ∗.

5.5 Non-dimensionalization of characteristics and

transients

A non obvious choice had to be made in the definition of ux and ρ used in the

calculation of φ and ψ for the 3-stage MIT and 4-stage C106 cases.

When testing the 3-stage MIT rig both Eastland and Gamache used an orifice

plate to measure the mass-flow, and both of them calibrated the flow using flow mea-

surement at the facility’s inlet (see section 3.3.1). However since Gamache physically

inverted the compressor, in his case the φ is based on the incoming flow behind the

third stator. This makes the two cases coherent as φ and ψ are always based on

the incoming flow. However, when running a transient simulation this does become

an ambiguous measurement. During a flow reversal the φ before the IGV and after

the last stator would not become zero at the same time and if we were to switch

between them this would cause a discontinuity in the trajectory of the operating

point on the map. It is also never explicitly said which density was used to define

ψ, however it seems reasonable that this would be measured at the same position of

ux.

Gamache has reported very useful data on rotating stall at low mass-flow (φ > 0),

zero mass-flow and low reverse mass-flow (φ < 0). It is not clear, though, how the
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compressor was operated in each of these regions. In the case of rotating stall with

φ > 0 it seems unlikely that the facility was run ‘backward’ with the flow exiting at

the inlet. Most of the components are not made for reverse flow (the orifice plate,

the fan or the compressor exhaust plenum) and this would have caused errors in the

measurements.

Summarising, what we know is that the forward and rotating stall characteristics

measured by Eastland are non-dimensionalised using the value at the inlet, the

reverse characteristic reported by Gamache is non-dimensionalised using the values

at the reversed inlet, the rotating stall reported by Gamache is non-dimensionalised

using values at an unknown location.

The report from Day [58] does not clarify either the axial flow and density used.

The axial velocity is calculated based on the mass-flow at the compressor outlet, ob-

tained by measuring the throttle mass-flow and plenum pressure; this method was

first described by Greitzer [33]. However how the φ is obtained from the discharge

mass-flow and which density is used for ψ is not described in either report. During

the transient simulation measured by Day φ becomes negative, but no discontinuity

appears in the charts. Therefore, it seems reasonable to assume that the ux consid-

ered remains the same in time, at the domain (and geometrical) inlet. The reversed

characteristic reported was measured during surge cycle, and not with a dedicated

experiment, therefore we can assume that it has also been measured considering the

ux at the inlet (flow outlet).

To avoid incoherent and ambiguous values during transients, it was decided in

the post-processing of the model to use the inlet axial velocity and density during

every regime: forward, stalled and reverse flow. This introduces some error while

comparing the reverse flow characteristic with those reported by Gamache. However,

at steady state there is a relation between the ψ and φ calculated at inlet and outlet.

We define the coefficient values calculated at compressor inlet as

φINLET = ux INLET/U ψINLET = ∆P0

0.5ρ
INLET

U
2 (5.8)
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Fig. 5.3: Example of operating point calculated at domain inlet or outlet

and corresponding outlet values

φOUTLET = ux OUTLET/U ψOUTLET = ∆P0

0.5ρ
OUTLET

U
2 . (5.9)

If we define a ratio between the density at inlet and outlet

Π = ρINLET/ρOUTLET , (5.10)

by using the continuity equation and constant area (as it is in the two cases studied)

we can prove that:

ψOUTLET = ψINLET · Π φOUTLET = φINLET ∗ Π (5.11)

ψOUTLET
φOUTLET

= ψINLET
φINLET

(5.12)

This means that the point on the map [φ, ψ] calculated with inlet values and the

one calculated with outlet values are on the same straight line departing from the

point [0,0], as shown in figure 5.3. A similar demonstration can be done for the

torque characteristic. The reverse flow characteristics (both pressure and torque)
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observed by Gamache are parabolic but closely resemble a straight line with origin

in [0,0] in the range reported. The maximum value of Π observed was 1.18 at 2400

RPM at high values of ψ; the difference reduces when considering values close to

zero mass-flow.

For this reason this author decided to maintain a coherent post-processing method

in which φ and ψ are always based on domain inlet, at element of index i = 1. The

reverse characteristic reported by Gamache can still be compared to the one ob-

tained from the model because what will be compared is the gradient and not the

values themselves.

The values of ux, ρ and P0 used to calculate φ and ψ are always area-averaged.

In all the cases studied, even during rotating stall, the results obtained using area-

average or mass-average did not differ significantly.
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Results and discussion

In this chapter the results from the simulations of the new tool are reported and

compared where possible against numerical (CFD) and experimental data for veri-

fication and validation purposes respectively. The first section is the verification of

the 3D Euler solver obtained through comparison against a commercial CFD tool.

In section 6.3 the NASA 2-stage rig is modelled in unstalled forward flow to validate

the body force and the forward flow correlations. Section 6.4 reports the results

from the 3-stage MIT and the modern high-speed HP compressors run in reverse

flow. Section 6.5 reports the results from the rotating stall simulations for the 3-

stage MIT and 4-stage C106 rigs. The compressor performance and flow features are

validated and the 3D results are analysed to investigate the details of the stall cell

structure. In section 6.6 the same two rigs are simulated in surge; the results are,

where possible, validated with experimental measurements. The effects of plenum

volume and inlet distortion on the surge cycle are investigated. Section 6.6.3 as-

sesses the possibility of using 2D simulations instead of 3D to produce faster surge

simulations. Finally section 6.1 is a grid convergence study performed on a rotating

stall simulation to assess the trade-off between computational cost and accuracy.

6.1 Grid dependency study

A grid dependency study has been performed in every test case to assess the error

caused by domain discretization and how close to grid convergence are the simula-

tions run. The case here presented in detail is a full 3D, mature rotating stall on

the 3-stage MIT rig, these results are presented in section 6.5.

Five different grids have been tested, reported in table 6.1. The element size h



124 Results and discussion

of each grid is defined as

h =
[

1
N

NX∑
i=1

Nr∑
j=1

Nθ∑
k=1

Vi,j,k

]1/3

(6.1)

where Vi,j,k is the volume of each grid element.

Number of elements Grid size h
Time step

dt
(at t = 0)

Computational
time for 1 ms of
simulated time

Case 5 200× 6× 32 = 38400 1.11·10−2m 4.86 µs 23 s

Case 4 300× 8× 48 = 115200 0.77·10−2m 3.37 µs 35 s

Case 3 400×10×64 = 256000 0.59·10−2m 2.58 µs 96 s

Case 2 520×13×84 = 567840 0.45·10−2m 1.99 µs 200 s

Case 1 600×15×96 = 864000 0.39·10−2m 1.72 µs 376 s

Tab. 6.1: Number of elements, element size, time step and computational cost of the
cases used in the grid dependency study.

The case labelled 3 is the one used for the simulations in section 6.5. The other

simulations are run by loading the flow-field from case 3 at steady-state, restarting

the simulation on the new grid and waiting until it reaches steady-state again. To

ensure the comparison is as correct as possible all the simulations are run for the

same amount of time, 50 ms, and the flow-field used is the one at the end of this

period. All boundary conditions (inlet, tank, throttle) are kept constant. The

time step dt reported is the step at simulation’s start and its size is controlled by

the CFL condition, and therefore by the flow-field. The size of dt remains about

constant during the simulation. The size of dt is much smaller than the characteristic

convection time for this problem. Considering the smallest chord of this case (the

IGV) and a maximum axial velocity of 100 m/s the minimum convection time is

∼ 0.2ms, about 40 times more than the dt for the coarsest grid. This ensures that

the accuracy in time is sufficient to model the physical features of the problem.

Loading a previous converged solution allows to obtain a new rotating stall on

finer grids with a low computational cost. Nevertheless completing the 50ms simu-

lation of case 1 requires over 5 hours. The stall triggering, which originally required
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around 11 hours, would require ∼ 2 days at this high resolution. 3D surge simu-

lations, which already require around 48 hours for 2-3 surge cycles, would become

infeasible on the finest grid.

The grid dependency study is based on the Richardson extrapolation, this is a

well known method to estimate the error caused by the domain discretization and

is accepted by journals specialised in numerical methods. The details of the method

are well described by Celik in his 1997 paper [67] and in the guidelines for authors

submitting to the Journal of Fluid Engineering [68].

The Richardson extrapolation method is used to extrapolate from the cases avail-

able the values of some variable X on an infinitely fine grid (h ∼ 0). The extrap-

olation requires 3 different grids and by using different combinations of the cases

in table 6.1 we can obtain more than one extrapolated value. If the cases are close

enough to the asymptotic behaviour, these should coincide. Once the extrapolated

value is found we can estimate the extrapolated relative error of the grid we used as

eex = |Xex −X|/Xex (6.2)

where Xex is the extrapolated value at h ∼ 0 and X is the value obtained from the

grid tested. The approximate relative error instead is the error between two grids,

one finer and one coarser, defined as

ea fine = |Xcoarse −Xfine|/Xfine (6.3)

The approximate relative error so calculated refers to the fine grid.

A grid convergence index (GCI) can also be estimated, this is a percentage error

which gives a boundary within which the grid independent value of X is likely to

be. The grid convergence index is defined as

GCIfine = 3 · ea fine
rp − 1 (6.4)

where r is the grid refinement factor r = hcoarse/hfine, and p is the apparent order of

the method. The apparent order p is the order of accuracy of the method calculated
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based on the cases analysed.

The Godunov method is a first order accurate in time and space. When the

grid element size h is reduced the accuracy will increase because of the finer space

discretization. However since the dt is calculated based on the CFL condition, a

reduction in element size also makes the time discretization finer, see table 6.1.

Since the case we study is a transient, we expect the refining in time discretization

to also have an impact on the results. As both the effects will occur when we refine

the grid, we are not expecting the apparent order of accuracy p to be 1, but higher.

The two critical variables X analysed are φ and ψ, their values are listed in table

6.2 and plotted in figure 6.1.
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Fig. 6.1: Values of axial flow coefficient and pressure rise coefficient with the increasing
grid refinement.

The combinations studied are cases 2,3,4 and cases 1,3,5; the results are listed in

table 6.2. The values of φ and ψ extrapolated are very similar for both combinations.

These extrapolated values are those at h ∼ 0, and seem in accordance with the trends

shown in figure 6.1. If the combination 1,2,3 is used both the extrapolated values

become much lower (φ = 0.34, ψ = 1.26). This is reasonable as those 3 points seem

to indicate that the trend becomes flatter for grids finer than case 1. However the

grid sizes of cases 1 and 2 are too close to each other and the ratio r is lower than

the minimum value of 1.3 suggested by Celik [68], therefore this combination is not

considered reliable and discarded. The eex, ea and GCI3 reported are calculated for

case 3. The approximate relative error ea requires a finer and a coarse grid to be
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ψ Φ

Cases 2,3,4 1,3,5 2,3,4 1,3,5

Xfine 1.2012 1.2204 0.3353 0.3376

Xcase 3 1.135 1.135 0.3255 0.3255

Xcoarse 1.0963 1.0579 0.3195 0.3141

p 2.03 2.01 1.86 1.84

Xex 1.294 1.288 0.350 0.349

eex 12.3 % 11.9% 7.18 % 6.65 %

ea 3.41% 6.79% 1.84% 3.50%

GCIcase 3 5.94% 3.33% 3.6% 2.00 %

GCIfine 9.6% 6.97% 5.93% 4.04%

Tab. 6.2: Results of the grid dependency study.

calculated, in this study the fine grid considered is case 3, and the coarse is either 4

or 5.

In figure 6.1 we can observe that both the variables have a particular trend, with

a sharp increase between cases 2 and 3. As a result the approximate errors, ea,

between the coarse grids (4-5) and grid 3 are very low compared to the extrapolated

errors eex; the same is true for the GCIs. For comparison the GCI values of the fine

grids (2 or 1) are also reported and these are consistently higher than those of case

3. An increase in error for a finer grid is unreasonable, for this reason the GCI3

value are discarded and it should be considered that the GCI of cases 3 should be

greater than GCIfine. The best estimate of the grid discretization error of case 3

is then the extrapolated relative error eex.

The apparent order calculated during this analysis is about 1.9; as expected, it

is higher than the theoretic first order of accuracy in space and time of the scheme.

In conclusion, from this analysis it was underlined how the results obtained in

the simulations are relatively far away from the result which would be obtained on

an infinitely fine grid. In the case studied the results should have up to a 12% error

band due to grid discretization error. However as described before the grid size of



128 Results and discussion

case 3 has been chosen as a trade off between accuracy of the results and feasibility

of the simulation.

It is important to remember that in this code viscosity is not modelled and the

only (numerical) viscosity present is caused by the diffusion implicit in the scheme.

As the grid becomes finer the numerical diffusion also reduces and the flow-field

modelled becomes more and more close to inviscid. Therefore, a grid independent

solution cannot be reached as the viscosity of the flow modelled is a function of the

grid. Furthermore the flow-field modelled on an infinite grid, which is completely

inviscid, is not necessarily closer to the real physical flow than the one with some

viscosity introduced by a coarse grid.

6.2 Three-dimensional Euler solver validation

The first step of the new tool development is the validation of its three-dimensional

Euler solver. To validate only the solver an empty duct is modelled and the results

are compared with a simulation performed using ANSYS FLUENTTM. The geome-

try used is the annulus from the experimental rotor R37 with the blading removed

[65]. In order to obtain a three-dimensional flow a constant pressure distortion is

introduced at the inlet on a 90◦ sector. The pressure distortion is chosen small to

avoid flow reversal and it causes only a redistribution from the undistorted flow

towards the distorted sector, as shown in figure 6.2. This pressure distortion is not

representative of any real situation, but is only a step change in inlet conditions

chosen for simplicity of model set-up. The shape of the duct and of the distorted

sector are shown in figure 6.3. Three lines are also presented which are used to

compare the profiles of pressure, axial velocity and circumferential velocity. Line A

is at 90◦ from the distorted sector, line B is at the center of the sector and line C is

on the edge. The parameters of the simulation are reported in table 6.3.

The ANSYS FLUENT model solves the compressible Euler equations (inviscid),

a density based solver is used: the Implicit Roe-FDS (Flux difference splitting).

