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Abstract

As an axial compressor is throttled three-dimensional separations develop in the corners
between the blades and annulus endwall. Surprisingly, little is understood about the unsteady
topology of these separations. One of the problems with studying corner separations is that it is
often difficult to understand whether a particular flow structure in the separation is inherent to
the separation itself, or due to the response of the separation to changes in the inlet flow. In this
thesis a novel experimental approach is taken with the aim of isolating the corner separation
from external influences. A cascade is designed with the specific aim of precisely controlling
the inlet flow. Contrary to previous work, it is shown that the key saddle and focus pair, which
describes the time-mean topology of the corner separation on the endwall, moves smoothly
and continuously as the incidence of the flow is raised. This behavior is shown to be the
result of the time-resolved topology of the flow field, which comprises numerous saddle and
focus pairs which are produced stochastically in regions of high streamline curvature. Most
importantly, the separation is shown to exhibit an extremely long timescale behavior, changing
in topology over timescales many times longer than the convection time through the blade
passage. The behavior is shown to be intrinsic to the separation and causes the separation, for
periods, to completely disappear from the endwall. This underlying unsteady structure is shown
to have implications for the ability of RANS-based design codes to accurately predict corner
separations.
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Static pressure coefficient
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Boundary layer shape factor
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Incidence

L

Eulerian integral length scale
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Streamwise suction surface length
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Unsteady component of total pressure
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Blade speed
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Nomenclature

V

Magnitude of velocity vector, or potential

v

y-component of velocity vector

x

x coordinate

y

y coordinate

z

z coordinate

St
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Power spectral density
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Chapter 1
Introduction
As an axial compressor is throttled, three-dimensional corner separations develop at the junction
between the blades and annulus endwall. Intrinsic to all axial compressors, corner separations
limit the performance and efficiency of gas turbine engines. Understanding the time-averaged
topology of corner separations is important in the compressor design process, to predict the loss
and blockage of a bladerow. This is vital to achieve stage matching. The time-averaged topology
must also be understood to optimise performance through three-dimensional blade design.
While designers are often concerned with the time-averaged topology of corner separations,
corner separations are in reality highly unsteady. Figure 1.1 illustrates the difference between
the time-averaged and unsteady topology of a corner separation on a blade operating at high
positive incidence. Figure 1.1a shows a schematic of the time-averaged topology with the
separation lines marked, along with a key saddle/focus critical point pair which bounds the
separation line on the endwall. The limit of what is currently known about the time-averaged

(a) Time-averaged skin friction lines
showing key saddle and focus pair

(b) PIV cross section on the blade to blade plane at 0.8%
chord from endwall

Fig. 1.1 The time-averaged vs unsteady topology of a corner separation

2

Introduction

topology of corner separations will be discussed in detail in the literature review in Chapter 2.
Figure 1.1b presents a cross section of the separation near the endwall, recorded in this study
using PIV at 0.8% chord from the endwall on the plane marked by the red dashed line on Figure
1.1a. The left hand side of Figure 1.1b shows a time average of the flow, and the right shows
an instantaneous time snapshot at a spatial resolution of 0.4% chord. The region of axially
reversed flow is shown in red and the saddle and focal points are marked. In the time-averaged
flow field, there is one saddle and focus pair, while in the instantaneous flow field there are
15. Figure 1.1 clearly shows the contrast between the unsteady and time-averaged topology of
corners separations. The aim of this thesis is to precisely measure the time-resolved topology
of the corner separation and to explore its implications for compressor design.

1.1

What is novel about this research?

A key problem with studying corner separations is that it is often difficult to understand whether
a particular flow structure in the separation is inherent to the separation itself, or due to the
response of the separation to changes in the inlet flow to the bladerow. Many previous studies
have attempted to study the topology of corner separations under conditions representative of a
real engine, often in single or multi-stage compressors. An example of such a configuration
is shown on the left in Figure 1.2. In such environments the complexity of the spatial and
temporal non-uniformities in the inlet velocity and inlet turbulence make studying the cause
of flow structures within the separation impossible. Other studies have used linear cascades,
however, once again, many of these have attempted to make the inlet flow as representative of a
real compressor as possible by using boundary layer trips and boundary layer skew generators.
Whether in multistage compressors or linear cascades, this added complexity makes studying
the cause of flow structures within the corner separation extremely difficult.

Fig. 1.2 The approach taken by previous work (left) vs the approach taken in this study (right),
which aims to precisely control the inflow conditions to the bladerow

3

1.2 Timescales of unsteadiness discussed in this thesis

In this research a different approach is taken. A novel cascade experiment is designed with
the aim of isolating the corner separation from external influences as far as possible. In other
words, the cascade is designed with the specific aim of precisely controlling the inlet flow to
the bladerow, as shown on the right in Figure 1.2.

1.2

Timescales of unsteadiness discussed in this thesis

As corner separations are unsteady phenomena, it is important to understand the different
timescales in the flow. In this thesis, the timescales of unsteadiness in the corner separation are
defined in terms of the Strouhal number:
St =

Fc
V∞

(1.1)

In this equation, F is the characteristic frequeuncy of unsteadiness, c is the blade chord and
V∞ is the inlet velocity. The Strouhal number St is a non-dimensional frequency, which can be
thought of as a ratio between the timescale of the unsteadiness in the problem on the bottom, to
a characteristic convection timescale on the top. The characteristic convection timescale is the
time taken for a particle to convect through the blade passage.
In this study it will be shown that the corner separation contains two distinct timescales of
unsteadiness. The first timescale is connected to turbulent eddies in the separation - see Figure
1.3a - which occur at Strouhal numbers on the order of one or more. These eddy structures are a
fraction of the separation size and do not persist for longer than approximately one convection
timescale through the blade passage.

(a) Short timescale: eddy structures on edge of (b) Long timescale: two snapshots taken 80 convection
separation
timescales apart showing large change of separation size

Fig. 1.3 The different timescales of unsteadiness in the corner separation identified in this
study, shown on the blade-to-blade plane at 0.8% chord from endwall
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The second timescale is two orders of magnitude longer, occurring at a Strouhal number on
the order of 0.01. This is linked to a large-scale change in the size of the separation over many
tens of through-flows. This is shown in Figure 1.3b, which shows two time-snapshots of the
flow on a plane at 0.8% chord from the wall, with the extent of axially reversed flow marked
80 convection timescales apart. In the snapshot on the left, the region of axially reversed flow
extends approximately half a pitch into the passage, and in the snapshot on the right, the region
of axially reversed flow has nearly disappeared. The timescale of this behaviour is too long to
be connected to a convective phenomenon within the separation.
In this thesis the different timescales of unsteadiness will be discussed in turn. Chapter
5 describes the time-averaged topology of the corner separation. Chapter 6 will discuss
the unsteady topology over short timescales at Strouhal numbers of approximately St > 1.
Chapter 7 will then discuss the unsteady topology at the longer timescale corresponding to a
Strouhal number on the order of St ∼ 0.01. Finally, the implications of these different unsteady
timescales on modelling and design will be discussed in Chapter 8.

Chapter 2
Literature review
This chapter will review what is known about the topology of corner separations. The literature
review on corner separations is split into three sections. The first section (2.1) discusses what is
known about the time-averaged topology of corner separations. The theory of critical points is
introduced as a means of describing separated flow topologies and this is used to characterise
the development of the time-averaged flow structure with increasing incidence. The second
section (2.2) discusses what is known about the unsteady dynamics of corner separations and
the different unsteady timescales exhibited by corner separations. Finally, the third section (2.3)
explores the sensitivity of corner separations to details of blade geometry and inlet conditions
to establish the parameters which must be controlled to create a precise experiment. This
provides the basis for the design of the controlled experiment described in Chapters 3 and 4.
The literature review ends with a statement of the research questions of this study, which arise
from the literature.

2.1

Time-averaged topology

The aim of this section is to review what is known about the time-averaged topology of corner
separations. There are two reasons to begin this study by discussing time-averaged topology.
Firstly, a key aim of this thesis is to understand how the unsteady flow field controls the timeaveraged topology, and how this in turn controls the blockage and loss of a bladerow. Secondly,
as shown in Figure 1.1, the unsteady flow field is much more complex than the time-averaged
flow. The topological rules introduced in this section to characterise the time-averaged flow are
equally valid when applied to an unsteady time-snapshot, and will provide a starting point to
describe the more complex unsteady topology in the chapters which follow.