‘Pressure inlet’ boundary conditions are used at inlet in both sectors, ‘pressure out-

let’ conditions are used at the outlet, the flow direction at inlet is imposed normal to
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Fig. 6.2: Three-dimensional flow modelled using ANSYS FLUENT.

the surface. These boundary conditions are chosen as they have the same properties

as those developed for the new code.

The mesh used in FLUENT is unstructured, automatically generated with tetra-

hedral elements. A large number of elements is chosen, about a million, for both

the simulations. The number of axial, radial and circumferential elements for the

new model has been chosen to maintain an aspect ratio of the volumes to be ∼ 1:

dx ∼ dr ∼ dθ · r (6.5)

in which dr is an average of the radial size of the volumes.

Fig. 6.3: Annulus used in the Euler solver validation. Distorted sector and lines used
for comparison are highlighted.

A grid convergence study is performed on this test case, in a similar fashion to

what described in section 6.1. Two grids are tested: one coarser (63 × 18 × 388)

and one finer (106× 31× 660); the variables X considered are the mass-flow ṁ, the

average inlet static pressure P IN , the average outlet total pressure P 0OUT . To ensure
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FLUENT SIMULATION THROUGH-FLOW CODE

Mesh type Unstructured Axial elements 82

Element type Tetrahedral Radial elements 24

Circumferential elements 508

N. elements 1000000 N. elements 999700

Boundary conditions

Inlet clean Total pressure [Pa] 101000

Inlet clean Total temperature [K] 288

Inlet distorted Total pressure [Pa] 96000

Inlet distorted Total temperature [Pa] 288

Outlet static pressure [Pa] 87000

Tab. 6.3: Simulation parameters for the Euler solver validation.

the three-dimensional features of the flow are correctly modelled the circumferential

velocity is also considered; the value at outlet on Line C is used as representation.

The values of these variables on an infinite grid are extrapolated using Richardson’s

method and presented in table 6.4 with corresponding relative errors eex and GCI

index; the relative errors at different levels of grid refinement are also displayed in

figure 6.4. The extrapolated error for the grid used have a maximum of 1.17% on

the mass-flow, with a correspondent maximum GCI of 1.49%.

The results from the two models are compared along the three lines, in figures

6.5 and 6.6. The axial position x′ is non-dimensionalized using the length of the

duct, the pressure P ′ is non-dimensionalized using a reference pressure of 101325

Pa.

P ′ = P/101325 (6.6)

The results along the A and B lines are matched very closely and some mismatch

exists only the edge of the distorted sector.

The difference between the results from the new tool and the high-fidelity CFD



Chapter 6 Results and discussion 131

Variable X Mass-flow
ṁ [kg/s]

Inlet pressure
P IN [kPa]

Outlet pressure
P 0OUT [kPa]

Circ. velocity
uθ OUT C [m/s]

Xcoarse

63× 18× 388 9.934 96.14 99.38 8.137

Xcase tested

82× 24× 508 9.9795 96.10 99.51 8.156

Xfine

106×31×660 10.0108 96.08 99.6 8.167

Xex 10.0981 96.02 99.87 8.184

eex case tested 1.17 % 0.08% 0.36 % 0.33%

GCIcase tested 1.49 % 0.11% 0.46% 0.42%

Tab. 6.4: Grid convergence study for the 3D Euler solver case.
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Fig. 6.4: Extrapolated errors from the grid convergence study on the Euler solver test
case.

is presented as a relative discrepancy, defined as:

DIS =
∣∣∣∣∣XTOOL −XCFD

XCFD

∣∣∣∣∣ (6.7)

where X is the generic results considered.

The maximum relative discrepancy is the circumferential velocity profiles on line
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C, going up to ∼ 12% at outlet. On line A and B the discrepancy remains lower

than 1% on all the variables. The presence of a discontinuity at the sector edges

causes a jump in the pressure values at the inlet. This can be seen in figure 6.6,

the profiles of inlet pressure at radius r = 0.22 are matching closely but a difference

exists at the sector’s edges where the new model has larger peaks of lower pressure

(these exists also in FLUENT but are minimal). This is probably occurs because the

discontinuity is modelled slightly differently by the two solvers. Results of integral

variables (ṁ, P, P0) are compared in table 6.5 and are all matched with discrepancy

lower than 1%.

MODEL CFD Relative discrepancy

Mass-flow [kg/s] 9.98 10.06 0.8%

Outlet P ′0 [Pa] 0.9821 0.9820 0.07 %

Inlet P ′ [Pa] 0.9484 0.9486 0.01%

Tab. 6.5: Comparison of integral results from the new tool and ANSYS FLUENTTM.
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Fig. 6.5: Comparison of axial and circumferential velocity modelled with the new tool
and ANSYS FLUENTTM.



Chapter 6 Results and discussion 133

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ST
A

TI
C

 P
R

ES
SU

R
E 

P
' [

-]
 

AXIAL POSITION x' [-] 

PROFILE A MODEL

PROFILE B MODEL

PROFILE C MODEL

PROFILE A CFD

PROFILE B CFD

PROFILE C CFD

0.925

0.93

0.935

0.94

0.945

0.95

0.955

0.96

0.965

0 60 120 180 240 300 360

ST
A

TI
C

 P
R

ES
SU

R
E 

P
' [

-]
 

CIRCUMFERENTIAL POSITION θ [deg] 

CFD

MODEL

Fig. 6.6: Comparison of static pressure modelled along the three lines (left) and at
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6.3 Forward flow validation

The modelling of a steady state in forward flow is validated reproducing the com-

pressor map of the 2-stage NASA rig [61]. Reproducing a compressor map allows

to validate the correct functioning of the body forces implemented, the empirical

correlations for forward flow and the plenum/throttle model.

The 50% (8031 RPM) and 70% (11243 RPM) speed-lines are reproduced and

compared to the experimental data. The 80% and higher speed-lines were not

reproduced as at those speeds the compressor operates in the transonic region and

the empirical correlations are not suitable to model this regime.

The simulations are run in 2D on a 800 × 20 × 1 domain. A grid convergence

study was performed reported in table 6.6. The variation of extrapolated relative

error with the grid refinement is presented in figure 6.7.

With respect to other grid size used in similar through-flow codes (for example

the grids used by Longley [41]) the grid used here has a much finer resolution along

the axial direction. This was chosen as the larger number of elements along the

pseudo-planes makes the body-force method more stable during transient and accu-

rate. This is because during transient (and especially reverse flow) the body forces

will have to impart a large instantaneous turning to the flow and a larger number

of elements allow to distribute better the forces and with a better resolution. The

impact of the aspect ratio on the result was tested by running the simulation with

different number of radial elements: 800 × 30 and 800 × 10. By comparing the 3

grids, the obtained mass-flow varies of less than 0.4%, pressure and temperature ra-
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Variable X Mass-flow
ṁ [kg/s]

Pressure ratio
PR [-]

Temperature ratio
TR [-]

Xcoarse

400× 10× 1 16.3549 1.1689 1.064

Xcase tested

800× 20× 1 16.6153 1.1726 1.0629

Xfine

1200× 30× 1 16.7247 1.1744 1.0621

Xex 16.804 1.1761 1.06

eex case tested 1.12% % 0.29% 0.27 %

GCIcase tested 1.42% % 0.37% 0.35%

Tab. 6.6: Grid convergence study for the the 2-stage NASA rig case
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Fig. 6.7: Extrapolated errors from the grid convergence study for the 2-stage NASA rig
case.

tio vary of less than 0.1% Therefore the results do not depend on the element aspect

ratio in the meridional plane and in the radial direction the grid is well converged.
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The method described in section 4.9.3 is used for the acceleration to full speed

and creation of the first point of the characteristic. Subsequent throttle reductions

are used to move along the characteristic. The correlations used are those described

by Aungier, which have been tuned on the data from this rig.

In figures 6.8 and 6.9 the modelled pressure and temperature maps are compared

with those from experimental data. The mass-flow used in the maps is corrected

with the average value of the inlet pressure and temperature

ṁ′ = ṁ ·

√
T0 IN/TREF

P0 IN/PREF
(6.8)

where the reference conditions are 288 K and 101325 Pa . The inlet conditions

profiles used in the model are the same as in the experiment so that the results can

be compared.
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Fig. 6.8: Comparison of experimental and modelled compressor map of the NASA
2-stage rig, experimental data from Urasek et al. [61].

Both the characteristics are reproduced satisfactorily with maximum errors of

2.5% in the pressure ratio and 10.8% in the temperature rise (1.8 K error on a 17 K

rise, at the lowest point). The maximum pressure rise estimation is too conservative

and both the lines have a lower surge margin than the experimental data. This

suggests a better criteria to detect stall should be researched and implemented in
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Fig. 6.9: Comparison of experimental and modelled temperature ratio map of the
NASA 2-stage rig, experimental data from Urasek et al. [61].

the code in the future.
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6.4 Reverse flow validation

6.4.1 3-stage MIT rig

Reverse flow validation was performed on the 3-stage MIT rig, comparing with the

experimental reverse flow characteristic reported by Gamache [57].

The model used is a two-dimensional version of the one used for the rotating

stall simulation reported in section 6.5, the grid is therefore 400× 10× 1. The grid

convergence was tested in 3D and reported in section 6.1.

Data is reported for 3 different rotational speeds: 1170, 1800, 2400 RPM. On the

ψ−φmap the 3 characteristics are overlapping. In this thesis the experimental points

are not divided by speeds but drawn as part of a single line. The characteristics at

the 3 different speeds are reproduced and compared as shown in figure 6.10.
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Fig. 6.10: Reverse characteristic validation on the 3-stage MIT rig, experimental data
from Eastland [56] and Gamache [57].

The 3 velocities display the same overlapping as seen experimentally, although

the simulated characteristics have a lower reverse mass-flow. The trend is well

reproduced, as well as the gradient of the characteristic with an error of ∼ 9%.

The simulated characteristics do not reach the lowest values of experimental ψ, as
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the compressor recovers too early because of the higher pressure rise. The recovery

however occurs at about the same φ as reported.

The temperature characteristics for reverse flow were not provided by Gamache,

but the characteristics of torque coefficient are available instead. Like the pressure

characteristics also the torque characteristics are coinciding for the 3 different rota-

tional speed studied. The simulated compressor is assumed adiabatic and the only

change in total temperature is due to the term WEX in the rotors. This value is

directly dependent on the torque

WEX = FT · U = T · Ω (6.9)

where Ω is a constant value for the compressor. Therefore a match of the steady

torque characteristics would mean that the temperature rise through the compressor

is being simulated correctly.

The comparison of the torque characteristic in reverse flow regime is shown in

figure 6.11.
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Fig. 6.11: Reverse flow torque characteristic validation for the 3-stage MIT rig,
experimental data from Eastland [56] and Gamache [57].

The torque appears to be slightly under-predicted by the current model by an
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average 20%. A similar under-prediction was also reported by Longley (15% less) in

his simulation [41] and also by the 2D mean line prediction performed by Gamache

itself (30% less). The reported data are linear from zero flow until a φ = −0.08,

at higher negative flow coefficient the steepness of the curve increases. The curve

of the torque coefficient from the simulations instead has a constant direction and

therefore diverges at high reverse flow.

The span redistribution of the flow during reverse flow is also reported qualita-

tively by Gamache, figure 6.12. The profiles shown in the picture are those of the

φ, normalised over the mean value at that axial position.

differences is not !mom at the present time, it 
is believed that the measured deviation angle 
differences are related to the velocity profile 
nonuniformity. The deviation angle is measured 
(at approximately 20% of the rotor chord and 30% 
of the stator chord) downstream from the blade row 

Ug leading edge axial plane. AS indicated in Fig. 
25, the nonuniform flow exiting each blade row 
mixes over the distance from the leading edge 
position to the measurement location. The mixing 
process causes the flow angle to increase, and for 
a badly separated flow such as would be expected 
at the blade leading edge, the angle changes can 
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the stator blade row are mare fully mixed by the 
time the flow reaches the axial measurement 
station than is the case in front of the rotor 
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. flow deviation angle is expected. 

While this may explain the large swirl oppo- 
site to the direction of rotor rotation in front 
of each of the stator blade rows, it does not 
address the negative deviation angles observed in 
front of the rotor blade rows. The explanation 
for these appears to be that the initial negative 
flow deviation angle, at the blade leading edge 
plane, is larger for these blade rows. In the 
rotor blade rows, a combination of reduced 
solidity (approximately three-fourths that of the 
stator blade rows) and radial flow effects could 
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exit flow deviation angle. 
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measured flow deviation angle. 
flow deviation angles observed at the 15% blade 
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drum rotor compressor design. The large negative 

‘ c d  deviation at station 7 at this radial position is 
due to the low through flows at the hub region in 
front of the rotor blade rows. Minimum deviation 
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and the overall velocity profile nonuniformities 
are the greatest. 
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an x-8 plane perspective of the flow. 
tence of a strongly three-dimensional flow struc- 
ture is perhaps one of the most important results 
obtained during this experimental investigation. 
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This figure indicates that there is signifi- 
cant spanwise movement of fluid through each blade 
row, even in a compressor with a relatively high 
hub-to-tip ratio design (rh/rt = 0.88). 
picture of the structure which emerges is that 
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in the rotor blade rows, while radial f l o v s  
towards the hub exist hediately before and in 
the stator blade rows. 

The 

- 
0 )  High Reverse F low E ,  

?,‘eC,l - 
b l  Moderate  Reverse Flow C“ 

?,‘elrl - - 
cl Low Reverse F low C.  

Fig. 27: Spanwise redistribution of axial flow at 
several reverse flow conditions 

It is plausible to associate the outward 
movement of fluid in the rotor blade rows to the 
centrifuging of low velocity fluid in the rotor 
blade passages. Relatively small axial drift 
velocities give rise to flow through time scales 
which provide sufficient time for large radial 
shifts in streamtubes which enter and subsequently 
emerge from the rotor blade rows. In the next 
section, it will be shown from the pressure 
measurements that the fluid exiting the rotor 
blade rows is not in simple radial equilibrium 
with the static pressure field, and this imbalance 
gives rise to negative radial flows towards the 
hub of the machine before and within the stator 
blade passages. 