6

2.1.1

Literature review

Different classes of time-averaged topology

Corner separations of one type or another are an unavoidable feature of the flow field near the
endwall of a bladerow - even for the best designed and most lightly loaded blades - Cumpsty
(2010) [7]. Lei et al. (2006) [28] showed that corner separations broadly exist in two timeaveraged topological categories, which are represented by the skin friction lines shown on
Figure 2.1. At low incidence, the topology is typically as shown on the left. In this topology,
the separation is largely confined to the suction surface. As very little reversed flow is present
on the endwall, this topology will be referred to here as a ‘single-sided’ topology. In previous
turbomachinery literature, this has often been referred to as a ‘closed’ topology however the
term is avoided here as it has a converse meaning in fundamental fluid mechanics to describe a
completely isolated separation bubble with no inflow or outflow. At sufficiently high incidence,
a topology change occurs. This is marked by the appearance of a significant region of separated
flow on the endwall, as shown by the right hand plot on Figure 2.1. This is associated with an
increase in blockage and loss near the endwall. As significant separated flow exists on both the
endwall and suction surface, this topology will be referred to as ‘double-sided’. In the literature
this topology has sometimes been referred to as an ‘open’ separation. This flow structure has
been identified in numerous studies of bladerows at high incidence, including those of Schulz
et al. (1990) [42], Hah and Loellbach (1999) [20], Lewin et al. (2010) [29] and Taylor and
Miller (2016) [48].
The transition from the single-sided to double-sided topology is a key mechanism which
controls the loss and blockage of a bladerow. This was identified in early work by Horlock et
al. (1966) [22], who referred to the phenomenon as ‘wall stall’, and Schulz and Gallus (1988)

Fig. 2.1 The time-averaged topologies of corner separations, based on Lei et al. (2006) [28]

2.1 Time-averaged topology

7

[43] who used the term ‘hub corner stall’. Accurately predicting this topology change, and
therefore the loss and blockage of a bladerow, is important in achieving multistage matching in
the design process. Predicting the topology change is also key to 3D blade design methods,
which aim to optimise performance by balancing competing failure mechanisms in a bladerow.
In the past, previous attempts at studying the topology change have relied heavily on the
use of RANS CFD; for example, the studies of Lei et al. (2006) [28], Taylor and Miller (2016)
[48], and Taylor (2019) [47]. A key characteristic of the topology change identified in all
of these studies is a discontinuity at a critical incidence when the separation changes rapidly
from single-sided to double-sided, leading to a discontinuous change in performance. This
discontinuity is evident in Figure 2.2 from the study of Lei et al. The diffusion parameter on
the horizontal axis is effectively a measure of incidence, and the stall indicator on the vertical
axis is a measure of the blade-loading near the endwall relative to midspan. A discontinuous
increase in the stall indicator is evident when the diffusion parameter exceeds 0.4. This is due
to the separation changing from single-sided to double-sided.
The discontinuous nature of the topology change has been well documented in RANS
using a range of different turbulence models including k − ε, Spallart Allmaras and k − ω SST.
However, at present it is not believed that there is any data in the literature pertaining to the
nature of the topology change in an experiment or high fidelity CFD, such as LES or DNS.

Fig. 2.2 Discontinuous topological development of corner separations with incidence, from Lei
et al. (2006) [28]

8

Literature review

Therefore, it is not known if the discontinuous nature of the topology change is an artefact of
the RANS, which is limited by the fact that it is inherently time-averaged and ‘steady’ in its
treatment of unsteady flows. The focus of this thesis is to study the nature of the single-sided to
double-sided topology change in the real flow field.

2.1.2

Cause of corner separations

To describe the time-averaged topology of corner separations in detail, it is first necessary to
give a brief overview of their cause. Corner separations are intrinsically linked to the secondary
flow near the endwall. Secondary flow is defined as any flow that occurs in a direction different
to the free stream. Early work on secondary flows in turbomachinery was reviewed by Horlock
and Lakshminarayana (1973) [21]. Goodhand (2011) [17] provides a concise overview of
the source of secondary flow in a compressor blade passage. On the endwall, secondary
flow is driven by the transverse cross-passage pressure gradient in the blade passage. The
endwall boundary layer and free stream are exposed to the same transverse pressure gradient.
However, as the boundary layer contains a momentum deficit, the radius of curvature of a
particle trajectory in the boundary layer is smaller than in the free stream. This is because the
radius of curvature is proportional to the square of velocity, as given by the relation:
∂P
V2
=ρ
∂n
R

(2.1)

Fig. 2.3 Overturning of the endwall boundary layer in the presence of the cross-passage
transverse pressure gradient, adapted from Goodhand (2011) [17]
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Fig. 2.4 Interaction of overturned endwall boundary layer with suction surface boundary layer
This results in an overturning of the endwall boundary layer in the blade passage - see
Figure 2.3. In three dimensions, the overturning of the boundary layer drives a passage vortex
that dominates the flow near the endwall, as described by Kang and Hirsch (1991) [24], forcing
low momentum fluid into the blade corner.
Corner separations are the result of the accumulation of low momentum fluid in the suction
surface corner. On the suction surface, the low momentum fluid contained in the overturned
endwall boundary layer is subjected to a strong adverse pressure gradient, which may lead to
a region of flow reversal. An asymptotic convergence of limiting surface streamlines occurs
where the overturned endwall and suction surface boundary layers meet - see Figure 2.4. It
will be seen in Section 2.1.3 that this corresponds to a separation line. The resulting three
dimensional separated flow structure is a corner separation.

2.1.3

Topological rules governing 3D separations

A key feature of corner separations is evident from Figure 2.4: they are highly three dimensional
in nature. It is well established that three dimensional separations do not follow the same rules
which govern separations in two dimensions - namely that the onset of separation occurs at
points where the direction of the flow close to the wall is reversed under the influence of an
adverse pressure gradient - Prandtl (1905) [39]. Three-dimensional separations fundamentally
differ from separations in two dimensions as the boundary layer has the freedom to develop a
transverse component and ‘escape’ sideways when subjected to an adverse pressure gradient Délery (2013) [10]. Consequently the rules governing three dimensional separations are more
complex.
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Three dimensional separations obey topological rules which apply to the arrangement of
limiting surface streamlines on the fluid boundary. Limiting surface streamlines are defined
as the fluid streamlines in the limit as the distance to the wall approaches zero. These are the
curve solutions to the equation:
dy
v
= lim
dx z→0 u

(2.2)

By re-expressing 2.2 in terms of the velocity gradients normal to the wall, it can be seen
that the limiting surface streamlines are equivalent to lines of shear stress on the fluid surface:
µ ∂ v/∂ z τy
v
=
=
z→0 u
µ ∂ u/∂ z τx
lim

(2.3)

Three dimensional separations emanate from singularities in the pattern of limiting surface
streamlines, known as critical points. These are points where the surface shear stresses τx
and τy are identically zero and the curvature of the limiting surface streamlines is undefined.
To understand how three dimensional separated flow structures relate to these points, it is
necessary to apply the mathematical theory of critical points. This was proposed by Poincaré
(1891) [38] in the general context of analysing systems governed by differential equations,
and first applied to separated flow problems by Legendre (1956) [27]. Legendre’s work was
revisited by Lighthill (1963) [30], and verified experimentally in water tunnel experiments by
Werlé (1977) [52] at Onera. The theory has subsequently been developed to describe a wide
range of separated flow structures, most notably by Perry and Fairlie (1975) [37], Hunt (1978)
[23], Peak and Tobak (1982) [50] and Dallmann (1983) [9] among others. The theory relies on
linearisation of the partial differential equations which define the flow field near the surface. A
full description of this analysis is reproduced by Délery (2013) [10], however for brevity only
the key result will be reproduced directly here. This is namely that critical points can be placed
into different classes according to the local arrangement of limiting surface streamlines, which
can be deduced from the eigenvalues of the Jacobian matrix evaluated at the location of the
critical point denoted by P0 :




∂ τx
∂x
J =  ∂ τy P0
∂x P
0



 

∂ τx
 ∂ y P0 
∂ τy
∂y P

(2.4)

0

According to the eigenvalues λ1 and λ2 of J, the different classes of critical points are defined
as follows:
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1. Node: If λ1 and λ2 are real and of the same sign, the critical point is a node - see Figure
2.5a. A node is a common point to an infinite number of limiting surface streamlines.
2. Focus: If λ1 and λ2 are complex, the critical point is a focus around which an infinite
number of limiting streamlines spiral - see Figure 2.5b.
3. Saddle: If λ1 and λ2 are real and of opposite sign, the point is a saddle - see Figure 2.5c.
A saddle is a point where two limiting surface streamlines meet. In the region of the
saddle, other limiting streamlines asymptote towards these critical streamlines.

(a) Node

(b) Focus

(c) Saddle

Fig. 2.5 Classes of critical point, Délery (2013) [10]
The significance of these different classes of critical point to the separated flow structure
can be understood by visualising the local streamlines in three dimensions. In the case of a
node or focus, the three dimensional flow field is relatively simple to interpret - see Figure
2.6. These points correspond to a separation or attachment point where a three dimensional
streamline is released from or absorbed onto the surface. In the case of a focus, the spiralling
pattern of streamlines corresponds to the entrainment of fluid in a vortical structure around the
three dimensional separation/attachment streamline - see Figure 2.6b.

(a) Node

(b) Focus

Fig. 2.6 Three dimensional streamlines in region of node and focus, Délery (2013) [10]
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The arrangement of three dimensional streamlines in the vicinity of a saddle is more
complicated to interpret. The critical surface streamlines which meet at the saddle are separation
lines. This can be understood from an argument of mass continuity by plotting a rectangular
streamtube in the vincinity of the saddle. In Figure 2.7 the streamtube is defined as the volume
between the surface streamlines f1 and f2 and the three dimensional streamlines l1 and l2 a
short distance from the wall. Upstream of the saddle, the cross section of the stream tube is the
product of its width n and height h, and the mass flow rate through the stream tube is given
by ṁ = ρnhV , where V is the local velocity. Downstream, f1 and f2 asymptotically converge
towards one branch of the critical streamlines emanating from the saddle. As the width n of the
stream tube tends towards zero, the velocity V remains finite. To satisfy mass continuity and
maintain a finite ṁ, it follows that h tends to infinity. This corresponds to the fluid in the stream
tube lifting away from the surface into free stream. Using this rational, all limiting surface
streamlines towards which other streamlines asymptotically converge are separation lines.