Figure 27 schematically depicts the recircu- 
latory flow patterns which develop in front of the 
rotor blade ions as the flow coefficient decreases. 
At high reverse flow conditions, there is no evi- 
dence of a recirculatory flow pattern. At moderate 
reverse flows, a recirculatory flow begins to form 
and, at the low flow condition, the recirculatory 
pattern is strongest. This flow pattern causes a 
portion of the blade root sections to become 
enveloped in a net forward flow. Although not 
conclusive, the experimental evidence indicates 
that the recirculatory flow patterns at the moder- 
ate and low overall reverse flow coefficients are 
not similar. This will be discussed further below. 

An overall composite view of the reverse 
flowfield structure can be constructed by combining 
the X-E plane flow profiles discussed in the pre- 
vious section with the radial flow and recirculatory 
flow patterns just discussed. Figures 28 and 29 
depict the three-dimensional reverse flowfield 
thought to exist in the rotor and stator blade 
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Fig. 6.12: Span distribution of fluid in the meridional plane during reverse flow [57].
The flow coefficients reported are a) φ = −0.19, b) φ = −0.10, c) φ = −0.05.

The results from the modelled reverse flow are post-processed in a similar fashion

to compare the radial distribution. In figures 6.13 and 6.14 the flow through the 1st

stage stator and the 2nd stage rotor is visualised as arrows on the meridional plane.



140 Results and discussion

-0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04

AXIAL POSITION x [m]

0.26

0.27

0.28

0.29

0.3

0.31

R
A
D
IU
S
r
[m

]
1ST ROTOR 1ST STATOR 2ND ROTOR

01

Fig. 6.13: Modelled flow-field in the meridional plane; with blades shape over-imposed
in red and axial flow coefficient profile over-imposed in black. φ = −0.1.
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Fig. 6.14: Modelled flow-field in the meridional plane; with blades shape over-imposed
in red and axial flow coefficient profile over-imposed in black. φ = −0.05.

Over-imposed in black are the profiles of φ, normalised over their mean value at that

axial position. Figure 6.13 is at φ =∼ −0.1 corresponding to case b); figure 6.14 is

at φ =∼ −0.05, corresponding to case c). In the post-processing of the simulated

solution the axial position at which φ is probed is x = −0.103, immediately behind

the stator trailing edge.

The structure of the flow distribution reproduces what was observed experi-

mentally, with a high radial flow towards the tip downstream of the rotor and the

opposite redistribution downstream of the stators. The profile coefficients have sim-

ilar trends to the experimental data. At φ = −0.1 there is a higher reverse flow

closer to the tip than the hub, and the profile becomes more extreme at φ = −0.05

with even higher flow at tip and positive flow at the hub. It is evident that the wall



Chapter 6 Results and discussion 141

boundary layer has an important effect on the experimental flow profile. In fact this

is not modelled by the Euler solver and the profiles from the code have maximum

velocities close to the walls, unlike the experimental ones. The re-circulation down-

stream of the rotor reported from Gamache at low reverse flow is reproduced in the

corresponding simulated flow-field.

6.4.2 Modern high-speed HP compressor

The reverse flow treatment is also tested on a high-speed, 6-stage modern HPC

compressor. The compressor was previously modelled using ANSYS CFX for 2

rotational speeds by Pawsey [10], during his project within the Cranfield UTC. A

stage-stacking technique (SST) was also developed and tuned using the CFD data,

allowing to create the full range of reverse flow characteristics. This data are used

to verificate the capability of the current code to model a modern HPC compressor.

The body force formulation described in section 4.3 is used but it could not

simulate properly the characteristics at higher speeds. The cause is the correction

proposed by Brand which has not been adapted to transonic conditions and becomes

singular at M ∼ 1. To simulate also the higher speeds a simpler formulation is used,

with only the centripetal and the corrective forces FCORR. Using this formulation in

case of high Mach number the turning force is under-estimated, however as the flow

mis-aligns the corrective force increases and limits how much the direction diverges.

To increase the response of the corrective force coefficient KCORR was increased to

20 to minimise the misalignment at the flow outlet.

The simulations were run axi-symmetrically (2D), the boundary conditions are

set constant and the static pressure at domain inlet (flow outlet) is always 100 kPa.

The total temperature at the outlet (flow inlet in reverse) is set at 288K while the

total pressure changes between simulations and is used to create the points on the

characteristics.

The mesh used has 1200 axial, 20 radial and 1 circumferential elements. A grid

convergence study has been performed for this set-up; as the range of operating

conditions vary greatly, two cases are analysed: one at low speed 0.2NRT ∗ and one

at high speed 0.8 NRT ∗. The results are presented respectively in tables 6.7 and
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6.8 and the extrapolated relative errors are presented in figure 6.15. The grid used

is very well converged for the low speed case with maximum GCI of 0.79% on the

mass-flow; however, this resolution is necessary at higher speed where the grid is

further away from convergence. Overall, with the grid selected the maximum GCI

observed is ∼ 5%.

Variable X
Scaled corrected
mass-flow
ṁ′ ·KSCALE X [-]

Scaled pressure
ratio
PR ·KSCALE Y [-]

Scaled temperature
ratio
TR ·KSCALE Y [-]

Xcoarse

600× 10× 1 -1.1008 0.5059 0.3389

Xcase tested

1200× 20× 1 -1.0986 0.5051 0.3401

Xfine

1560× 26× 1 -1.0969 0.5049 0.3404

Xex -1.0930 0.5042 0.3414

eex case tested 0.51% % 0.17% 0.40%

GCIcase tested 0.79% % 0.35% 0.61%

Tab. 6.7: Grid convergence study for the modern high-speed HP compressor, case at
low speed 0.2NRT ∗

The results are shown in figures 6.16 to 6.19. The continuous lines represent the

results from the stage stacking technique, while the black dashed lines are the CFD

results at speeds 0.4NRT ∗ and 1.0NRT ∗. In figures 6.16 and 6.17 are reported the

results from the model with the simpler body force method, labelled ‘MODEL’. In

figures 6.18 and 6.19 are reported the results from the model with the body force

corrected for Mach number, labelled ‘MODEL 2’. The latter can not reach speeds

higher than 0.6NRT ∗, as the insurgence of transonic conditions makes the body

forces unstable. All the simulated results have a lower limit of pressure ratio under

which the compressor recovers, the lines from the stage stacking technique instead

were extrapolated until the zero mass-flow.
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Variable X
Scaled corrected
mass-flow
ṁ′ ·KSCALE X [-]

Scaled pressure
ratio
PR ·KSCALE Y [-]

Scaled temperature
ratio
TR ·KSCALE Y [-]

Xcoarse

600× 10× 1 -0.4886 0.5541 0.7577

Xcase tested

1200× 20× 1 -0.5077 0.5381 0.7708

Xfine

2400× 40× 1 -0.5171 0.5290 0.7734

Xex -0.5291 0.5168 0.7742

eex case tested 4.13% % 0.43% 4.065%

GCIcase tested 4.96% % 0.54% 4.60%

Tab. 6.8: Grid convergence study for the modern high-speed HP compressor, case at
high speed 0.8NRT ∗.
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Fig. 6.15: Variation of extrapolated relative error with grid refinement in the modern
high-speed HP compressor case.

The results with simple forces (‘MODEL’) follow closely the 0.4NRT ∗ line and

CFD data; the results also follow the correct trends for higher speed-lines but un-

derestimate the mass-flow. The results obtained from the Mach corrected forces

(‘MODEL 2’) follow very closely the CFD data at 0.4NRT ∗, but quickly diverge

at higher speeds with the 0.6NRT ∗ results being closer to the 0.8NRT ∗ line. As
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explained in section 4.7 the correlation used for deviation is not applicable to com-

pressible flows and this might justify the bad matching with both methods. At

0.4NRT ∗ instead the relative Mach number remains generally lower than 0.6 in all

the blade rows. As a result the correction proposed by Brand does not influence

much the body forces and the two models have very similar results. At 0.2NRT ∗ the

results diverge from the SST line. However this line was not verificated with CFD

but extrapolated, and with the current data it is not possible to determine which

low order prediction method (current tool or the SST) is the most correct one.

On the temperature map the matching is very accurate at lower speeds while at

higher NRTs it becomes less accurate. In particular, the shape of the curves appears

to be well reproduced but shifted at lower mass-flow (as also seen in the pressure

ratio map), and with a constant under-estimation of the temperature ratio. The

two formulations of body forces have very similar results in terms of temperature

ratio, although with a shift in mass-flow predicted.

In the current model the gas is considered thermally perfect, but at high speeds

the temperatures reached are so high (> 800K) that this assumption can not be

held true anymore. At high temperatures the specific heat increases requiring more

energy to raise the temperature of one degree. This observation suggests that the

current model where CP is constant would over-estimate the temperature ratio (for

the same energy input, the temperature increases more), however the opposite trend

is observed. This seems to indicate that the constant specific heat is not the only

problem and some other effect concurs to the difference in simulated temperature

ratio from the data.

Summarising, the tool was applied to a 6-stage high-speed modern compressor

and matched satisfactorily the low speed CFD data. At higher speeds the code

is not applicable and the data was matched poorly. Overall the tool was able to

reproduce the correct trends in both pressure and temperature ratio over a large

range of speeds and mass-flow.
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Fig. 6.16: Reverse flow characteristics validation on the 6-stage high-speed HPC
compressor, using a simplified body-force method.
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Fig. 6.17: Reverse flow temperature characteristics validation on the 6-stage high-speed
HPC compressor, using a simplified body-force method.
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Fig. 6.18: Reverse flow characteristics validation on the 6-stage high-speed HPC
compressor, using the body force method with correction for compressibility.
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Fig. 6.19: Reverse flow temperature characteristics validation on the 6-stage high-speed
HPC compressor, using the body force method with correction for

compressibility.
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6.5 Rotating stall validation

The rotating stall modelling is validated on the 3-stage MIT rig and the 4-stage

C106 rig from Cambridge. The method described in section 4.9.3 was used in both

validation cases to speed up the creation of the rotating stall characteristic.

In both cases a temporary distortion at the inlet is used to create some asym-

metry and allow the compressor to develop a rotating stall. Two patterns are used

during rotating stall and surge simulations, as shown in figure 6.20. Pattern A has a

small perturbation which does not change the average inlet P0 but just introduces a

background asymmetry. Pattern B instead creates a strong reduction in flow locally

and can also act as a trigger to stall itself. The time also changes: Pattern A lasts

only 4 ms while Pattern B lasts 10 ms.

The two patterns described are chosen arbitrarily and are not representative of

realistic inlet distortion. In order to reduce the computational cost of the simulation

the distortions are impulsive and last only few milliseconds; as the distortion is a

single impulse, a large magnitude of pressure reduction is used. The magnitude of

the distortion can be quantified using various distortion descriptors [66], however

these are used for distortion which exist over a relatively longer period of time and

are of limited use to quantify an impulsive distortion. To compare the presented

distortion patterns, the total pressure distortion descriptor DC60 is used, defined

as:

DC60 = P0|x − P0 60

q|x
(6.10)

where P0|x is the average total pressure on an annulus section at position x and

P0 60 is the lowest average total pressure on a 60◦ sector at the same position. The

descriptor is non-dimensionalized using the average dynamic head on that section,

q|x.

The values of DC60 normally observed experimentally are well below 1; for

example, in complex S ducts intake values of DC60 at compressor inlet do not

exceed ∼ 0.6 [73]. In the few milliseconds in which they are applied, the two

patterns proposed have a DC60 of respectively 2.2 (Pattern A) and 5.06 (Pattern
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B), much larger than the realistic values. In case of Pattern B the distortion is so

large that locally the flow is instantaneously inverted and the distorted intake sector

becomes an outlet. Despite the large value of DC60, because of its small duration

the Pattern A distortion does not cause a strongly a-symmetric flow, see section

6.6.1. It is reasonable therefore for this application to consider Pattern A a small

distortion, despite its magnitude. In summary, the descriptors do not seem to be

useful to quantify the distortions proposed and therefore these cannot be compared

to real distortions.

Intake pressure distortions applied constantly in time were tested and used to

trigger rotating stall. However, in this case the low energy flow coming from the

distorted inlet sector interacts with the rotating stall, ’anchoring’ it to a specific

circumferential position. As such it was preferred to use impulsive distortions and

maintain a ’clean’ intake for the rest of the simulation to avoid any interaction with

the compressor stall.

Fig. 6.20: Different patterns used at distortion inlet.

6.5.1 3-stage MIT rig

The experimental rotating stall characteristic line is formed by the data reported

by Eastland (high φ) and Gamache (low and negative φ), only the 2400 RPM char-

acteristic is fully available. All the results reported in this section are simulated at

2400 RPM.

Before modelling the rotating stall the forward flow characteristic is created. The

correlations for forward, unstalled flow described by Aungier [60] are used, these are

described in section 4.5. These correlations are not applicable to the IGVs because
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of their shape; since the IGVs have high solidity and little camber their deviation is

assumed to be zero, the ω is set to a constant low value. The forward flow results

were initially found to be matching poorly with the data, possibly because the full

blade geometry is not known and the correlations are tuned based on the data from

NASA 2-stage rig.

The correlations are then modified using tuning factors to obtain an accept-

able matching along the whole speed-line. The tuning is performed by multiplying

the deviation and pressure loss coefficients obtained from the correlations with two

constant factors:

ω′SS = ωSS · Cω TUNING δ′SS = δSS · Cδ TUNING . (6.11)

The forward characteristic is reproduced multiple times with various combina-

tions of the two factors. The combination Cω TUNING = 1, Cδ TUNING = 0.5 was

found to give a sufficient matching along the whole unstalled characteristic, as shown

in figure 6.22. The choice of these tuning factors also gives a surge margin close to

what experimentally reported. The matching of the forward, unstalled flow perfor-

mance is not investigated further as this is outside the focus of the present project.

Once the forward and the reverse flow characteristics are matched, the rotating

stall is modelled. The first point on the rotating stall characteristic is obtained

by loading a simulation of the unstalled compressor and triggering a stall. This is

achieved by closing the throttle and using pattern B distortion at the inlet. The

volume is set at a very low value (VPl = 0.5 m3) to ensure that a rotating stall is

obtained and to speed up the simulation by having small oscillations.