Fig. 2.7 Three dimensional streamlines in region of saddle, Délery (2013) [10]
The arrangement of critical points on the surface must obey certain rules. For example, a
pattern of limiting surface streamlines is unstable if two saddles are directly connected by a
limiting surface streamline. A streamline pattern with coincident critical points is also unstable,
with the exception of cases where the critical points lie in sharp corners. In this context,
‘unstable’ means that these arrangements can only ever exist instantaneously as an intermediate
state when one stable topology bifurcates into another.
A particularly important rule for interpreting separate flow topologies is the index rule,
which governs on the number of nodes, foci and saddles that can exist in the domain:

∑(Node + Foci) − ∑(Saddles) = N

(2.5)
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The index rule states that the difference between the number of nodes/foci and saddles is
equal to a constant N, which is set by the topological complexity of the boundary. Topologically,
nodes and foci are equivalent as they both act as a source of sink for limiting surface streamlines.
For a bladerow with fixed ends (no tip gap), N = 0. A result of the index rule is that when a
topology change occurs in the pattern of surface streamlines, critical points always appear or
disappear in saddle-node or saddle-focus pairs. It will be seen in the following section that this
is a key result when distinguishing between single-sided and double-sided corner separations.

2.1.4

Critical point based description of corner separations

It is now possible to give a complete topological description of single-sided and double-sided
corner separations, based on the arrangement of critical points on the blade and endwall.
The critical points of the single-sided topology on a blade without fillets are shown on
Figure 2.8a. This topology was studied in detail by Gbadebo et al. (2004) [15]. The separation
begins on the endwall upstream of the leading edge, emanating from a saddle associated with
the leading-edge horseshoe vortex. This is marked point 1. Downstream, the separation line
is swept onto the suction surface as the passage boundary layer is overturned onto the blade,
where the separation line terminates out of view on the trailing edge. As a discontinuity exists
in the pattern of surface streamlines at the corner between the endwall and suction surface,
the separation line is split by an additional critical point, taking the form of a node on the
endwall and saddle on the suction surface – marked as point 2 on Figure 2.8a. This point is
connected by another separation line to a saddle on the endwall downstream, marked as point
3, causing a very narrow slice of separated flow near the corner. The separated zone on the

(a) Single-sided topology

(b) Double-sided topology

Fig. 2.8 Key critical points of single- and double-sided separations on blades without fillets
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suction surface may feature several additional critical points, becoming more numerous with
increasing incidence, as shown by Gbadebo et al.
The arrangement of critical points for double-sided separations is distinguished by an
additional saddle and focus on the endwall which emerge together as a pair, according to the
index rule. These are marked points five and six on Figure 2.8b. Taylor and Miller (2016)
[48] identified this key saddle and focus pair as having special significance for aerodynamic
performance, causing a large-scale change in the three-dimensional separation structure. This
is because the points are associated with the emergence of a new separation line, emanating
from the saddle and terminating at the focus. It is this separation line and the resulting region
of separated flow on the endwall which causes the increase in loss when corner separations
switch from the single-sided to double-sided topology.
It should be noted that the blade in Figure 2.8 does not have a fillet. Details of the topology
are different on a filleted blade due to the absence of a sharp discontinuity at the corner.
However, the single-sided and double-sided topological definitions still hold for both filleted
and unfilleted blades, as seen by comparing the surface streamline patterns in the studies of
Taylor and Miller, who modelled a blade with a filleted, and Lei et al. (2006) [28], whose
results concerned blades without fillets. For completeness, a schematic of the single-sided and
double-sided topologies on a filleted blade is shown on Figure 2.9. The principal difference
between these and the topologies of the non-filleted cases is the absence of the coincidence
saddle/node pair, marked point 2 on Figure 2.8.

(a) Single-sided topology

(b) Double-sided topology

Fig. 2.9 Key critical points of single- and double-sided separations on blades with fillets
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Mechanism for topology change

The critical point based description given in Section 2.1.4 provides a rigorous means of
differentiating between single-sided and double-sided corner separations, however it provides
no immediate insight into the mechanism responsible for the topology change between the two.
To understand the mechanism, it is necessary to examine how the pattern of surface streamlines
on the blade develops with increasing incidence.
Taylor and Miller proposed a mechanism for the topology change based on the curvature
of surface streamlines in the corner region. In a URANS calculation of a blade-row with a
single-sided corner separation, they showed that a region of high streamline curvature developed
at the junction between the blade and endwall, as shown in Figure 2.10. As the incidence in the
simulation was increased, the curvature became increasingly extreme. At a critical incidence
the curvature was observed to become infinitely sharp, yielding a shear stress singularity. By
definition, shear stress singularities lead to critical points, and this was seen to result in the
formation of a new saddle and focus pair, according to the index rule. Initially coincident,
the saddle and focus were seen to be unstable and moved apart immediately after forming.
This resulted in the rapid emergence of a separated flow region on the endwall, triggering the
topology switch to the double-sided topology. The result was the discontinuous increase in loss
with incidence common to much of the RANS based literature.

Fig. 2.10 Appearance of key saddle (S) and focus (F) at critical incidence, Taylor and Miller
(2016) [48]
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Summary

Multiple studies in the literature have shown that corner separations typically exist in the singlesided topology at low incidence, switching to the double-sided topology at high incidence.
This is caused by the appearance of a key saddle and focus pair on the endwall which is joined
by a separation line, leading to the appearance of a new separated flow area on the endwall.
Current understanding of the mechanism for the topology change comes from RANS, which
shows that the key saddle and focus pair emerges from a region of high streamline curvature in
the blade corner, resulting in a rapid discontinuous switch in topology at a critical incidence.
However as no experimental studies have been documented pertaining to the true nature of the
topology change, it is unknown if the discontinuous nature of the topology change exists in the
real unsteady flow, or if this behaviour is an artefact of RANS. This question requires further
investigation.

2.2

Unsteady topology

The considerations which lead to the topological rules outlined in Section 2.1.3 apply to both
steady and unsteady flows. Thus, the theory of critical points can be used to interpret an
unsteady flow by considering an instantaneous time snapshot of the velocity field - Délery
(2013) [10]. Examples of instances where instantaneous streamlines have been used to study
unsteady flow topologies are provided by Perry and Chang (1987) [36] and Zhou and Antonia
(1994) [56], who used the theory of critical points to describe vortical structures connected to
eddying motions in unsteady wakes. At present there is, however, no evidence of any attempt in
the literature to use critical points to describe the unsteady structure of a corner separation. This
is for two reasons. The first is the complexity of the unsteady flow field, as shown by Figure
1.1. The second is the inherent difficulty in measuring the unsteady topology. It is relatively
straightforward to visualise the time-averaged topology using surface oil flow visualisations, as
performed by Gbadebo et al. (2004) [15]. By contrast, the unsteady flow field is very difficult
to measure in close proximity to the blade and endwall. This is partly due to the practical
difficulties involved in applying unsteady optical diagnostic techniques near surfaces. Work has
nonetheless been performed to investigate the timescales of unsteadiness exhibited by corner
separations. This will be the focus of the present section.

2.2.1

Unsteady timescales

The timescale for a corner separation to switch from single-sided to double-sided was investigated by Goodhand and Miller (2011) [18]. They observed that the size of a corner separation
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on a stator blade in a multistage rig was highly sensitive to the location of boundary layer
transition on the suction surface. To investigate the time taken for a corner separation to
respond to a change in transition location, an experiment was performed using a mechanism to
instantaneously trip or un-trip the suction surface boundary layer, thereby moving the transition
location from peak suction to the leading edge (or vice versa) - see Figure 2.11. Smoke was
injected into the bladerow near the blade corner at the trailing edge to visualise the extent of
reversed flow in the corner separation. In the un-tripped configuration, the corner separation
featured very little reversed flow near the endwall and the smoke convected downstream out
of the bladerow. When the leading edge was tripped, a large change in the size of the corner
separation occured and the smoke was seen to accumulate in the corner region, entrained by
reversed flow near the endwall. On triggering the trip, the convection of smoke into the corner
region was tracked using a camera. Contours of the edge of the smoke filled region were
extracted using a post-processing algorithm, plotted for a number of time snapshots in Figure
2.12.
The key finding from this experiment was that the separation took approximately thirteen
rotor blade passings to completely change size after the trip was triggered. Assuming a flow
coefficient of approximately 0.5 and pitch to chord ratio of 0.85, this equates to Strouhal number
of 0.05, based on the definition given in Section 1.2. This means that the time taken for the
topology to change was significantly longer than the convection timescale of the free stream
flow through the blade passage.