The grid used has size 400×10×64. The number of grid elements the meridional

plane is chosen with the same method used for the 2-stage NASA rig test case, with

a finer discretization in the axial direction to improve the robustness of the body

force method during compressor stall. To choice of the number of circumferential

element is based on what used for this application on similar codes, in particular by

Longley [41]. The grid use by Longley and taken as a starting point had 131×6×32;

the number of element is about doubled in the radial and circumferential direction

to maintain a similar aspect ratio. A grid convergence study was performed for this
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Simulation parameters

Grid size 400 × 10 × 64

Rotational speed 2400 RPM

Plenum volume VPL = 0.5m3

Throttle variation Case 1 24% at 1 ms

Throttle variation Case 2 80% at 1 ms, 30% at 200 ms

Outlet (atmospheric) pressure 100 kPa

Inlet pressure 100 kPa

Inlet distortion Pattern B, -10 kPa, 4 ms

Inlet temperature 288 K

Tab. 6.9: Parameters of the two rotating stall development simulations with different
throttle closing schedules.

case and is presented in section 6.1. The simulation was run successfully with the

compressor developing a rotating stall and finding a steady equilibrium point on the

map.

The same point was reproduced with the same distortion but with two sequential

throttle changes with the same final AT as before; the trajectories of the two cases

are reported in figure 6.21. The resulting point on the characteristic is the same for

both simulations, demonstrating the reproducibility of the result and the absence

of unexpected, non-physical hysteresis. The pressure distortion at the inlet causes

a jump in the ψ measurements which can be observed in the figure, in fact both

trajectories right after the start have a sudden increase in pressure rise , when

distortion is applied, and then a sudden drop when it is removed. The equilibrium

point is at a quite low value of φ and both the trajectories have temporarily negative

flow during the stall development. The parameters used for the two simulations are

listed in table 6.9.

From the first starting point the rest of the characteristic is obtained changing

only the throttle. The results obtained on the whole characteristic are compared

to the data in figure 6.22. The rotating stall characteristic was matched very well

on a large range of flow coefficients. The matching of this characteristic is obtained
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Fig. 6.21: Trajectories on the map of two rotating stall developments with different
throttle closure schedules.

without any tuning, however it relies on the empirical correlations which have been

calibrated to match the forward flow characteristic. Therefore the model with the

current empirical correlation cannot predict the forward flow performance, but it

can predict the rotating stall characteristic if the others have been matched.

Only the extremes of the characteristic were not reproduced by the model. Once

this characteristic is obtained the full compressor map of the compressor can be

drawn. The time required to create the whole map for this rig (forward flow, reverse

flow, and rotating stall characteristic) is of 36∼72 hours (not including the model

set-up). The exact time depends on the accuracy required, how long the simulation

are run and how many points are desired. Also, some trial and error of the boundary

conditions conditions is often necessary to obtain the desired rotating stall.

The higher φ values are not reached because the compressor recovers too early;

a similar problem in modelling this area was reported by Longley (see figure 3.26).

A possible cause is that the modelled forward flow characteristic is slightly different

and may have a large influence on this part of the rotating stall characteristic, where

most of the annulus is unstalled. Small steps in opening the throttle are used to

reach the right extreme of the rotating stall chic but, because of computational

time, it is impossible to have infinitesimal steps as in reality. As can be seen in
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Fig. 6.22: 3-stage MIT rig complete map validation, experimental data from Eastland
[56] and Gamache [57].

figure 6.23 a throttle opening causes the operating point to drop temporarily. The

non-infinitesimal steps used in the throttle opening result in significant ‘drops’ in

the trajectory and might cause an early recovery.
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Fig. 6.23: Operating point trajectory during two consecutive throttle openings.

Lastly it is found that close to the recovery the movement of the operating point

has quite a different dynamic than what has been reported in literature. Close to

recovery the trajectory becomes a flat line and follows the direction of the character-

istic, the operating point changes slowly and it can take multiple rotor revolutions
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to reach equilibrium. This effect can be seen in figure 6.23 in which the operating

point was moved by opening twice the throttle. The rotating stall is present since

the beginning of the simulation and a first throttle opening of 200% is done at time

0 ms. The volume of the plenum used is extremely small, 0.1 m3, to accelerate

the simulation convergence and there are practically no oscillations. After the first

throttle opening the operating point quickly dives and rises back to the character-

istic at a higher axial coefficient. 40 ms into the simulation the throttle is opened

again by 200%. This time the oscillation is much larger and the operating point

moves closer to the limit of the characteristic. However, as the time labels on the

trajectory show, the last part of the movement takes a long time. The time required

to reach equilibrium is much more than the previous ‘jump’ had required. The sim-

ulation reaches an equilibrium after about 450 ms (18 revolutions) from the throttle

movement. This behaviour is possibly given by the interaction of the throttle and

the rotating stall characteristic which, in that area, becomes more tangential. We

can apply the linearised dynamics investigation described in section 3.1.4. As the

slope characteristics of throttle and compressor are about the same, the elasticity

coefficient in equation 3.4 becomes ∼= 0 while the damping is non zero. As a result

the equilibrium point attracts the operating point very weakly and causes this slow

dynamic.

The compressor is also throttled to a mass-flow close to zero, down to φ = 0.039

following the experimental characteristic. With a further reduction of the throttle

the rotating stall is modelled down to φ = 0.0034 but the value of ψ drops to 0.64.

The structure of the stall cell also changes from full-span stall to a different structure

where the annulus tip is reversed at every θ and a rotating stall cell of unstalled flow

exists at the hub. This new structure is different from what reported experimentally

and seems to occur together with the unexpected drop in pressure rise; for these

reasons this last solution is considered wrong and discarded.

Also the characteristics of torque coefficient is reproduced and compared to the

one reported by Gamache, figure 6.24. The definition of torque coefficient is given

in section 5, Eq. 5.5

The results from the simulations have a similar trend to the experimental char-
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Fig. 6.24: Rotating stall torque characteristic validation on the 3-stage MIT rig full
map, experimental data from Eastland [56] and Gamache [57].

acteristic but with a constant offset. Only at very low φ the trend of the results

from the code diverges from the experimental ones. The offset appears to be roughly

constant (∼ −0.15) and the same for both the rotating stall and the reverse flow

characteristics. It is not the only case in which this compressor torque was under-

estimated. As reported in the previous section both Longley in his simulations

and Gamache in the post-processing of its own results found that the experimental

torque was always higher than the estimated one. Unfortunately it is impossible to

know whether a bias existed in the experimental measurements or the later models

were wrong.

Validation of the rotating stall cell structure

Rotating stall cell size and speed are reported by Gamache and Eastland and can be

used to further validate the rotating stall simulations. To simulate the experimental

measurement of the stall cell speed the transient simulations were post-processed

probing the axial velocity at many circumferential positions, at constant axial and

radial position. The results are then plotted in a chart as in figure 6.25.

The rotating stall period tRSC is calculated on every trace and averaged. From

the period, the rotating stall speed can be obtained using equation 3.26. It was found

during testing that stall cell speed takes a long time to settle and it is necessary

to run the simulation for many revolutions after the operating point has reached



Chapter 6 Results and discussion 155

0

30

60

90

120

150

180

210

240

270

300

330

360

0 50 100 150 200 250 300 350 400

C
IR

C
U

M
FE

R
EN

TI
A

L 
P

O
SI

TI
O

N
 θ

 [
d

e
g]

 

 TIME t [ms] 

TRSC 

Fig. 6.25: Flow coefficient traces at different circumferential positions.

equilibrium before this measurement can be taken.

The area of the stall cell is calculated based on the axial velocities at a specific

axial position. The velocities on the annular section at the specified i position,

ux i,j,k, are analysed at a time t after the rotating stall has reached steady state.

A threshold velocity is calculated as the average between maximum and minimum

value.

u′x =
max(ux i,j,k) + min(ux i,j,k)

2 (6.12)

All the elements with ux lower than the threshold are considered part of the cell

and the percentage of annulus area occupied by the stall is calculated. This definition

of the threshold is somewhat arbitrary but a similar arbitrary choice is done also

in the correspondent experimental measurement, see section 3.3.1. Depending on

the threshold and the axial position chosen the results can be different and some

ambiguity is present when comparing this to experimental data. The use of an

arbitrary 50% threshold however is justified by the sharp borders of the rotating

stall cell; since the change in axial velocity is large in a small space the threshold

choice was found to have little effect on the final value. The axial position of the
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measurement was chosen to be the same as used by Gamache, in front of the IGV.

The modelled rotating stall speed are compared to the experimental data in

figure 6.26, only data from Gamache are available, for low φ.
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Fig. 6.26: Comparison of modelled and experimental rotating stall speed of the 3-stage
MIT rig, experimental data from Gamache [57].

The modelled speed was found to be very close in range to the experimental

and have the same trend of velocities rapidly accelerating close to zero mass-flow.

The speed also accelerates for φ > 0.3 in particular as the stall cell transitions to

part-span.

The area of the rotating stall cell is compared to the experimental measurement

in figure 6.27. The shape of the stall cell is also shown on the image with the area

of stalled flow in black.
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Fig. 6.27: Comparison of modelled and experimental stall cell size with examples of cell
shape. Experimental data from Eastland [56] and Gamache [57].
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The model simulates a single cell along the whole characteristic, in agreement

with the experimental finding. The cell size decreases with the axial flow coefficient

and full-span cell is observed only at low flow coefficient, the transition to part-span

occurs at φ = 0.35.

The stall cell size post-processed from the results matches closely the measure-

ments from Gamache but not the one from Eastland. This can be caused by the

position where the measurement, real or virtual, are taken; especially at part span

the size of the cell changes significantly through the IGV. It can also be explained

as a difference in the way the area is calculated from the hot wire traces. This is

further supported by the discrepancy between the 2 sets of measurement available.

At higher axial flow coefficients the size of the stall cell diverges, which is rea-

sonable considering the higher recoverability of the model. The overall trend of the

stall cell shape at different flow coefficient is well reproduced. The shape of the

simulated cell will be discussed in detail at the end of this section.

Investigation of the stall cell structure and propagation

The purpose of this section is to take advantage of the three-dimensional model

of the mature stall cell to investigate its structure and propagation mechanism.

Because of the constraints in the physical measurements this would be impossible

with experimental techniques.

The full, 3D cell shape can be be visualised from the post-processing of the axial

velocity, non-dimensionalized as axial Mach number, as in figure 6.28 where the

flow at constant radius is plotted. The color scale has been adapted so that the

flow is divided in forward flow (blue) and reversed flow (red); this convention will be

used throughout the rest of the chapter. The rotating stall investigated in the next

section (in figures 6.28, 6.29, 6.30, 6.32 ) is at φ = 0.38 and has a part-span cell.

In all the figures the axial position x has been non-dimensionalized on the overall

length of the domain.

x′ = xi − x1

xNx − x1
(6.13)

The blade rows have been over-imposed in black, the rotors have a positive
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rotation (anti-clockwise looking at the compressor from the front). In this section

and the following the cell borders will be called propagating edge and receding edge,

the first is the border where the flow reverses (lower border in the figures) and the

latter is the one where the flow unstalls (upper border of the stall cell in figures).

In figure 6.28 it can be seen that the stall cell has a constant width inside the 3

stages but it reduces rapidly through the IGV and upstream. The area of reversed

flow extends for a few centimetres upstream of the IGV but the flow in front of the

stall cell is influenced all the way to the domain inlet. The shape of the area of

reversed flow is more constant downstream of the compressor and reaches the outlet

with almost constant size.

Fig. 6.28: Axial Mach number at half span (radius r=0.285 m) during rotating stall.

The pressure field during the rotating stall is shown in figure 6.29. The pressure

has been non-dimensionalized as a static to static pressure rise coefficient

ψS−S = P − PREF
1
2ρU

2 (6.14)

where the reference pressure PREF is the inlet total pressure 101325 Pa

The static pressure rise is normal in the unstalled area, increasing as expected
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Fig. 6.29: Static to static pressure rise coefficient at half span (radius r=0.285 m)
during rotating stall.

across the stages. In the stalled region instead, the reverse flow has a slightly higher

static pressure, but the same gradient exists. In fact, the flow loses pressure while

crossing the stages. Two particular features can be observed at the border of the

stall cell. At the propagating edge of the cell (θ = 130◦) there is a peak of low

pressure in front of the IGV and a peak of high pressure behind the last stator.

At this circumferential position the higher gradient across the compressor forces

the flow reversal and therefore the propagation of the cell in the direction opposite

to rotor movement. At the cell receding edge instead there are opposite peaks of

pressure at compressor inlet and outlet which drive the fast unstalling of the flow.

The direction of the flow across the stages during rotating stall is investigated

and reported in figure 6.30. The circumferential position scale is changed from

degrees to metres to maintain the proportionality, however the image has the same

dimension of the previous and cover a 360◦ annulus. The stall cell structure is

compared to the active stall cell theory proposed by Day and Cumpsty [20] based

on their experimental observation, figure 6.31. To be coherent with the current

representation the image has been rotate of 90◦ and mirrored.
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Fig. 6.30: Flow direction projected at half span (radius r=0.285 m) during rotating
stall.

Fig. 6.31: Description of the flow direction across the stages in a stall cell as reported
by Day and Cumpsty [20].
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The high energy flow with a large swirl velocity in front of the rotors observed

experimentally by Day and Cumpsty is reproduced in the model. The active stall

cell theory divides the stall cell in a part which has a positive but low axial velocity

and a part with reverse flow. The size of these two parts changes depending on the

compressor geometry. The cell structure in the two figures is in general agreement,

although the simulated cell appears to be formed mostly by the part which is labelled

as reversed flow in the theoretic model. As said before the flow which exits the stall

cell from the cell’s receding edge is immediately re-accelerated and unstalls. However

in figure 6.30 we can observe that right at the cell receding edge the flow in front

of the rotors, with a high uθ, has a small positive axial component. The flow in the

stators instead has very small negative axial component. This narrow region close

to receding edge seems to correspond to the through flow part of the cell in figure

6.31.

The flow structure in front of the IGV is not described in the active stall cell the-

ory. From figure 6.30 it can be observed that the incoming flow redistributes around

the reverse passage, similarly to what was proposed by Emmons [21]. However,

since this is true only for the first row of IGV, his theory that this is the mechanism

driving the stall cell propagation does not seem to be valid.

The mechanism which causes the propagation appears to be the inertia of the flow

inside rotor and stator as described by Day and Cumpsty. At the cell propagating

edge, in the space between the IGV and the first rotor is observed the peak of low

pressure which causes the flow reversal. By observing the flow field in figure 6.30

we can see that the flow in the IGV passage immediately inside of the cell has a low

axial velocity. The first rotor’s motion continuously brings unstalled rotor passages

with high velocity flow right behind this IGV passage. The space in-between these

two rows, at the cell propagating edge, has instantaneously a low incoming flow

from the IGV and a high exiting flow through the rotor. This deficit of mass-flow

generates the reduction in density and pressure observed. The same mechanism is

repeated at the following stages along the cell propagating edge, reversing the flow

in the whole compressor. An opposite structure can be observed at the cell receding

edge creating the local reduction in pressure gradient across the compressor. In this
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border the rotors bring the reversed flow (from the stall cell) behind high speed

flows from the stators (unstalled); the packing of the flow cause the peak of pressure

which force the flow from the rotors to re-accelerate and unstall.

Fig. 6.32: Temperature rise coefficient at half span (radius r=0.285 m) during rotating
stall.

The temperature profile during rotating stall was also investigated. The static

temperature at half span can be observed in figure 6.32. The temperature is non-

dimensionalized as a static temperature rise coefficient ψTEMP , defined as

ψTEMP = T − TREF
1
2
U2

Cp

(6.15)

where TREF is the inlet temperature 288K.

The temperature inside the stall cell is higher than that of the unstalled flow

and in general higher than what generated by normal operation. Cold air enters the

stall cell from the last stator (the temperature of the air aspirated from the plenum

is ∼ 291K). The reversed flow is heated by the rotors as it crosses the blade rows

and reaches the highest temperatures at the front of the cell. Close to the receding

edge where the stalled flow has a positive axial component the highest temperature
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is reached. This seems to suggest that some recirculation occurs and the flow keeps

being heated by the rotors.

The stall cell is in equilibrium and, as cold air is drawn in, the heated air must

be continuously extracted from inside the cell. By observing the temperature at

other radii it is found that the flow at the hub, which is unstalled as this is a part

span stall, is heated up as it passes ‘under’ the cell and exits at high temperature

(∼ 310K). As heat transfer is not modelled in the Euler equations the increase

in temperature must be caused by convection and the hot and cold flows mixing

together. Part of the heat is also extracted at mid and high radii by some hot flows

exiting the cell around its propagating and receding edges.

Fig. 6.33: Flow angle in the meridional plane at half span (radius r=0.285 m) during
rotating stall.

In figure 6.33 is shown the flow angle in the meridional plane αm during the

rotating stall, defined as:

αm = tan−1
(
ur
ux

)
. (6.16)

At the centre of the stall cell (180◦ < θ < 280◦) the pattern is the same as seen

during reverse flow validation, figure 6.12, with positive radial velocities (causing
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negative αm) downstream of rotors and negative velocities downstream of stators.

At the borders of the cell where the flow inverts, the situation is more chaotic, with

the angles going up to 90◦ as the flow stops and reverse; however the maximum

magnitude of the radial velocity is less than 5 m/s as in these region the flow is not

very energetic. Overall, in the case studied the flow is mostly axial, especially in

the regions of unstalled flow, and in the reverse flow the angle does not exceed 15◦.

This supports the use of empirical correlations applied along pseudo-planes for the

forward and reverse flow regimes.

Axial section of the stall cell

The frontal shape of the stall cell can be easily obtained by displaying the axial Mach

number. In figure 6.34 the shape of the mature rotating stall can be observed in the

axial Mach number at the first rotor inlet. This is at φ = 0.11 and is a full-span cell.

In the figure the rotors are rotating in the counter-clockwise direction, therefore the

stall cell is rotating clock-wise relatively to the rotor (but in a video the cell would

appears rotating counter-clockwise, slower than the rotor).

Fig. 6.34: Axial Mach number at IGV inlet during rotating stall. φ = 0.11.

From this figure we can observe that the cell has a three-dimensional shape,

however the high hub-to-tip ratio makes it difficult to distinguish the contours. The
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post-processing of the cell shape has then been adjusted using a non-dimensional

span, with the radius going from 1 to 2. The shape of the rotating stall cell is shown

in figure 6.35 at different position along the 3-stage compressor.

(a) IGV inlet (b) 1st rotor inlet

(c) 1st stator inlet (d) 3rd stator inlet

Fig. 6.35: Axial Mach number contours on the annulus section at different blade rows’
inlet. Case at φ = 0.11.

The stall cell has approximately the same shape across the whole compressor and

as observed before there is no twisting around the x axis. The only large difference

appears in the stall cell receding edge which has different shape at the IGV, in the

intermediate stage and at the last stator. The positive value of φ for this test case

(φ = 0.11) is the sum of a large sector at low magnitude reverse speed and a smaller

sector at high forward speed. In general, at the IGV inlet the reversed sector has a

low velocity (close to 0 m/s) at the hub and a higher reversed velocity at the tip,

instead the last stator has the highest reverse velocity close to the hub and lower at

the tip. The intermediate stages have overall uniform flow in the reverse sector. The

shapes of the trailing and leading edge of the stall cell at the first rotor are similar

to that reported by Jackson (figure 3.4). The same shapes at the edges are observed

also at higher φ. The case at φ = 0.38 where the stall cell starts to be part-span is

shown in figure 6.36.
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(a) IGV inlet (b) 1st rotor inlet

(c) 1st stator inlet (d) 3rd stator inlet

Fig. 6.36: Axial Mach number contours on the annulus section at different axial
positions. Case at φ = 0.38.

In this case we can see that the stall cell becomes part-span. It was decided to

consider the stall part-span when the flow at the hub becomes unstalled at every

axial position. Even though the flow is not reversed at the hub (or stalled), the

velocity still reduces of 50% in correspondence of the cell. Therefore the definition

of ‘part-span’ cell is somewhat ambiguous as in fact a reduction in flow still exists in

the whole span. The 50% reduction occurs at the IGV but becomes less in the later

stages. At the last stator the flow is substantially uniform at the hub. This can be

observed in figure 6.36; from the scale of colors we can observe that the hub at the

IGV has a minimum Mach number of 0.05, at the last stator this becomes ∼ 0.15.

The shape of the stall cell just before recovery at φ = 0.475 is reported in figure

6.37.

In this last case the reversed portion of annulus covers only 50% of the span,

with a stalled area of only 22% of the total. However like in the previous case at the

IGV inlet the velocity is still reduced at the hub down to 50% in correspondence of

the stall cell. Again, the choice of labelling this as a part span stall is somewhat

arbitrary. At the last blade row instead, the stalled and unstalled regions have a



Chapter 6 Results and discussion 167

(a) IGV inlet (b) 1st rotor inlet

(c) 1st stator inlet (d) 3rd stator inlet

Fig. 6.37: Axial Mach number contours on the annulus section at different axial
positions. Case at φ = 0.475.

very sharp border, the reverse flow has a high negative velocity and the unstalled

has a high positive velocity.

Eastland reported at φ > 0.5 that the stall cell was still full span, as measured

using a hot wire. Because of the ambiguity in definition it is impossible to determine

whether the current results are in agreement or not with the experimental finding.

This ambiguity can also explain the difference in stall cell size trend between the

experimental data and the simulations. On the other hand, the compressor was

experimentally found to suffer from rotating stall until φ = 0.64 while the current

tool predicts the recovery at approximately φ = 0.52. It is therefore reasonable to

assume that the experimentally measured cell is larger than the simulated one in

this very last section of the characteristic. The stall cell extending axially through

the whole compressor even at very high flow is certainly in agreement with what

reported by Eastland.

On the other extreme of the characteristic the full-span stall cell was reported

experimentally to cover up to ∼ 90% at the maximum negative mass-flow, φ =

−0.05. However, as previously explained, when the simulated compressor is throttled
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close to zero mass-flow the full annulus becomes reversed and a cell of unstalled flow

appears at the hub, rotating in a similar fashion to normal rotating stall, figure 6.38.

However this result is not considered reliable and discarded.

Fig. 6.38: Axial Mach number showing the simulated rotating stall shape close to zero
mass-flow, case at φ = 0.0034.

6.5.2 4-stage C106 rig

The same methodology used in modelling the 3-stage MIT compressor is used to

model the 4-stage C106 rig and produce its compressor map.

The domain used has 600× 10× 64 elements. The number of axial elements has

been chosen to maintain the same axial element size dx as the 3-stage MIT rig case,

dx ∼ 0.002 m. A grid convergence study has been performed following the same

guideline as described in section 6.1. The simulation of a rotating stall is loaded and

run for 50 ms with each grid, details of the grid tested are reported in table 6.10.

The results at the end of the simulations are then compared.

Similar to what presented in the convergence study of the 3-stage MIT rig test

case, the grid chosen for this case does not allow to calculate a GCI index correctly.
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Number of elements Grid size h Time step dt
(at t = 0)

Grid 4 420× 7× 48 = 188160 0.823 · 10−2 m 2.34 µs

Grid 3 600×10×64 = 384000 0.649 · 10−2 m 1.65 µs

Grid 2 660×11×72 = 522720 0.586 · 10−2 m 1.48 µs

Grid 1 780×13×84 = 851760 0.498 · 10−2 m 1.26 µs

Tab. 6.10: Number of elements, element size, time step and computational cost of the
grids used in the grid dependency study for the 4-stage C106 rig test case.

This is because the convergence occurs in grid 1,2 and 3, with the grid chosen,

no. 3, being the first step in the convergence. It is possible however to obtain

an extrapolated value of each variable X on an infinitely fine grid, and calculate

an extrapolated relative error for the grid used. The variable chosen are the axial

flow coefficient φ, the pressure rise coefficient ψ and the torque coefficient ψT . The

results are reported in table 6.11 and the extrapolated relative error variation with

grid refinement is shown in figure 6.39. While the finer grids offer a higher accuracy,

grid 3 was selected as a trade-off between results accuracy and computational cost.

The selected grid has a maximum relative extrapolated error of 14.5%, on the torque

coefficient.

The correlations used to estimate the performances in forward flow are those

developed by Rolls-Royce. The data of the full map are available only for the

rotational speed of 3000 RPM [58], all the following results have been obtained at

this speed. The full set of parameters used for the rotating stall simulations is

reported in table 6.12, the inlet distortion was used only to obtain the first point,

the other points were obtained changing the throttle. The full map is created and

compared to the experimental data, as in figure 6.40.

The forward flow characteristic follows closely the experimental one but under-

estimates the peak ψ. The stall occurring when the throttle is reduced always starts

at the hub of the last stator while Day reported the onset of stall at the first rotor

tip. This could be because of either the uncertainty on the IGV geometry (which

was partly guessed), an excessively conservative stall criteria at the hub geometry
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Variable X Axial flow
coefficient φ [-]

Pressure rise
coefficient ψ [-]

Torque coefficient
ψT [-]

X4
420× 7× 44 0.1264 0.5966 0.8706

X3 case tested
600× 10× 64 0.1260 0.5980 0.8990

X2
660× 11× 72 0.1273 0.6108 0.9176

X1
780× 13× 84 0.1279 0.6164 0.9425

Xex 0.1283 0.6177 1.0509

eex case tested 1.79% 3.19% 14.5 %

Tab. 6.11: Grid convergence study for the 4-stage C106 rig test case.
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Simulation parameters

Grid size 600 × 10 × 64

Rotational speed 3000 RPM

Plenum volume 0.5m3

Outlet (atmospheric) pressure 100 kPa

Inlet pressure 100 kPa

Trigger inlet distortion Pattern B

Inlet temperature 288 K

Tab. 6.12: Parameters of the C106 rotating stall simulations.
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Fig. 6.40: Full compressor map validation on the 4-stage C106 rig, experimental data
from Day [58].

or a poor distribution of losses and deviation along the span. Unfortunately no data

are available on the profiles of loss and deviation for comparison.

The reverse flow characteristic was matched to the experimental data over most

of the range, however the lowest part was not achieved as the compressor would

recover earlier.

The rotating stall characteristic was reproduced with very good matching to

the experimental characteristic. Although the pressure rise is underestimated, the

trend is very well reproduced. Unlike the MIT rig test case the characteristic was
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reproduced in the same range of φ showing the same recoverability at high flow

coefficients.

The correct modelling of the rotating stall characteristic is obtained despite the

large difference in peak value of unstalled ψ. This further supports the theory that

the mature rotating stall mechanism does not depend on single passages stalling (the

mechanism described by Emmons) but on inertia matching of the static and rotating

blade rows. The blade passages do not stall because of the inlet incidence angle but

are forcefully (and quickly) reversed by the pressure gradient applied. Therefore the

blade passages with unstalled flow are operating at low values of ψ, far from the

peak value.

The flow-field structure was not reported by Day, and validation is not possible.

However the speed and size of the stall cell have been measured along the character-

istic and are shown in figures 6.41 and 6.42. The flow was probed between the IGV

and the 1st rotor. The tool simulated a single-cell stall in all operation conditions,

in accordance with Day’s observations.
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Fig. 6.41: Rotating stall cell speed modelled on the 4-stage C106 rig.

The trends of speed and size are the same as in the previous test-case, although

the average cell speed is lower. The trend of the cell size along the characteristic

is linear with no discontinuity, the stall cell changes from full span to half span at

φ ∼ 0.55. At high φ, where the cell transitions to half span, it remains in the tip part

of the annulus and across all the four stages, similar to what was observed in the
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Fig. 6.42: Rotating stall cell size modelled on the 4-stage C106 rig .

3-stage MIT compressor. The cell speed increases for part-span stall and for almost

zero flow coefficient. The rotating stall characteristic and the cell speed values have

a small step change at φ ∼ 0.15, however no macroscopic change in the structure

was observed.

6.6 Surge simulation

Simulations are run on both the 3-stage MIT and 4-stage C106 rigs. In this sec-

tion mainly transient simulations are reported, where the focus is on the dynamic

performance of the compressor. Depending on the simulation parameters the initial

stall trigger can develop into either a surge or a rotating stall. Surge simulations

can be run three-dimensional or with axi-symmetry assumption; in the following

sections 6.6.1 and 6.6.2 only 3D simulations are used. A discussion on the use of 2D

simulations is presented in section 6.6.3

6.6.1 3-stage MIT rig

No experimental data is available on the surge behaviour of this compressor. Gamache

reported a series of surge simulations performed using a zero-dimensional model he

developed. These results however are not validated and hold little value for the

present work. He proposed a surge frequency estimation based on the Helmoltz fre-
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Simulation parameters

Grid size 400 × 10 × 64

Rotational speed 2400 RPM

Plenum volume Variable 10m3 > VPL > 1m3

Throttle variation 85%

Outlet (atmospheric) pressure 100 kPa

Inlet pressure 100 kPa

Inlet distortion Pattern A, ± 4 kPa, 4 ms

Inlet temperature 288 K

Tab. 6.13: Parameters of the 3-stage MIT rig surge simulations with variable plenum
volume.

quency of the system but, based on what reported by Day [58], this is not considered

reliable and discarded.