Fig. 2.11 Schematic of trip experiment by Goodhand and Miller, from Goodhand (2011) [17]
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Fig. 2.12 Contours of smoke diffusion at different time intervals following triggering of the
adjustable trip, in the study of Goodhand and Miller (2011) [18]

2.2.2

Mechanism of long timescale unsteadiness

Similar very long timescales were observed in a linear compressor cascade by Zambonini
et al. (2017) [55]. Using 2D high speed PIV and unsteady total pressure measurements
it was found that at high incidence, the corner separations in the rig exhibited a very long
timescale unsteadiness at frequencies down to 4Hz, corresponding to a Strouhal number on
the order of 0.01. To understand the mechanism of this unsteadiness, the authors examined
the unsteady structure of the flow field in the PIV at 3.3% chord from the endwall. The long
timescale behaviour corresponded to a large scale change in the size of the separation, which
was visualised by evaluating the displacement thickness of the corner separation δ fCS near the
trailing edge, calculated on the line CS in Figure 2.13b:

Z 
u
δ fCS =
1−
dy
(2.6)
U∞
yCS
The black line on Figure 2.13a shows the variation in δ fCS over 1 second, equating to 267
convection timescales through the passage. Large random variations of ±30% of δ fCS are
evident over time scales of 50 throughflows (0.2s) or more.
The authors showed that the long timescale behaviour was coupled to low frequency
perturbations in the endwall boundary layer at the cascade inlet, which in this experiment was
relatively thick with a momentum thickness of 2% chord. To demonstrate this, the integrated
velocity deficit δ f LE relative to the inlet free stream velocity was measured upstream of the
bladerow. This was evaluated along the line marked LE in Figure 2.13b using the same
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(a) Time trace of displacement thickness of corner separation near trailing edge δ fCS , against integrated
velocity deficit at the inlet to the bladerow δ f LE

(b) Sample locations for calculation of
δ f LE and δ fCS

(c) Cross correlation of δ f LE and δ fCS

Fig. 2.13 Correlation of inlet perturbations with displacement thickness of corner separation,
Zambonini et al. (2017) [55]
definition used to calculate the corner separation displacement thickness - see equation 2.6. The
temporal variation in δ f LE is shown by the red line on Figure 2.13a. Cross correlation of the red
and black traces on Figure 2.13a showed that δ fCS and δ f LE were correlated - see Figure 2.13c.
The lag of the correlation peak showed that perturbations in δ f LE preceded perturbations in
δ fCS with a time delay of three convection timescales through the blade passage. This indicated
that the large changes in the separation size were triggered by inlet perturbations convecting
through the passage at 32% of the inlet free stream velocity. This result was consistent with the
time lag obtained from cross correlation of the unsteady static pressure signals on the blade
surface at different chordwise positions, which indicated that the large changes in separation
size were preceded by perturbations convecting over the suction surface at 30% of the inlet free
stream velocity. Two extreme states of the flow field in response to the inlet perturbations are
shown in Figure 2.14, which shows two conditional ensemble averages of the PIV data based
on an arbitrary threshold of the static pressure signal at an upstream reference tapping on the
blade surface (marked).
The large scale change in separation size shown in Figure 2.14 was initially believed to
be due to a switch between the single-sided and double-sided topologies. Zambonini et al.
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Fig. 2.14 Ensemble averaged arrangements of corner separation, based on thresholding of
static pressure signal at the pressure tapping, Zambonini (2016) [54]
supported this hypothesis by showing that the probability density function of velocity at a fixed
point near the edge of the separation was twin peaked (bimodal). The bimodal shape of the
probability density function was confirmed by Gao (2012) [14] using an LES calculation see Figure 2.15. This was interpreted to mean that the velocity field was switching between
two ‘preferred’ stable arrangements. However, it is now understood that a bimodal probability
distribution of velocity does not necessarily indicate bimodal behaviour of the separation itself.
This can be understood by considering a fixed sample location near a fluctuating separation
boundary. When the sample location lies outside the separation boundary in the turbulent
free stream, the probability density function of velocity would be approximately gaussian,
centred on a high mean value. When the separation boundary moves to encompass the sample
location, the mean of the gaussian probability distribution would move rapidly to a low mean
value. When the probability distributions of velocity are superimposed for the cases when
the sample location is inside and outside the separation boundary, a twin-peaked ‘bimodal’
distribution would result, regardless of whether the position of the separation boundary itself
exhibited a bimodal behaviour. The bimodal distribution of velocity observed by Zambonini
does nonetheless provide further evidence for the very long timescale unsteadiness of the corner
separation.
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(a) Time averaged flow field showing location of
sample point

(b) Probability density function for velocity,
showing twin-peaked profile

Fig. 2.15 Bimodal behaviour of velocity at a sample point near edge of a corner separation in
an LES calculation. Gao (2014) [14]

2.2.3

Summary

Very long characteristic timescales in the Strouhal number range between 0.01 and 0.05 have
been observed in corner separations in both rotating rigs and linear cascades. Goodhand and
Miller (2011) [18] and Zambonini et al. (2017) [55] present very different causes for this
unsteadiness. Goodhand and Miller show that the behaviour is forced by a sudden change of
the boundary layer transition location on the blade suction surface, while Zambonini et al. show
a case where the unsteadiness seems to be driven by perturbations in the incoming endwall
boundary layer. At present, the mechanism for the long timescale unsteadiness is unclear. A
highly controlled experiment is required to answer this question.

2.3

Sensitivity of corner separations

Corner separations are sensitive to a number of features in a bladerow. These are summarised
in Figure 2.16, and include both features of the inlet conditions and geometry details of the
bladerow. To create a controlled experiment to study the topology of corner separations, it is
critical to understand the sensitivity of corner separations to these features. The purpose of this
section is to discuss the sensitivity of corner separations to each of the features highlighted in
Figure 2.16 in turn.
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Fig. 2.16 Features of inlet conditions and geometry detail in a bladerow, to which the
sensitivity of corner separations is discussed in this section

2.3.1

Sensitivity to inlet conditions

To understand the sensitivity of corner separations to inlet conditions, it is important to first
understand the features which characterise the inlet conditions to a bladerow in a compressor.
In the multistage environment, the inlet conditions can be split into three flow regions which
exist at different positions along the span. These are shown on Figure 2.17, which shows a
typical time-averaged spanwise distribution of flow coefficient from hub to midspan at the
inlet to an embedded stator bladerow in a multistage compressor, reproduced from the work of
Auchoybur and Miller (2017) [1]. The three flow regions are as follows:
1. Free stream: This denotes the flow near midspan, where the flow coefficient is uniform.
In Figure 2.17, the free stream region extends from approximately 60% chord from the
endwall to midspan.
2. Low momentum endwall region: this denotes a broad region a short distance from the
endwall, characterised by low flow coefficient and a velocity deficit relative to the free
stream. This is due to the cumulative effect of secondary flows in upstream stages. The
low momentum endwall region lies between 10% chord and 60% chord from the endwall
on Figure 2.17.
3. Endwall boundary layer: this is associated with low flow coefficient and is highly
skewed due to the relative motion of the endwall in the rotor upstream. In Figure 2.17,
the endwall boundary layer occupies first 10% of chord from the endwall.
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(a) Flow coefficient

(b) Velocity

(c) Flow angle

Fig. 2.17 Typical mass-averaged spanwise distributions of flow coefficient, velocity and flow
angle at the inlet to a bladerow in the multistage environment, Auchoybur and Miller (2017) [1]
Auchoybur and Miller investigated the sensitivity of the corner separation in a bladerow to
these different flow regions through a parametric study, in which the low momentum endwall
region and endwall boundary layer were systematically removed in a RANS calculation. The
key results are summarised in Figure 2.18, which shows the skin friction lines on the endwall
and suction surface at high incidence. Figure 2.18a, shows the case when the simulation was
run with a complete inlet profile, measured from an experiment in a multistage rig. A large
single-sided corner separation is evident on the suction surface, featuring a significant region of
reversed flow. Figure 2.18b shows the skin friction lines on the blade surface, when the inlet
condition was modified to remove the low momentum endwall region. In this case, the low
momentum endwall region has been set uniform in flow angle and velocity to match the free
stream. A significant reduction in the size of the corner separation and the extent of axially
revered flow is evident, indicating that the corner separation is sensitive to the low momentum
endwall region. Figure 2.18c shows the skin friction lines with both the low momentum endwall
region and endwall boundary layer removed. Here, the inlet velocity and flow angle has been
set to the free stream value along the whole blade span. In this case there is little change in the
skin friction lines when compared to Figure 2.18b, indicating that the corner separation is less
sensitive to the endwall boundary layer.
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(a) Full multistage inlet
conditions

(b) Low momentum
endwall region removed

(c) Skew boundary layer
removed

Fig. 2.18 Sensitivity of skin friction lines to different features of multistage inlet conditions, in
a RANS calculation of a bladerow near stall, Auchoybur and Miller (2017) [1]

2.3.2

Sensitivity to geometry detail

This section will discuss the sensitivity of corner separations to three types of geometry detail
in a bladerow. The first type is geometry detail on the blade surface. In the past this has been
an area of research interest due to the need to quantify the effect of increased surface roughness
resulting from in-service engine component erosion on aerodynamic performance. The second
type is geometry detail on the endwall, which has been of research interest for similar reasons.
The third type is blade fillet detail.
The first systematic investigation of blade surface detail was performed Goodhand and
Miller (2011) [18]. They showed that leading edge geometry detail has a significant impact
on endwall loss, as corner separations are highly sensitive to the location of suction surface
boundary layer transition. This was demonstrated experimentally in a stator bladerow with
a suction surface transition pattern representative of a bladerow in a modern engine, with
laminar flow near the leading edge followed by bypass transition at peak suction. The impact
of two different geometry perturbations to this configuration was investigated. The first was the
addition of surface roughness to the leading edge, equivalent to that which would be incurred
by 4000 take off and landing cycles for a typical jet engine. The second was the modification of
the leading edge profile from elliptical to circular, inducing a small laminar separation bubble
on the leading edge. In both cases, the transition location was moved from peak suction to the
leading edge. This was seen to result in the spanwise extent of the corner separation increasing
by more than 60% on the suction surface, and the integrated loss in the first 25% of span nearest
the hub more than doubling. These results are consistent with an earlier study by Gbadebo et al.
(2004) [16], which examined the sensitivity of corner loss to blade surface roughness. This
demonstrates that corner separations are highly sensitive to any geometry detail that affects the
suction surface transition pattern.
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(a) No added roughness

(b) Roughness added to endwall

(c) Roughness added to LE

Fig. 2.19 Effect of surface roughness on downstream total pressure contours in an embedded
bladerow in a multistage machine, Auchoybur and Miller (2018) [2]
The impact of endwall surface detail was investigated by Auchoybur and Miller (2018)
[2] using a similar experimental configuration to that of Goodhand and Miller. In contrast to
blade surface roughness, endwall surface roughness was found to have a minor impact on the
corner separation. This can be seen from Figure 2.19, which shows experimentally measured
loss contours downstream of the datum passage, alongside the loss contours obtained after
adding the equivalent roughness incurred by 4000 take off and landing cycles to the endwall
and blade leading edge. Comparison of Figures 2.19a and 2.19b shows that the addition of
surface roughness to the endwall has a negligeable impact on the size of the loss core of the
corner separation measured downstream, in contrast to the large effect induced by adding
surface roughness to the leading edge - see Figure 2.19c.
The impact of fillets on corner separations has been investigated in several studies. Some,
for example Curlett (1991) [8] and Meyer et al (2012) [34], have indicated that larger fillets
increase the loss near the endwall, while others, like that of Goodhand and Miller, have shown
the opposite. It should however be noted that the impact of changing the fillet radius in
these studies was relatively small. Goodhand and Miller noted that changing the hub fillet
radius from 4.8% chord to 10% chord reduced the endwall loss by 7% - within the margin of
measurement error of the experiment. Completely removing the fillet increased the endwall
loss by approximately 15% at the design point of the rig. This effect is much smaller than that
induced by perturbing the leading edge using surface roughness, or changing the leading edge
profile from elliptical to circular. This is summarised by Figure 2.20, which shows the impact
of the different geometry perturbations tested by Goodhand and Miller on the endwall loss.
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Fig. 2.20 Ranking of different geometry details on endwall loss, Goodhand (2011) [17]

2.3.3

Summary

The literature has highlighted two features to which corner separations are highly sensitive.
The first is the time-averaged profile of the low momentum endwall region, which is set up in
the multistage compressor environment and typically occupies the first 10 - 50 % of chord from
the wall. It should be noted that corner separations also appear to be sensitive to unsteadiness
in the inlet flow, as discussed in Section 2.1.5. The second feature is geometry detail near the
leading edge of the blade. Corner separations are sensitive to the location of boundary layer
transition on the suction surface, and consequently to the surface roughness and leading edge
profile of the bladerow. It is beyond the scope of the present work to investigate the influence
of these features on the unsteady topology of corner separations, however it is important to
note that inlet conditions (both the time averaged profile and unsteadiness) and geometry detail
(surface roughness) need to be carefully controlled in any experimental study of compressor
flow topology.

2.4 Research questions

2.4
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This literature review has highlighted several key unknowns pertaining to the topology of corner
separations. Four research questions can be presented:
1. How does the topology of a corner separation change as the incidence onto a bladerow
is raised? Does the topology change discontinuously from single-sided to double-sided
as typically shown by RANS predictions, or does the topology develop smoothly as the
incidence is increased? This question will be addressed in Chapter 5.
2. What is the mechanism for the single-sided to double-sided topology change? In the
unsteady flow field, does the topology change originate from a single localised region of
high streamline curvature in the blade corner, as demonstrated in RANS by Taylor and
Miller? This question will be addressed in Chapter 6.
3. What triggers the long timescale unsteadiness of corner separations over timescales many
times longer than the convection throughflow time? Is the long timescale unsteadiness
driven by large inlet perturbations, as proposed by Zambonini et al., or is the behaviour
an intrinsic feature of the separation itself? This question will be addressed in Chapter 7.
4. How can a controlled experiment be set up to answer the first three questions with
certainty? It has been shown that corner separations are sensitive to inlet conditions (both
the time-average profile and unsteadiness) and blade geometry (surface roughness). It is
crucial that these parameters are controlled to study the topology of corner separations.
To address this, Chapters 3 and 4 will present the design and setup of a highly controlled
cascade experiment.

Chapter 3
Defining a controlled experiment
The aim of this chapter is to define a controlled cascade experiment to study the topology
of corner separations. In the literature review it was shown that to undertake a controlled
experiment, the inlet conditions (both the time averaged profile and unsteadiness) and geometry
detail (surface roughness) need to be carefully controlled. In past studies, a key problem with
achieving such control is that authors have attempted to reproduce realistic inlet conditions
such as those shown in Figure 3.1a by either testing in a real multistage machine or by building

(a) Bladerow in multistage machine

(b) Cascade with uniform inlet condition

Fig. 3.1 Inlet conditions to a bladerow in a multistage machine (left) vs the experimental
configuration to be used in this study (right)
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complex inlet flow conditioning systems. In both cases the attempt to introduce realistic inlet
conditions introduces great uncertainty.
The aim of this chapter is to show that the nature of the switch from the single-sided to
double-sided topology is the same in a bladerow with a uniform inlet condition as in a bladerow
with a realistic multistage inlet. This means that it is possible to study corner separations in
cascades with uniform inlet flows, which has the advantage that the inlet condition can be set
up with a greater degree of precision.
This chapter will be broken into two sections. The first section (3.1) will examine how
the inlet conditions to an embedded bladerow in a multistage machine vary over the design
space, as the blading configuration and flow coefficient are varied. This is achieved using a
database of inlet flow profiles from the literature. The second section (3.2) will explore how
the single-sided to double-sided topology change is affected as the inlet conditions are varied
over the design space. This will be undertaken with RANS CFD.

3.1

Characteristics of multistage inlet conditions

To demonstrate that the nature of the switch from the single-sided to double-sided topology
is the same in a bladerow with a uniform inlet condition as in a bladerow with a realistic
multistage inlet, it is first necessary to understand how the features which characterise inlet
conditions in multistage compressors vary over the design space. Section 2.3.1 of the literature
review discussed the characteristic features of multistage inlet profiles. This section will show
how these features vary over the design space.
To discuss this, it is useful to explain how these features arise in the multistage environment.
In the multistage environment, the inlet conditions to an embedded blade row depend on two
factors. The first is the velocity profile leaving the bladerow upstream. The second is the
change of reference frame between bladerows, which transforms this velocity profile into the
frame of reference of the bladerow being studied. These two factors will be discussed in turn.

3.1.1

Velocity profile at exit of upstream bladerow

The velocity profile leaving the upstream bladerow has several distinct features common to all
compressors. These features are a two-dimensional wake, a corner separation region and an
endwall boundary layer. These regions are associated with low velocity relative to the freestream. These can be seen from the rotor exit profiles in Figure 3.3, which were extracted from
multistage simulations on four different compressor configurations by Auchoybur and Miller
(2016) [1], just before the inception of stall at the highest converged point on the compressor’s
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(a) No leakage flows

(b) Leakage flows included

Fig. 3.2 Shrouded compressor configurations modelled by Auchoybur and Miller (2016) [1]

(a) 2D Blading, no leakage flows

(b) 3D Blading, no leakage flows

(c) 2D Blading, leakage flows included

(d) 3D Blading, leakage flows included

Fig. 3.3 Contours of flow coefficient downstream of bladerow in multistage machine, near stall.
Auchoybur and Miller (2016) [1]
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operating characteristic. The configurations shown are with and without the shroud leakage
flows modelled - see Figure 3.2. These were run with two types of blading - 2D blading and
3D blading with 20o lean. The blade geometry is a controlled diffusion type. According to the
endwall shroud configuration and blading type, the corner separation region varies in form. This
region occurs nearest the endwall in the configurations with 2D blading. In the configurations
with 3D blading, the corner separation region lies further along the span away from the endwall.
It should be noted that the corner separation region appears larger in the simulations with 3D
blading as these cases were converged at a higher operating point on the characteristic. In the
cases with 2D blading, the calculation ceased to converge at a lower operating point, when the
compressor stalled suddenly. It is believed that this was due to the corner separations switching
discontinuously from single-sided to double-sided in the calculation. Prior to this, the corner
separation region was small, as shown in Figures 3.3a and 3.3c.
The spanwise mass-averaged profiles of velocity and flow angle, extracted from the traverses
on Figure 3.3, are shown on Figure 3.4. For all of the profiles shown, three distinct regions exist
along the span, which correspond to those identified in Section 2.3.1. These are a uniform free
stream region near midspan; a low momentum endwall region of low velocity; and a boundary
layer region near the endwall. To understand how these spanwise profiles relate to the inlet
profile in the reference frame of the bladerow downstream, it is necessary to understand the
effect of the change of reference frame between bladerows.