Response to variable volumes

The Gamache model is used for a parametric study of the surge simulation, to

verify the response to a variable volume. The objective of the simulation was to

verify the existence of a critical value of the volume which will change the result

from a surge to a rotating stall. Every other parameter which could influence the

stall dynamic is kept constant, so that the variable VPL have the same effect as a

variable Greitzer parameter B. An asymmetric perturbation is necessary to ensure

that the compressor can develop a rotating stall if the conditions are correct. The

perturbation with Pattern A (described in Section 6.5, Figure 6.20) was used as it

introduces only a background asymmetry similar to what would naturally exist in

a real compressor. The stall trigger is a throttle closure to mimic the operation in

a test facility. The simulation parameters are shown in table 6.13. The results are

collected and compared in figure 6.43.

Depending on the volume the tool simulates both rotating stall and surge as

outcomes; a critical value of volume can be found, 1.5 m3 > VPL CRIT > 1 m3.

The shapes of the surge cycles follow the trend described in literature, the higher
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Fig. 6.43: Stall trajectories at varying plenum volume on the 3-stage MIT rig.

volume cycle reaches the reverse characteristic at the highest ψ and recovers at

the lowest. The largest volume also has the minimum overshooting when leaving

both the characteristics. The two surge cycle at higher volumes reach the reverse

characteristic and follow it for part of the cycle, while the surge at lower volume

does not fully reach it.

The simulation at the lowest volume starts with the steepest trajectory, does

not reach the zero flow coefficient and during recovery part of the cycle starts the

spiral trajectory typical of rotating stall. Finally it finds its equilibrium on the stall

characteristic. However, when the compressor enters the spiral it is following the

same trajectory as the case with VPL = 1.5m3 which instead successfully recovered.

The difference in behaviour is explained by the fact that during the recovery part

of the trajectory the 2 cases have completely different flow-fields, invisible in the

map. The 3 cases which surged never developed a strong asymmetric flow pattern.

This pattern grows during the reversing and recovery phases of the cycle; while the

compressor is operating in fully reverse flow instead it reduces, and when following

the unstalled forward flow characteristic it is removed completely. As the case with

1m3 volume never reaches the reverse flow characteristic, the asymmetry continues

to grow and during the recovery a rotating stall is present. Therefore in the 1.5m3

and 1 m3 volume cases the compressor has different performance during recovery:

in one of them it is following the axi-symmetric characteristic and in the other one
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the rotating stall characteristic.

The growth and dissipation of asymmetry during the 1.5m3 volume surge cycle

is shown in figure 6.44. The axial velocity at 2nd rotor inlet is shown right after the

stall has begun and a rotating stall is present, 6.44a, which then grows to cover the

whole annulus 6.44b. The asymmetry grows during the reversal, but once it reaches

the reverse flow characteristic it is dissipated and during recovery the flow is mostly

axi-symmetric 6.44c. As the recovery progress the asymmetry grows again and a

small stall cell is present right before the annulus unstalls completely 6.44d. Once

on the forward flow characteristic the flow returns to complete axi-symmetry.
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Fig. 6.44: Stall trajectories with volume of 3 m3, with axial Mach number at 2nd rotor
inlet display the flow structure at different instants during surge.



Chapter 6 Results and discussion 177

Simulation parameters

Grid size 400 × 20 × 64

Rotational speed 2400 RPM

Plenum volume 3 m3

Throttle variation 85%

Outlet (atmospheric) pressure 100 kPa

Inlet pressure 100 kPa

Inlet distortion Pattern A, 4 ms, or Pattern B, 10 ms

Inlet temperature 288 K

Tab. 6.14: Parameters of the 3-stage MIT rig surge simulations with different inlet
distortions

Response to different inlet distortion

In order to assess the response of the model to different inlet distortions one of the

previous simulations is re-run with the alternative type of perturbation at the inlet,

Pattern B. The two patterns used have been described in Section 6.5, Figure 6.20.

Just like Pattern A, this second inlet distortion is held in place temporarily

and then removed. The distortions have different magnitude and different duration

in time, pattern A lasts 4 ms while pattern B lasts 10 ms. The details of these

simulations are reported in table 6.14.

The resulting trajectories are shown in figure 6.45. The pattern B trajectory has

been modified removing the initial part, where the trajectory on the map is erratic

because of the interference of the distortion on the post-processing.

The stronger Pattern B distortion guarantees that a rotating stall cell is formed

immediately and as a result the operating point spirals down onto the characteristic

line. The presence of a rotating stall immediately after the distortion is removed can

be observed in figure 6.46. The points of the trajectories at which the images of this

figure are taken have been highlighted with ◦ marks in figure 6.45. Pattern A case

with low distortion instead can be observed being more axi-symmetric close to full

reversal. According to the previous simulation the value of VPL that characterises
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Fig. 6.45: Stall trajectories with different inlet distortions on the 3-stage MIT rig, the ◦
markers indicates the point where image in figure 6.46 are taken.

Fig. 6.46: Axial mach number at IGV inlet during surge transient. Surge triggered
with pattern A shows a mostly axi-symmetric reversal (left), surge triggered

with pattern B shows a rotating stall already formed from the simulation
beginning (right).

the transitions from a surge cycle to a mature rotating stall is between 1 and 1.5m3.

The current Pattern B simulation lies far outside this boundary, yet still manages to

lock in rotating stall, demonstrating the dependence on the triggering mechanism of

the stall. It seems reasonable to assume that, even with the large inlet distortion,

the compressor could still experience surge with a sufficiently high plenum volume.

We could then say that Pattern B distortion causes the critical value of VPl to change

from the previous value, < 1.5 m3, to a value more than doubled, > 3 m3. In this

regard, the developed code proves useful as it is able to predict the outcome of two

different stall triggering mechanisms.
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An explanation of this particular outcome can be suggested by the linearised

dynamics described in section 3.1.4. Before settling into an equilibrium both the

cases exhibit mass-flow oscillation. The case which has developed a rotating stall has

a much flatter compressor characteristic than the other and therefore it has smaller,

more damped oscillations. For this reason the Pattern B case does not manage to

return on the unstalled characteristic but remains in the central area where it keeps

being attracted to the equilibrium point with progressively smaller oscillations.

The current investigation has employed two distortions with two arbitrary pat-

terns and very different magnitudes. Since the code has proved capable of predicting

the result of different distortions, it could be interesting to perform a more detailed

investigation. The intensity of the inlet distortion can be quantified using one of

the methods used in experimental techniques like the sectional distortion coefficient

(DC60), the circumferential distortion index or the radial distortion index [66]. The

results seems to suggest that there is a critical value of ‘distortion intensity’ for

which the compressor stall develops into a rotating stall instead of a surge. Higher

values of B parameter require higher values of inlet distortion to trigger a rotating

stall and we can probably draw a profile of critical distortion magnitude for variable

B and vice-versa (critical B as function of the inlet distortion magnitude).

6.6.2 4-stage C106 rig

The C106 rig was tested for surge by Day and some measurements of the cycles

observed are available in his 1994 paper [58]. The surge trajectories are reported for

3 different plenum volumes VPL = 11.7; 7.2; 3.5 m3, and the surge frequencies are

available for seven plenum volumes from 33 to 2.5m3. The same volumes are tested

with the new tool for comparison.

The throttle size kept during surge in the experiments is not reported directly.

In the test the throttle was moved very slowly towards the surge point, 1% reduction

every 50 revolutions, and once the stall was triggered it was kept constant during

the cycle. A similar technique is used during the simulation although a faster rate

of throttle closure is used to save computational time. The simulated surge line

is lower than the experimental one, see figure 6.40, therefore the throttle used is
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larger than the real one. The different throttle is going to influence the dynamics

of the surge. To test the difference caused by the throttle size, a surge cycle is

simulated with the same starting point, inlet distortion and overall parameter but

with different throttle closure. Two throttle closures are tested, one of 95% with a

final AT = 266 cm3 and one of 85% with final AT = 241 cm3. The surges obtained

have a different behaviour in time, as shown in figure 6.47. The smaller throttle

gives a slower blow down but a faster re-pressurization than the larger throttle.

Because the re-pressurization phase occupies the largest part of the cycle, the surge

with smaller throttle has a smaller period and has a frequency 8% higher. The

throttle closure used in the surge simulations reported in this section is 95%. It is

interesting to notice that, despite the substantial effect of the throttle size on the

surge dynamics, this is not included in the B parameter and is usually not reported

during experimental testing. Another important effect of the lower maximum ψ

is that the blow-down and re-pressurization of the tank will take less time as the

amount of air stored in the volume at peak is less.
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Fig. 6.47: Comparison of surge profiles obtained with different throttle closure,
VPl = 3m3.

The parameters used in the 4-stage C106 rig surge simulations are reported in

table 6.15.

In figure 6.48 the surge frequencies obtained by the simulations are compared to
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Simulation parameters

Grid size 600 × 10 × 64

Rotational speed 3000 RPM

Plenum volume Variable: 11.7 ≤ VPl ≥ 3.5m3

Throttle size during cycle 266 cm2

Outlet (atmospheric) pressure 100 kPa

Inlet pressure 100 kPa

Inlet distortion Pattern A

Inlet temperature 288 K

Tab. 6.15: Parameters of the 4-stage C106 rig surge simulations.

the experimental data. The trend of the frequency with volume is well reproduced

by the simulated cases of surge, however a constant over-estimation of the surge

frequency is present. Surge cycles with volumes of 2.5 m3 and lower result in a

rotating stall.

With the chosen domain size each surge simulation, of 0.8 s of physical time,

takes approximately 45 hours of computing on a single workstation with 4 cores.

This time corresponds to about 1.5 to 3 surge cycles, depending on the frequency.
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Fig. 6.48: Comparison of experimental and modelled surge frequency for different
plenum volumes, experimental data from Day [58].

To investigate further the surge cycle the profile of pressure in time is also repro-
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duced. In the paper from Day [58] the measurements of pressure at compressor exit

and in the plenum during surge are reported . The conditions of this particular test

are not described but from the timing of the single surge (and matching it with the

reported frequencies) we assume that this was the experiment with VPl = 7.2m3.

The experimental and simulated profiles of pressure are compared in figure 6.49. The

pressure rise coefficients ψ from the experimental data are calculated using equation

5.6 and considering the jump from inlet total pressure to the static pressure in the

plenum (labelled EXPERIMENTAL PLENUM ) and to the static pressure at com-

pressor exit (labelled EXPERIMENTAL COMPRESSOR). The ψ from the model

is calculated with the static pressure in the plenum. The pressure profile from the

model was shifted in time so that the blow-down trajectories are coinciding.
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Fig. 6.49: Comparison of experimental and modelled pressure profiles during a surge
cycle. Experimental data from Day [58].

From the comparison we can observe that the modelled blow down has the same

rate of the experimental but lasts for less time because of the lower maximum pres-

sure, about 3 rotor revolutions less. The modelled recovery (lower part of the cycle)

occurs at a slightly higher ψ and thus it lasts less time, about 1 rotor revolutions.

The re-pressurizations have a similar trend until ∼ ψ = 1 where the modelled com-

pressor’s ψ starts becoming flat and reaches it’s peak at 1.38. The experimental

profiles keep increasing until ψ = 1.6. The difference in the re-pressurization rate
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at high ψ is justified by the fact that the throttle is smaller in the experiment and

at ψ = 1.2 the real compressor is still far away from the equilibrium.

The experimental pressure profiles at compressor exit and plenum in figure 6.49

have a very specific interaction between them, in fact the difference in pressure

imposes an acceleration or deceleration on the flow. At the beginning of the blow-

down the lines are very distant and the pressure in the plenum, higher than at

compressor exit, causes the flow to decelerate and reverse. While the operating

point follows the reverse characteristic (blow down) the changes in axial velocity are

small compared to change in pressure, and the two profiles are in fact coinciding.

During recovery the pressure at compressor exit is much higher than in the plenum

as the compressor unstalls and accelerates, until the operating point reaches the

unstalled characteristic. Then during re-pressurization the plenum pressure is always

slightly higher than the pressure at compressor exit, as the flow decelerates while

the operating point rises along the unstalled characteristic.

The same profiles are reproduced in the surge simulation, using the ψC106 and a

ψ calculated using an area-averaged pressure at the last stator exit; the profiles are

compared in figure 6.50. The same regions of pressure difference observed exper-

imentally are reproduced by the simulation, as well as the plenum pressure being

slightly higher than the compressor exit pressure during re-pressurization.
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Fig. 6.50: ψ profiles measured at plenum and compressor exit during surge.
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The largest difference between the experimental and modelled pressure profiles

in figure 6.49 however, is caused by the stall inception itself. The modelled compres-

sor after the first cycle reaches the maximum pressure peak and stalls immediately

leaving a knee in the graph. The experimental compressor instead once it reaches

the maximum pressure remains in this condition while a new rotating stall forms

and grows. The pressure only decreases slightly while the stall forms before hav-

ing a sudden drop once surge begins, the whole stall growth takes about 5 rotor

revolutions.

At the beginning of the second cycle the simulated flow-field is absolutely axi-

symmetric and thus it is impossible to model a rotating stall during the stall in-

ception. To try and reproduce as closely as possible the inception mechanism an

algorithm has been developed which introduces random disturbances in the flow

velocities at blade LE and TE. The disturbance is set at a very high level, 6%, to

guarantee that a single virtual passage will stall before the others. However the

first separation in the model occurs always at last stator hub, and not in the first

rotor tip as observed experimentally. Although a single passage does stall before

the others, the initial stall cell becomes axi-symmetric in a small fraction of rotation

and then starts to grow radially; the overall growth is so fast that the resulting

profile is practically the same as in figure 6.49. The two stall inceptions are not

really comparable anyway as they occur at different blade rows; it remains to be

investigate how the present tool would model the stall inception if it occurred at the

first rotor tip.