(a) Relative velocity

(b) Relative flow angle

Fig. 3.4 Mass averaged spanwise profiles of velocity and flow angle at exit of upstream
bladerow, for the cases modelled by Auchoybur and Miller (2016) [1]
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Effect of change of reference frame

The change of reference frame between bladerows, which transforms the upstream profiles of
relative velocity Vrel and flow angle β into the frame of the downstream bladerow, is shown
by the velocity triangle in Figure 3.5. The spanwise profiles of absolute velocity V and flow
angle α in the reference frame of the bladerow downstream depend on the blade speed U, and
therefore the flow coefficient φ of the machine. The impact of varying the flow coefficient on
the velocity triangle can be seen in Figure 3.5.
The change of reference frame acts to modify the spanwise profiles of velocity and flow
angle experienced by the downstream bladerow, and may either accentuate or diminish the low
momentum endwall region. This effect depends on the flow coefficient. It was shown by Smith
(1970) [45] and Koch (1981) [25] that in machines operating at low flow coefficient, the low
momentum endwall region will tend to be made less extreme by the change of reference frame.
In machines with high flow coefficient, the low momentum endwall region will tend to be
accentuated. This can be explained using a geometric argument based on the velocity triangles
at different spanwise locations, as shown by Koch. A precise explanation of the mechanism
is beyond the scope of this discussion, however the effect can be seen by transforming the
spanwise mass-averaged distributions of relative velocity and relative flow angle at the outlet
of the upstream bladerow in Figure 3.4 into the reference frame of the bladerow downstream,
assuming a range of midspan flow coefficients. Flow coefficients between 0.2 and 0.8 are
used here to span the compressors Smith chart, though it should be noted that a value of
approximately 0.55 is typical for an engine. The result is shown in Figure 3.6, in which the
shaded regions represent the range of velocity and flow angle profiles obtained over the assumed
range of flow coefficient for the four compressor configurations.
Figure 3.6 provides a representation of how the features of the inlet profile to a bladerow
in the multistage environment vary over the design space. From the range of profiles shown,
it is clear that the low momentum endwall region is highly sensitive to the flow coefficient.
According to the assumed flow coefficient, the low momentum region varies from being almost
totally uniform in velocity and flow angle at the lowest flow coefficient of φ = 0.2, to being
very pronounced with a large velocity deficit and positive flow angle relative to the free stream
at higher flow coefficients up to φ = 0.8. The position of the low momentum endwall region
is also sensitive to the blading type and presence of shroud leakage flows. In the cases with
2D blading, the low momentum region lies close to the endwall, contained within the first
20% chord for the case with no leakage flows, and 30% chord with the leakage flows included.
For the cases with 3D blading, the low momentum endwall region lies further along the span,
extending to up to 60% chord from the endwall in the case with no leakage flows and up to
80% chord from the endwall with the leakage flows modelled.
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Fig. 3.5 Frame of reference change between bladerows, showing the effect of varying the
design flow coefficient

(a) Velocity

(b) Flow angle

Fig. 3.6 Mass averaged spanwise profiles of velocity and flow angle at inlet to downstream
bladerow, obtained by applying a change of reference frame to the profiles in Figure 3.4
assuming a range of flow coefficients
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3.2

Sensitivity of topology change to inlet conditions

It is important to understand how the single-sided to double-sided topology change is influenced
as the inlet conditions to a bladerow are varied over the design space. In this section, this is
investigated through a computational study using RANS CFD. The computational study is
presented in three subsections. In the first section (3.2.1) the setup of the RANS calculation
is presented. The second section (3.2.2) examines how the critical incidence for the topology
change is affected as the spanwise profiles of velocity and flow angle are varied over the design
space. Finally, the third section (3.2.3) examines how the nature of the topology change is
influenced by the inlet conditions.

3.2.1

Computational method

The geometry simulated in this study is a cascade with a controlled diffusion profile, designed
at the Whittle Laboratory. The geometry is representative of the mid-height profile of a stator
in a 65% reaction stage, with a stage loading coefficient of 0.45 and design flow coefficient of
0.55. This is the baseline geometry used in the study of Auchoybur and Miller, from which the
multistage inlet conditions referenced in Section 3.1.1 were extracted. The parameters of the
profile are shown in Table 3.1. In all simulations, the profile was extruded to create a cascade
of aspect ratio 3, with a fillet of radius of 5% chord between the blade and endwall.
Parameter
LE metal angle
TE metal angle
Stagger angle
Design inflow angle
Thickness/chord
Pitch/chord

Symbol
χLE
χT E
γ
αDES
t/c
s/c

Value
55.2o
10.3o
24.9o
46.0o
0.053
0.555

Table 3.1 Blade profile used in cascade simulation

The solver is ANSYS CFX, a three dimensional unstructured Reynolds Averaged Navier
Stokes solver. All simulations were run at a Mach Number of 0.1 and Reynolds Number
of 5 × 105 based on the true chord and inlet velocity. The k-omega SST turbulence model
was chosen due to its favourable performance in predicting the influence of adverse pressure
gradients – Menter (1993) [33]. The parameters of the turbulence model were set by specifying
a fractional turbulence intensity of 5% and an eddy viscosity ratio of 10 on the inlet plane, as
recommended in the solver user guide for cases of moderate inflow turbulence intensity where
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Fig. 3.7 Domain and boundary conditions of cascade simulation

(a) Blade-to-blade view

(b) Meridional view

Fig. 3.8 Blade-to-blade view (top) and meridional view (bottom) of mesh
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Fig. 3.9 Detail of butterfly block geometry near fillet
no other information on the nature of the turbulence is known. As the aim of the RANS study
was to isolate the influence of varying inlet conditions, all calculations were run fully turbulent
to eliminate sensitivity of the corner separation to transition modelling. The domain and
boundary conditions are shown in Figure 3.7. To minimise computational cost, the simulation
was performed on half the spanwise extent of the bladerow with a symmetry plane at midspan.
The mesh was generated in Autogrid, a commercial meshing program by Numeca. The
mesh is shown in Figure 3.8. The mesh is a structured type, containing 1.0 × 106 grid points.
An O-mesh topology is used to wrap the blade, and a butterfly block topology is used in the
region of the fillets - see Figure 3.9. The y+ is approximately 1 on the blade surface and
endwall, with an expansion ratio of no more than 1.2 off the blade surface. To investigate the
independence of the simulation to the mesh resolution, a mesh sensitivity study was performed.
Two refined meshes were generated by refining the baseline mesh, scaling the node count by
42% and 77%. When run with a uniform inlet condition at the design incidence, the integrated
loss measured on the outlet plane was within 0.7% and 1% of the baseline for the two refined
meshes, respectively. This indicates that the simulation was insensitive to the node count at the
chosen mesh resolution.
To generate inlet conditions representative of those in Figure 3.6, the low momentum
endwall region and skewed boundary layer were generated separately. The skewed boundary
layer was generated using a sliding viscous patch on the endwall upstream, which moved
tangentially to the bladerow as depicted on Figure 3.7. The low momentum endwall region
was then created by imposing a gaussian perturbation in velocity and flow angle at the inlet
plane. The resulting mass averaged spanwise distributions of velocity and flow angle were
measured on a plane 20% chord axially upstream of the bladerow. An example of an inlet
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profile reconstructed using this method is shown on Figure 3.10, plotted alongside one of the
multistage inlet profiles extracted from the study of Auchoybur and Miller.
The variation of the low momentum region shown in Figure 3.6 was parametrised by varying
the parameters of the gaussian perturbations in velocity and flow angle. Six parameters were
available to adjust the form of the low momentum region. These were the depth of the velocity
and flow angle perturbations, VDEF and ∆α; the spanwise position of the perturbations, µV and
µα ; and the width (standard deviation) of the perturbations, σV and σα . These parameters are
illustrated on Figure 3.11. It was found that by varying VDEF , ∆α, µV and µα over the range of
values in Table 3.2, it was possible to approximate the full range of inlet profiles in Figure 3.6.
The resulting range of reconstructed profiles is shown in Figure 3.11. To decouple the effect
of the velocity and flow angle variations on the topology of the corner separation, two sets of
RANS calculations were performed. In the first, VDEF and µV were varied as shown in 3.11a
while ∆α was held constant at zero. In the second, ∆α and µα were varied as shown in 3.11b
while VDEF as held constant at zero. For each inlet condition tested, the RANS was run over a
range of midspan incidences.
Depending on the midspan incidence at which the calculation was run, the convergence
of the residuals followed one of two patterns. This changed abruptly at a critical incidence
icrit , and was indicative of whether the corner separation was single-sided or double-sided.
Below icrit , the calculation converged rapidly in 100 to 200 timesteps using CFX’s default
‘auto’ timestepping method, with a timescale factor of 1. An example of the RMS residuals of