6.6.3 2D and 3D surge simulations

The simulations shown so far have been run in 3D with an asymmetry added only at

the start using a distortion. The surge cycle shows transient asymmetric flow-field

structures during the reversing and recovering part of the cycle, however these parts

typically occupy less than 10 ∼ 15% of a deep surge cycle period [58]. Regardless of

the volume size and perturbation it has been observed that in the simulations the

asymmetry is dissipated so much during the unstalled leg of the surge cycle that

in the following cycle all the circumferential positions are numerically exactly the
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same. Therefore, by running more than two cycles in succession we can observe

which difference exists in the same case run with the assumption of symmetry or

run in full 3D.

In this section we will use the 3-stage MIT rig case as it was tested in section 6.6.1

and vary the plenum volume, all other parameters are as in table 6.13. The case with

VPl = 3m3 is shown in figure 6.51. The most substantial difference between the first

3D cycle and the second axi-symmetric cycle is in the inception and reversing part

of the cycle. The distortion introduced to guarantee the asymmetry, even though it

is of small intensity, makes the compressor more susceptible to stall and lowers the

point at which it begins. The axi-symmetric cycle instead has a bigger overshooting.

The initial part of the recovery leg is identical, as the 3D model has a mostly axi-

symmetric flow (see figure 6.44). During the recovery however, as the 3D model

starts to develop some asymmetry, the two trajectories begin to differ.

The overall shape of the cycle is the same and only marginal differences are

present; the maximum difference in ψ is at the overshooting and is less than 5%.

The difference in cycle period is also less than 5% and is caused only by the initial

overshoot while the rest of the cycle occurs at substantially constant rate as can be

observed in figure 6.52.
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Fig. 6.51: Surge cycle of the 3-stage MIT rig, modelled with symmetry assumption and
full 3D model. VPl = 3m3.

In the case with VPl = 1.5m3 the operating point spends very little time on the
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Fig. 6.52: Pressure rise profile during surge of the 3-stage MIT rig, modelled with
symmetry assumption and full 3D model. VPl = 3m3.

reverse flow characteristic and in the 3D case the asymmetry develops more. In fact

the region at zero mass-flow and the recovery are quite different. In particular the

2D recovery presents a much more erratic behaviour, while the 3D one is much more

smooth. Despite the differences in trajectory and the lack of asymmetry the overall

profile in time remains quite similar and the period increases of less than 4%, caused

again mainly by the initial overshoot.
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Fig. 6.53: Surge cycle of the 3-stage MIT rig, modelled with symmetry assumption and
full 3D model. VPl = 1.5m3.

When the symmetry assumption is applied to a case which should develop a

rotating stall the result can be substantially different. The case of VPl = 1 m3
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Fig. 6.54: Pressure rise profile during surge of the 3-stage MIT rig, modelled with
symmetry assumption and full 3D model. VPl = 1.5m3.

is run in 2D and the resulting trajectory is shown in figure 6.55. While this case

had resulted in a rotating stall when simulated in 3D, this time the compressor

suffers a classic surge. The first half of the oscillation is very similar in the two cases

regardless of the presence of the perturbation. During the recovery the 3D simulation

develops a rotating stall and is strongly attracted by the equilibrium point. The axi-

symmetric simulation instead returns to the unstalled conditions. This time the 2D

simulation has been run separately and 2 cycles are drawn in the figure. Because of

the short time on the forward flow characteristic some perturbation is still present

when the second cycle start, and affects it. The two 2D successive cycles are then

quite different. This was not observed in the previous cases, where successive 2D

cycles were identical.

If an even smaller volume is tested VPl = 0.85m3 instead the surge oscillation is

too small to return on the unstalled characteristic and the operating point remains

‘trapped’ in the middle of the map where it finds an equilibrium. Because of the

symmetry assumption it can not develop a rotating stall and the equilibrium is found

with reverse flow and unstalled flow at different radius in the span. The flow-field

in the meridional plane at the first stage is shown in figure 6.56.

The uniform flow changes radial distribution in the first rotor and a reverse

flow area is formed at midspan while the rest remains unstalled. The structure

is maintained constant downstream of the compressor to the domain outlet. We



188 Results and discussion

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

P
R

ES
SU

R
E 

R
IS

E 
C

O
EF

FI
C

IE
N

T 
ψ

 [
-]

 

AXIAL FLOW COEFFICIENT ɸ [-] 

3D MODEL

2D MODEL

Fig. 6.55: Operating point trajectory during stall triggered with throttle closure,
modelled with symmetry assumption and full 3D model. Test case: 3-stage

MIT rig, VPl = 1.0m3.

Fig. 6.56: Meridional flow structure in a failed simulation in which rotating stall was
not modelled because of the symmetry assumption.

can observe that the equilibrium found has streamlines at high speed right next

to streamlines of reverse flow. The compressor has a very small span, as seen in

figure 6.34, and this means that the streamlines are very close to each other with a

large span-wise variation in axial velocity. However, since there is no shear stress is

modelled in the Euler equations this is still a reasonable solution for the tool. The

absence of shear stress also allows the streamlines to continue indefinitely and not

mix out even in the long downstream duct.

Concluding, when modelling a surge caused by throttle closure or a fuel spike (or
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Fig. 6.57: Operating point trajectory during stall triggered with throttle closure,
modelled with symmetry assumption. Test case: 3-stage MIT rig,

VPl = 0.85m3.

in general a trigger which does not introduce strong asymmetry) a 2D simulation

can be used instead of a 3D. The 2D assumption should be used only in condi-

tions where deep surge is expected and a large amount of the cycle is spent on the

reverse flow characteristic. This will reduce of more than an order of magnitude

the computational time and the error should be acceptable (in this test case it was

< 5%). When the conditions are such that the compressor is very close to a tran-

sition between surge and rotating stall (VPl ∼ VPl CRIT ) then the 2D assumption

might cause the tool to simulate the wrong result. More in general the 2D model

should not be used whenever the asymmetry is expected to grow and having an

effect on the performance.

The method used to introduce asymmetry can also be improved. A single per-

turbation at the beginning was used so far during surge simulations. This was not

a problem as in the current study the outcome (rotating stall or surge) is decided in

the first oscillation and the only case which exhibits a rotating stall is the one which

does not reach the forward flow characteristic. In general however for more complex

test cases there is the risk that the initial asymmetry is dissipated and does not

allow the compressor to develop a rotating stall when it should. This problem can

be solved introducing the asymmetry by means of continuous random perturbation

of the variables in the compressor.
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Chapter 7

Conclusions and future development

7.1 Summary

The objective of the current PhD project is the creation of a fast and robust tool to

model three-dimensional rotating stall and surge.

In the Methodology the development of the new code is reported in detail. A

three-dimensional, unsteady, compressible, cylindrical Euler solver is developed as

core of the new tool. The first order Godunov scheme is chosen as its robustness,

accuracy in modelling discontinuities and numerical diffusion are deemed particu-

larly beneficial to the modelling of compressor stall transients. A body force method

was created based on the formulations existing in literature, combining the desired

features of each of them. The accuracy of the performance modelling depends on

the empirical correlations used to model the performance of the blade rows. After

a review, two sets of correlations for forward flow were identified and implemented,

as well as a criterion to detect the occurrence of separation in the blade passages. A

new methodology to model the performance of separated passages at low speed is

developed and applied to simulate reverse flow. The capability of saving and resum-

ing simulations is implemented in the code, and thanks to this a new methodology

is developed to accelerate the creation of the compressor full map. The code is also

parallelised to work on multi-core workstations.

In the Results chapter the tool is validated in successive steps using various test

cases.

• A simple convergent duct is used to verificate the three-dimensional Euler

solver. A three-dimensional flow caused by a pressure distortion on a 90◦
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sector at inlet is modelled with the new tool and with ANSYS FLUENTTM;

velocity and pressure profiles are successfully matched.

• Forward, unstalled flow is validated on a 2 stage compressor rig in order to test

the empirical correlations and the body force method. The subsonic speed-

lines at 50% and 70% of design speed are successfully reproduced on both the

pressure and temperature maps. The empirical correlation were calibrated for

this case and they do not match the 3-stage MIT test case, requiring additional

tuning.

• The pressure and torque reverse flow characteristics are successfully matched

to experimental data from the 3-stage MIT rig; the pressure reverse flow char-

acteristic is also validated with data from the 4-stage C106 rig. Reverse flow

is modelled on a 6-stage modern compressor and compared to data from CFD.

Pressure and temperature characteristics are matched for low-speeds, but the

simulation could not be run at transonic regimes due to luck of appropriate

correlations and body forces. The overall trend is correctly reproduced at all

speeds.

• The rotating stall characteristics are reproduced for the 3-stage MIT rig and

the 4-stage C106 rig and matched to experimental data, obtaining the complete

compressor map of both test cases. The size, shape and speed of the modelled

rotating stall cell is matched to the data reported; by using the 3D model

of the rotating stall the propagation mechanism and cell structure are also

investigated.

• Surge is modelled on the 3-stage MIT and the effects of varying tank volume

are investigated. The surge trajectory changes with volume according to the-

ory and a critical value of VPl is found at which the outcome transitions to

rotating stall. The effect of different inlet perturbations is also assessed and it

is found that a stronger perturbation increases the predicted critical volume.

An explanation of the results based on the flow-field structure and on surge

dynamics is given.
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Surge is modelled on the C106 rig and the model closely replicates the surge

frequencies reported experimentally. The pressure profile during surge cycle

is also successfully matched to experimental data. The main difference in the

cycle shape observed is the stall inception, which is not reproduced correctly

by the current tool. While during stall inception the experimental rig exhibited

a growing rotating stall in the first rotor, the simulated compressor shows an

axi-symmetric abrupt stall starting from the last stator.

In conclusion a new three-dimensional tool has been developed capable of pro-

ducing complete compressor maps of low-speed compressors, including the reverse

flow and rotating stall characteristic. The tool is able to predict the reverse flow

characteristic; it can also predict the rotating stall characteristic, provided that the

forward flow characteristic is correctly matched. The forward flow matching can re-

quire the use of tuning factors as the empirical correlations implemented do not have

general applicability. The developed tool is capable of reproducing the full compres-

sor map in less than 72 hours. This computational cost is unrivalled by modern

3D high-fidelity CFD codes which, when employed to model rotating stall on a full

annulus, currently require weeks to model a few blade rows [48]. Three-dimensional

surge simulations on a low-speed rigs with 7 blade rows can be performed with a

computational cost of about 50 hours for 1 s of physical time. The surge and ro-

tating stall results were successfully validated against two test cases, reproducing

in both cases the full compressor map and realistic transient performance. All the

objectives set for this PhD project have been achieved satisfactorily.

7.2 Contribution to knowledge

During this project a new attempt was made at creating a low-order method to

model rotating stall and surge in low-speed multi-stage compressors. With its ex-

tensive validation on two experimental rigs, the current code already represents a

step forward from most of the low order methods existing. Aside from this, the

following contributions have been made to the current literature:

• The code is the first application of the physically correct Godunov solver to
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three-dimensional modelling of rotating stall and surge. The features of the

solver, robustness and accuracy in modelling discontinuities, are deemed par-

ticularly beneficial for this application.

• A new physic-based formulation of body forces and empirical correlations has

been proposed, specifically developed to model the performance of blade rows

during low speed, reverse flow and mixed flow. This new formulation proved

to be general enough to be satisfactorily applied to different multi-stage com-

pressors without extensive re-calibration necessary.

7.3 Recommendations for future work

The new tool has been successfully validated on low-speed experimental compressors,

however the application to high-speed modern compressors still requires further

improvements. In order to correctly simulate the behaviour of real, modern aero-

engine compressors during stall the following improvements are deemed necessary:

• Improve the body force formulation to be applicable to transonic and super-

sonic flows. Currently the body forces become singular at M = 1, a new

formulation should be developed.

• Improve the correlation for reverse flow deviation to include the effect of com-

pressibility. The current assumption of constant density is used to simplify

the model and thus the axial velocity is considered constant in the passage. A

new correlation should be developed considering the change in axial velocity

in the blade passage.

• Expand the applicability of the forward flow correlations to include transonic

conditions and shock-waves inside the blade passages. Empirical correlations

which predict the losses due to shock-waves exist already [69]; however it is

necessary to assess their interaction with the Euler solver. In fact in transonic

conditions the solver will also simulate a shock-wave, with the corresponding

pressure loss. If there is a shock-wave modelled by the solver in the passage
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and a shock-wave introduced by the correlation as a pressure loss then the

effect will be considered twice.

• Add new functionalities to simulate the stall-prevention devices present in

real engine compressor. VIGV and VSV can be introduced by implementing

an algorithm which rotates the blade. However the time necessary for the

VSV to change position is very long with respect to the timing of the flow

dynamics, and only the effect on the steady-state characteristic is of interest.

Therefore it is reasonable to avoid any dynamic change, and simply have an

algorithm which modifies the inputs. Bleed valves play an important role in

the performance of a stalled compressor, therefore rotating stall characteristic

should be created also with the bleed valves open. They can be introduced as

source terms in the wall elements, where mass-flow is removed.

• Include the possibility of having multiple shafts and therefore simulate an HPC

and IPC/booster system. This will allow to investigate the interaction of two

compressors during stall.

• Improve the gas model to a thermally perfect gas, with specific heat (CV and

CP ) function of the temperature T . The assumption of calorically perfect gas

used in this thesis is appropriate for the low speed cases studied, where the

temperature does not exceed 400 ∼ 500K. However during reversing of a six-

stage high-speed compressor the temperatures can increase beyond 1000 K, as

seen in section 6.4, in this condition the new model of gas becomes necessary.

• Improve the model capability of simulating stall inception. To simulate in the

most realistic way an inception caused by a throttle closure (or fuel spike)

it is necessary to develop and test an algorithm which introduces random

disturbances at blade LE and TE. During the present work a first attempt

was done at simulating stall inception on the 4-stage C106 rig. However the

attempt was flawed as the stall criteria predicted that the first separation

would occur in the wrong blade row. The criterion should be better tuned so

that the stall begins at the first rotor tip; it will then be possible to assess if the
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current model correctly simulate the stall inception or if further improvements

are necessary.