(a) Velocity

(b) Flow angle

Fig. 3.10 Reconstruction of multistage inlet profile, for the case of 2D blading with shroud
leakage modelled, from Auchoybur and Miller (2017) [1]
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(a) Velocity

(b) Flow angle

Fig. 3.11 Reconstructed inflow conditions used to span range of profiles in design space, from
Auchoybur and Miller (2017) [1]
Parameter
VDEF
∆α
µV and µα
σV and σα

Unit
% of midspan velocity
degrees difference to midspan
% chord
% chord

Value
0% → 12%
0o → 8o
0% → 30%
15%

Table 3.2 Range of parameters used to reconstruct low momentum endwall region

u- v- and w-momentum is shown in Figure 3.12a. Convergence was judged to have occurred
when the RMS residuals remained constant below a value of 10−4 over 500 timesteps. Once
converged, the limiting surface streamlines in the bladerow indicated that the corner separation
was of the single-sided topology, distinguished by the absence of a saddle and focus pair on
the endwall in the passage, as shown in Figure 3.13a. Above icrit , the calculation ceased to
converge with the default timestepping parameters, with the residuals following a cyclic pattern
which continued over 1000 timesteps - see Figure 3.12b. In this case, a converged solution
could be achieved equivalently using one of two methods. The first was to run the calculation
as a transient (unsteady) simulation, which resulted in the separation settling into a converged
steady state. The second method was to reduce the timestep by changing the timestepping
method from ‘auto’ to ‘local timescale factor’ with a timescale factor of 40% of the default
value. Using these parameters, convergence was judged to have occurred when the RMS
residuals of u, v and w momentum remained constant below a value of 10−4 over more than
10000 timesteps. This is the method employed here, as it was found to be the most robust.
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The abrupt change in the convergence behaviour at icrit was associated with a sharp increase
in endwall loss due to the single-sided to double-sided topology change, as shown by the profile
of the loss loop in Figure 3.14. This is consistent with the behaviour documented by Lei et al
(2006) [28] and Taylor and Miller (2016) [48].

(a) i = icrit − 0.1o

(b) i = icrit + 0.1o

Fig. 3.12 Convergence of residuals at incidences near icrit , using CFX default timestepping
parameters (auto timestepping, timescale factor = 1)

(a) i = icrit − 0.1o :
single-sided topology

(b) i = icrit + 0.1o :
double-sided topology

Fig. 3.13 Limiting surface streamlines at incidences above and below icrit .
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Fig. 3.14 Profile of endwall loss vs incidence in RANS simulation.
For each inlet condition tested, icrit was determined by running the calculation in 0.5o
increments above the design incidence, and establishing the incidence at which the calculation
ceased to converge over 1000 timesteps using CFX’s default timestepping parameters. Once icrit
was established to a precision of 0.5o , further calculations were performed in 0.1o increments
within the interval containing the topology change to establish icrit to a precision of 0.1o .

3.2.2

Sensitivity of critical incidence

This section discusses the sensitivity of icrit to the velocity and flow angle perturbations in the
low momentum endwall region, as they are varied over the design space. This is presented in
two parts. Firstly, the variation of icrit will be shown as VDEF and µV are varied, with ∆α held
at zero. Secondly, the variation of icrit will be shown as ∆α and µα are varied, with VDEF held
at zero. The symbol notation is as defined in Figure 3.11.
Figure 3.15 shows how icrit changes as VDEF and µV are varied over the design space.
Two trends are evident. Firstly, icrit is inversely related to VDEF . As VDEF is increased, icrit is
reduced. Secondly, icrit is also dependent on µV . As µV is increased from 0 to 20% chord, icrit
is reduced. However, as µV is increased above 20% chord, icrit recovers. This result can be
explained by considering that for low values of µV , a large portion of the gaussian perturbation
is ‘cut off’ by the end-wall. Consequently, as µV is increased, the perturbation occupies an
increasing proportion of the spanwise distribution of velocity. This is associated with the
reduction in icrit . However, as µV is increased above 20% chord, the perturbation effectively
moves into the free stream and no longer impacts the end wall. The results of Figure 3.15 can
be re-interpreted by plotting icrit against the integral momentum deficit at the endwall for each
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of the simulations - see Figure 3.16. This indicates a clear negative correlation between icrit
and the momentum deficit. The conclusion is that icrit is negatively impacted by the magnitude
of the momentum deficit near the end wall.

Fig. 3.15 Sensitivity of icrit to VDEF and µV , with ∆α held constant. Notation is as defined in
Figure 3.11.

Fig. 3.16 Correlation of icrit with integrated momentum deficit
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Figure 3.17 shows how icrit changes as ∆α and µα are varied over the design space. The
trend shown is similar to that shown in Figure 3.15 for variations in VDEF . icrit is closely linked
to ∆α. When ∆α is increased, icrit is reduced. icrit is also linked to µα . As µα is increased in
the range of 0 to 10% chord, icrit is reduced. However, as µα is increased above 10% chord,
icrit recovers. The conclusion of these trends is that icrit is negatively impacted by high values
of positive flow angle localised near the end wall.

Fig. 3.17 Sensitivity of icrit to ∆α and µα , with VDEF held constant. Notation is as defined in
Figure 3.11.

3.2.3

Sensitivity of nature of topology change

It has been shown that the critical incidence for the topology change is sensitive to inlet
conditions. This section will show how inlet conditions influence the nature of the topology
change. To investigate this, the limiting surface streamlines on the blade are compared in two
cases. The first case uses a realistic multistage inlet condition extracted from the study of
Auchoybur and Miller, for a machine with 2D blading and shroud leakage flows modelled.
The spanwise distributions of velocity and flow angle are those shown in Figure 3.10. The
second case uses a uniform inlet condition, also shown on Figure 3.10. The limiting surface
streamlines for the case run with the realistic inlet condition are shown in Figure 3.18, at two
incidences a small increment above and below icrit . The limiting surface streamlines for the
case run with the uniform inlet condition are shown in Figure 3.19.
In both Figure 3.18 and Figure 3.19, the sudden change from the single-sided to doublesided topology at icrit is evident. It should be noted that the value of icrit is 1.8o greater for the
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case with the uniform inflow condition. However, comparison of Figures 3.18 and 3.19 shows
that between the two cases, the topology is almost identical. What this shows is that the nature
of the topology change is not affected by the inlet conditions.

(a) i = icrit − 0.1o : single-sided
topology

(b) i = icrit + 0.1o :
double-sided topology

Fig. 3.18 Single-sided to double-sided topology change with realistic multistage inlet profile.

(a) i = icrit − 0.1o : single-sided
topology

(b) i = icrit + 0.1o :
double-sided topology

Fig. 3.19 Single-sided to double-sided topology change with uniform inlet condition

3.3

Summary

A key research question outlined in Section 2.4 of the literature review was how to set up
an experiment with a precisely controlled inflow to study the unsteady topology of corner
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separations. This chapter has shown that, although the critical incidence for the single-sided to
double-sided topology change is sensitive to inlet conditions, the nature of the topology change
in a bladerow with a uniform inlet is the same as in a bladerow with a realistic multistage inlet
condition. This provides the opportunity to set up a cascade experiment with a high degree of
precision. Based on this result, a cascade with a uniform inlet condition will form the basis of
the experimental configuration presented in Chapter 4.

Chapter 4
Setup of controlled experiment
This chapter will present the setup for the controlled experiment. In Chapter 3 it was seen
that the nature of the single-sided to double-sided topology change is the same for a corner
separation in a bladerow with a uniform inlet condition as in a bladerow with a realistic
multistage inlet. Based on this finding, the experimental configuration presented in this chapter
is a linear compressor cascade with a uniform inflow. To generate a uniform inflow, a bleed
system is employed in a wind tunnel rig, as shown in Figure 4.1. 50% chord upstream of the
bladerow, the thick tunnel wall boundary layers are bled off from the rig to the atmospheric
conditions outside the tunnel. The bleed is adjusted by throttling the exit of the cascade to
precisely control the static pressure differential across the bleed channels. Downstream of the
bleed channels, a very thin boundary layer grows on the endwall at the cascade inlet.

Fig. 4.1 Configuration of controlled cascade experiment
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The implementation of the cascade in Figure 4.1 is presented in this chapter in five sections.
The first section (4.1) will provide an overview of the cascade configuration. The second
section (4.2) will explain how the key parameters of the experiment are controlled. The third
section (4.3) will present the mid-height performance of the cascade. The fourth section (4.4)
will show the predicted 3D performance of the cascade from RANS. Finally, the fifth section
(4.5) will present the measurement techniques to be used in the study.