The Godunov scheme employed in the new tool has proved to be fast and robust,

and the numerical diffusion it introduces makes the simulation very stable. However

it is only first order accurate and the viscosity is not modelled in a way which can

be controlled by the user. To overcome these problems two improvements can be be

considered:

• Upgrade the Godunov scheme to a second order accurate in space MUSCL

scheme. To maintain the TVD propriety of the scheme a slope limiter algo-

rithms will be necessary. The second order scheme has much less diffusivity

than the one currently employed and the flow will be more similar to an in-

viscid flow, which is likely to make the code more unstable. It would then be

necessary to model the viscosity in the equations to reintroduce its stabilizing

effect.

• Introduce the viscosity in the equations. The current model, which introduces

viscous effects only through the correlations, can predict flows at high speed

and opposite direction extending indefinitely along the duct, a clearly non-

physical result. To save on the computational time it is possible to model

only the shear stress on the meridional plane as it was done by Gallimore,

[45]. Introducing the viscosity along every plane does not seem necessary in

the current study. However this should be re-assessed once the tool is used to

simulate modern high-speed compressor.

While the introduction of a viscous term would increase the computational

cost, the presence of viscosity would guarantee a faster convergence to steady

state of the current model. However since the tool is intended to be used also

for transient simulations, this trade-off would not always exist and the impact

of the new term on the computational cost should be carefully assessed.
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A Formulation of the solver

The Euler equations are implemented in the solver as reported here. For clarity

purposes the E,F,G fluxes are tied together with red, blue and green parenthesis.

Density

∂ρ

∂t
· Vi,j =

(
(ρu⊥)RSi,j−1,k · AHi,j−1 − (ρu⊥)RSi,j,k · AHi,j

)
+
((

(ρuθ)RSi,j,k−1 − (ρuθ)RSi,j,k
)
· Aθi,j

)
+
(
(ρux)RSi−1,j,k · AVi−1,j − (ρux)RSi,j,k · AVi,j

)
(A.1)

Radial momentum

∂ρur
∂t
· Vi,j =

(
(ρu⊥ur)RSi,j−1,k · AHi,j−1 − (ρu⊥ur)RSi,j,k · AHi,j

)
+
(
(ρuθur)RSi,j,k−1 − (ρuθur)RSi,j,k

)
· Aθi,j

)
+
(
(ρuxur)RSi−1,j,k · AVi−1,j − (ρuxur)RSi,j,k · AVi,j

)
+
(
PRS
i,j−1,k · AHi,j−1 · cos(λA i,j−1)− PRS

i,j,k · AHi,j · cos(λA i,j)
)

+ (ρu2
θ)i,j,k
ri,j

Vi,j

(A.2)

Circumferential momentum

∂ρuθ
∂t
· Vi,j =

(
(ρu⊥uθ)RSi,j−1,k · AHi,j−1 − (ρu⊥uθ)RSi,j,k · AHi,j

)
+
(
(ρu2

θ + P )RSi,j,k−1 − (ρu2
θ + P )RSi,j,k

)
· Aθi,j

)
+
(
(ρuxuθ)RSi−1,j,k · AVi−1,j − (ρuxuθ)RSi,j,k · AVi,j

)
− (ρuθur)i,j,k

ri,j
Vi,j

(A.3)

Axial momentum

∂ρux
∂t
· Vi,j =

(
(ρu⊥ux)RSi,j−1,k · AHi,j−1 − (ρu⊥ux)RSi,j,k · AHi,j

)
+
(
(ρuθux)RSi,j,k−1 − (ρuθux)RSi,j,k

)
· Aθi,j

)
+
(
(ρu2

x + P )RSi−1,j,k · AVi−1,j − (ρu2
x + P )RSi,j,k · AVi,j

)
−
(
PRS
i,j−1,k · AHi,j−1 · sin(λA i,j−1)− PRS

i,j,k · AHi,j · sin(λA i,j)
)

(A.4)
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Energy equation

∂ρE0

∂t
· Vi,j =

(
(ρu⊥H)RSi,j−1,k · AHi,j−1 − (ρu⊥H)RSi,j,k · AHi,j

)
+
(
(ρuθH)RSi,j,k−1 − (ρuθH)RSi,j,k

)
· Aθi,j

)
+
(
(ρuxH)RSi−1,j,k · AVi−1,j − (ρuxH)RSi,j,k · AVi,j

) (A.5)

Where the variables with the superscript RS are calculated based on the result of

the Riemann Solver at the face that they are multiplied by. The parts with no

superscript (time derivative and source terms) are calculated using values in the

volumes.

In the rotors and stator the equations are modified by adding body forces, re-

moving circumferential fluxes and introducing translation of the variables with the

blades (in magenta brackets).

Density

∂ρ

∂t
· Vi,j =

(
(ρu⊥)RSi,j−1,k · AHi,j−1 − (ρu⊥)RSi,j,k · AHi,j

)
− Ω

6∆θ

(
2ρi,j,k+1 + 3ρi,j,k − 6ρi,j,k−1 + ρi,j,k−2

)

+
(
(ρux)RSi−1,j,k · AVi−1,j − (ρux)RSi,j,k · AVi,j

)
(A.6)

Radial momentum

∂ρur
∂t
· Vi,j =

(
(ρu⊥ur)RSi,j−1,k · AHi,j−1 − (ρu⊥ur)RSi,j,k · AHi,j

)
− Ω

6∆θ

(
2(ρur)i,j,k+1 + 3(ρur)i,j,k − 6(ρur)i,j,k−1 + (ρur)i,j,k−2

)

+
(
(ρuxur)RSi−1,j,k · AVi−1,j − (ρuxur)RSi,j,k · AVi,j

)
+
(
PRS
i,j−1,k · AHi,j−1 · cos(λA i,j−1)− PRS

i,j,k · AHi,j · cos(λA i,j)
)

+ (ρu2
θ)i,j,k
ri,j

Vi,j + (Fr)i,j,k · Vi,j

(A.7)
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Circumferential momentum

∂ρuθ
∂t
· Vi,j =

(
(ρu⊥uθ)RSi,j−1,k · AHi,j−1 − (ρu⊥uθ)RSi,j,k · AHi,j

)
− Ω

6∆θ

(
2(ρuθ)i,j,k+1 + 3(ρuθ)i,j,k − 6(ρuθ)i,j,k−1 + (ρuθ)i,j,k−2

)

+
(
(ρuxuθ)RSi−1,j,k · AVi−1,j − (ρuxuθ)RSi,j,k · AVi,j

)
− (ρuθur)i,j,k

ri,j
Vi,j

+ (Fθ)i,j,k · Vi,j

(A.8)

Axial momentum

∂ρux
∂t
· Vi,j =

(
(ρu⊥ux)RSi,j−1,k · AHi,j−1 − (ρu⊥ux)RSi,j,k · AHi,j

)
− Ω

6∆θ

(
2(ρux)i,j,k+1 + 3(ρux)i,j,k − 6(ρux)i,j,k−1 + (ρux)i,j,k−2

)

+
(
(ρu2

x + P )RSi−1,j,k · AVi−1,j − (ρu2
x + P )RSi,j,k · AVi,j

)
−
(
PRS
i,j−1,k · AHi,j−1 · sin(λA i,j−1)− PRS

i,j,k · AHi,j · sin(λA i,j)
)

+ (Fx)i,j,k · Vi,j
(A.9)

Energy equation

∂ρE0

∂t
· Vi,j =

(
(ρu⊥H)RSi,j−1,k · AHi,j−1 − (ρu⊥H)RSi,j,k · AHi,j

)
− Ω

6∆θ

(
2(ρE0)i,j,k+1 + 3(ρE0)i,j,k − 6(ρE0)i,j,k−1 + (ρE0)i,j,k−2

)

+
(
(ρuxH)RSi−1,j,k · AVi−1,j − (ρuxH)RSi,j,k · AVi,j

)
+ (WEX)i,j,k · Vi,j

(A.10)

Where Ω and WEX are 0 for stators. The indices k for the rotational term

k + 1, k, k − 1, k − 2 are valid only for positive Ω, for negative rotations they are

k − 1, k, k + 1, k + 2.
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B Formulation of the reverse flow deviation cor-

relation

A new correlation has been developed to estimate the deviation of a blade passage

operating in reverse flow. This is based on the model proposed by Longley described

in section 4.7 of which it is a lumped version. The flow non-uniformity b can be

estimated from the inlet flow based on equation 4.52 and the deviation can be calcu-

lated from it with equation 4.53. In this appendix is described how the correlation

is modified to introduce the presence of mixing inside of the blade.

The axil position at which the maximum separation (i.e. the b calculated with

equation 4.52) is reached is assumed to be at 1/4 of the chord from the T.E. and

from this point the profile along the passage of b is simulated based on the prescribed

ratio. We can then estimate the value of b at the L.E., from which the angle after

the mixing can be calculated.

If equations 3.24 and 3.25 are put together and the transport terms are cancelled

the result is
∂

∂t

(
1
2ρ(b− 1)u2

)
= −

(
b|u|
0.5s

)
1
2ρ(b− 1)u2 . (B.1)

Therefore the rate at which the excess energy is mixed out is instantaneously

equal to the excess energy over the time in which the jet travels through the distance

of half a pitch. The decay of excess energy is modelled in the present work by

modifying equation B.1 into a space derivative:

∂

∂x

(
1
2ρ(b− 1)u2

)
= − 1

0.5s
1
2ρ(b− 1)u2 . (B.2)

If the chord true length is divided into n elements of length dxc = c/n the excess

energy at any element i can be calculated from the previous i− 1 as

(
1
2ρ(b− 1)u2

)
i

=
(

1
2ρ(b− 1)u2

)
i−1
− ∂

∂x

(
1
2ρ(b− 1)u2

)
i−1
· dxc . (B.3)

Substituting the derivative the value of the excess energy at the last point can
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be then written as

(
1
2ρ(b− 1)u2

)
n

=
(

1
2ρ(b− 1)u2

)
1
·
(

1− dxc
0.5s

)n
. (B.4)

The accuracy of this approximation increases with the number of elements in

which the chord is divided, however the computational time is the same whatever n

is used. A value of n of 1000 is used as the function is converged for that value, i.e.

the result is practically the same for any n higher than that. As it was assumed that

the separation is reached at 1/4 of the chord the c used is 3/4 of the full true chord.

By making the assumption of incompressibility the density is considered constant

along the chord, and therefore the value of b at the flow outlet can be obtained

directly from the excess energy.

The rate of wake mixing out is chosen from Longley as an arbitrary value with

the justification that whatever is the length of the wake the integral of the entropy

creation is the same. While this is true for the pressure loss the rate of mixing does

have an effect on the deviation. In fact from equation 4.53 it is clear that the final

value of the flow angle depends on the value of b at the trailing edge, and this in

turn depends on the mixing ratio. The value of mixing ratio shown in the equation

based on half a pitch was found to predict excessively low deviation. A value of

twice a pitch, 2s was found to give good results for 3 different compressors as will

be reported in chapter 6. Note that the value proposed by Longley was s/2, four

times smaller than the current one.

The deviation angle is then δ = f(αIN , γ, σ) As the deviation is calculated from

the inlet angles it can not be estimated if the flow is exiting from both blade edges,

in this case the flow exit angle is set as the metal outlet angle (δ = 0).
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C Formulation of the non-reflective boundary con-

dition

The terms d1, d2, d3, d4, d5 contain the incoming and outgoing characteristic waves

amplitude L. They are calculated as:

d1 = 1
a2

(
L2 + 1

2(L5 + L1)
)

(C.1)

d2 = 1
2(L5 + L1)

d3 = 1
2ρa(L5 − L1)

d4 = L3

d5 = L4

where the wave amplitudes L are:

L1 = λ1

(
∂P

∂x
− ρa∂ux

∂x

)
(C.2)

L2 = λ2

(
a2 ∂ρ

∂x
− ∂P

∂x

)

L3 = λ2
∂uθ
∂x

L4 = λ2
∂ur
∂x

L5 = λ5

(
∂P

∂x
+ ρa

∂ux
∂x

)

The λ are the velocities of the characteristic waves, which are the eigenvalues of

the Euler equations:

λ1 = ux − a (C.3)

λ2 = ux

λ5 = ux + a

(C.4)
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The derivative are calculated using the values in the 2 axial position closest at the

boundary, for example for the element of index Nx, j, k the derivative is calculated

as:
∂P

∂x Nx,j,k
= PNx,j,k − PNx−1,j,k

dx
(C.5)

Similarly for the position i = 1 the elements used are i = 1, 2

The equations C.2 are the basic characteristics amplitude, when used in the

boundary conditions they have the same behaviour of extrapolated boundary con-

ditions. This set of equations is used for supersonic flow, when nothing is imposed.

For subsonic flow exiting the domain the static pressure PBC is imposed, this is

done by modifying the first amplitude as

L1 = KW (Pn,j,k − PBC) (C.6)

For subsonic flow entering the domain the direction, the total temperature and

total pressure must be imposed. From the prescribed total properties and the inlet

velocity the static value of pressure and temperature can be obtained, TBC , PBC .

The tangential and radial components of velocity instead are prescribed to be zero

when the flow is entering. The wave amplitudes for this case are calculated as:

L1 = KW (P − PBC) (C.7)

L2 = KW

(
a2
(
ρ− PBC

R TBC

)
− (P − PBC)

)

L3 = KW · uθ

L4 = KW · ur

L5 = λ5

(
∂P

∂x
+ ρa

∂ux
∂x

)

The parameter KW determines how quickly the boundary will return to the

prescribed values after a wave has exited the domain (see figure 4.23). It is defined

as:

KW = σ · a (C.8)
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were the constant σ is an under relaxation factor, the value of 5 is proposed as

default in ANSYS FLUENTTM user manual [70]. This has been found to be small

enough to properly dampen any reflection and return the boundary conditions to

the prescribed value in a reasonable time after a wave passage. For large values of

time step dt a lower value of σ is necessary as the readjustment can be so fast that

it overshoots and makes solver unstable. This has been observed in some test cases

with large element size and therefore large time steps.
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D Code flow chart

 

𝜔𝑆𝑆, 𝛿𝑆𝑆 𝜔, 𝛿

𝛽

 Δ

Δ

Fig. D.1: Code flow chart.
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