4.1

Overview of cascade rig

The experiments were performed in the cascade facility at LMFA in Lyon. A schematic
of the rig is shown in Figures 4.2 and 4.3 and the key parameters are shown in Table 4.1.
The blade profile is a controlled diffusion type, representative of a stator in a 50% reaction
stage, with a stage loading coefficient of 0.45 and design flow coefficient of 0.55. The
blade does not feature an endwall fillet. To ensure a high degree of periodicity, the cascade
contained 15 blades and the blade aspect ratio was 2.3 to ensure that the endwalls did not
interact with each other. The Reynolds Number based on the true chord and inlet velocity
was 3.2 × 105 . Freestream turbulence was generated by an upstream grid, located 280 bar
widths upstream of the instrumented channels of the cascade to ensure that the turbulence was
isotropic. The turbulence intensity was 2.4% with an uncertainty of ±0.1%, measured at an
Parameter
Number of blades
True chord
Aspect ratio
Geometry
LE metal angle
Parameters: TE metal angle
Stagger angle
Thickness/chord
Pitch/chord
Design inlet flow angle
Incidence
Flow
Reynolds number
Parameters: Inlet velocity
Inlet Mach number
Inlet turbulence intensity

Symbol
Nbl
c
AR
χLE
χT E
γ
t/c
s/c
αDES
i
Re
Vin
Min
Tuin

Table 4.1 Cascade parameters

Value
12 to 15
125mm
2.3
59.0o
22.5o
35.4o
0.053
0.565
52.8o
−0.5o → 7.8o
3.2 × 105
39 m/s
0.12
2.4%

4.1 Overview of cascade rig

Fig. 4.2 Schematic of cascade showing location of key measurements

Fig. 4.3 Setup of cascade working section
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Fig. 4.4 Closeup of throttle assembly in Figure 4.3, showing porosity adjustment mechanism

Fig. 4.5 Mechanism for tailboard angle adjustment
axial position of 25% chord upstream of the datum channel using a single axis hotwire probe.
The autocorrelation-based integral length scale of the free stream turbulence was 2.6% chord.
The exit of the cascade was equipped with a throttle assembly to control the bleed system,
as described in the introduction to this chapter. This was constructed from a sandwich of three
grids, comprising two fixed outer grids and a mobile inner grid, which was displaced in the
pitchwise direction to change the porosity of the assembly as shown in Figure 4.4. This was
driven by a stepper motor via a lead screw, allowing the throttle to be adjusted electronically or
manually. Precise adjustment of the throttle will be described in Section 4.2.1.
To set the cascade incidence, an adjustment mechanism was used to change the angle of
the cascade relative to the inlet. For a given angle, the periodicity of the cascade was adjusted
by moving a tailboard at the bottom of the working section, shown in Figure 4.2, which had
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the effect of redistributing mass flow in the pitchwise direction of the cascade. The tailboard
protruded through a slot in the throttle assembly. In order to change the tailboard angle θtb , the
entire throttle assembly was mounted on a track which allowed displacement of the throttle
and tailboard parallel to the cascade exit, as shown in Figure 4.5. The procedure for precisely
adjusting the tailboard will be discussed in Section 4.2.3.
The cascade was equipped with a range of instrumentation to measure the flow field in a
datum passage near the centre of the cascade, as illustrated in Figure 4.2. The measurement
techniques will be discussed in detail in Section 4.5, and are summarised here. The velocity
profile entering the blade row was recorded using pneumatic five hole probe and hotwire
boundary layer measurements, performed on a plane 25% chord axially upstream of the datum
passage. The flow field at the outlet of the cascade was recorded using pneumatic five hole
probe and Kulite unsteady total pressure measurements, performed on a plane 20% chord
axially downstream of the datum passage. To control the probe position on the upstream and
downstream measurement planes, an externally mounted stepper-motor driven traverse system,
shown in Figure 4.3, was used to displace the probe in the pitchwise (y) and spanwise (z)
directions through two traverse slots in the endwall, at locations 2 and 4 on Figure 4.2. Within
the datum blade channel, high speed PIV measurements were performed in the blade-to-blade
plane. Surface oil flow visualisations were also performed to record the skin friction lines on
the blade surface and endwall.
For all measurements, upstream total and static pressure references were recorded at the
location marked 1b on Figure 4.2 using a pneumatic five hole probe, which was fixed in the
working section approximately one chord upstream of the bladerow and one pitch above the
datum channel. A five hole probe was selected in lieu of a pitot static probe, to avoid the need
to realign the probe with the inlet flow every time the angle of the cascade working section
was adjusted. Backup references of inlet total and static pressure were also recorded further
upstream at location 1a using two pitot static probes, although in practice these were used only
as a cross-reference to verify nominal operation of the probe at location 1b. Inlet temperature
references were recorded using thermocouples placed in the flow at location 1a.

4.2

Control of key parameters

It was shown in the literature review that corner separations are sensitive to inlet conditions
(both the time mean profile and unsteadiness) and geometry detail (surface roughness). In order
to achieve a controlled experiment, it is therefore important to control these parameters. This
section will explain how the key parameters of the experiment were controlled. Section 4.2.1
will discuss control of the inlet boundary layer. Section 4.2.2 will discuss the inlet free stream.
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Section 4.2.3 will discuss how the cascade incidence was precisely adjusted. Finally Section
4.2.4 will discuss control of the blade geometry and surface roughness.

4.2.1

Inlet boundary layer

To precisely fix the inlet boundary layer entering the bladerow, the endwall bleed was carefully
controlled using an automated system. Adjustment of the bleed flow was enabled by the
throttle. To select the correct throttle position, the bleed slot lip highlighted on Figure 4.1 was
instrumented with a system of micro pressure tappings, as shown in Figure 4.6. Prior to each
data acquisition in the rig, the bleed was altered until the stagnation point was located at tapping
4. This meant that at all flow conditions the pressure profile around the bleed slot lip was held
constant and therefore the thickness of the inlet boundary layer which developed downstream
was consistent between runs.

(a) Location of pressure tappings

(b) Static pressure distribution

Fig. 4.6 Instrumentation of bleed slot lip, showing balanced operation of the bleed system
To confirm this a hot-wire boundary layer traverse was undertaken at 25% of chord upstream
of the cascade. This was undertaken at two cascade incidences and three evenly spaced locations
across a single blade pitch. The results, plotted for the design incidence in Figure 4.7, show
that the boundary layer had a momentum thickness of 0.20% chord, with an uncertainty of
±6% of the value, across all flow conditions and across the blade pitch. The shape factor of the
boundary layer is H = 1.69±3%. To check that the bleed system or tunnel did not introduce
significant long timescale unsteadiness to the boundary layer, a power spectrum of velocity
was calculated from the hotwire data at 0.4% chord from the endwall, as shown in Figure 4.8a.
For reference, the frequencies corresponding to Strouhal numbers of 0.01 and 1, as defined in
equation 1.1, are marked. While the spectrum is broadly flat below 102 Hz, a small rise can be
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seen below 10Hz. This is likely due to long timescale atmospheric changes within the lab or
the wind tunnel. The impact of this component on the boundary layer profile can be seen by
applying a 10Hz lowpass filter to the hotwire measurements, each taken over an acquisition
time of 30 seconds. The ±2 standard deviation (2σ ) variation in the boundary layer profile is
shown in Figure 4.8a. This indicates that the boundary layer was effectively time-invariant with
a shape factor variation of ±0.02%, within a confidence interval of ±2 standard deviations.

(a) Location of measurements

(b) Boundary layer profile

Fig. 4.7 Hotwire measurements of inlet boundary layer

(a) Power spectrum of velocity at 0.4 %
chord from endwall

(b) ±2 standard deviation variation of boundary
layer profile, with 10Hz low pass filter applied

Fig. 4.8 Analysis of low frequency components within boundary layer
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Inlet free stream

To verify that the inlet free stream was uniform outside the endwall boundary layer, the spanwise
distributions of velocity and flow angle were measured using five hole probe measurements at
location 2 on Figure 4.2. The measurements were taken upstream of two passages, on a grid
of 18 points per passage in the pitchwise direction and 29 points up to 100 % chord in the
spanwise direction. The pitchwise mass averaged distributions of velocity and flow angle are
shown in the spanwise direction for the two passages in Figure 4.9. This indicates that outside
the boundary layer, the inlet profile was uniform to within 0.5 % of the total mass averaged
inlet velocity and 0.6o of the mass averaged inflow angle.
For precision, the long length scale variation of the tunnel free stream velocity was measured
by applying a 10Hz lowpass filter to a two minute acquisition of free stream hot-wire data.
Long length scales were found to result in 0.3% variations of the tunnel inflow velocity in the
frequency range below 10Hz. This shows that the tunnel velocity was effectively time-invariant
over long timescales, with a Reynolds number variation of 0.3%.

(a) Velocity

(b) Flow angle

Fig. 4.9 Inflow conditions measured 25% chord upstream of bladerow

4.2.3

Incidence

The procedure for adjusting the incidence onto the cascade was performed in three steps, which
were executed before each data acquisition in the rig. Firstly, the cascade angle θcasc was
adjusted, as shown in Figure 4.10a. Secondly, the periodicity of the cascade was adjusted by
changing the angle of the tailboard θtb , as shown in Figure 4.10b. Finally, the incidence was
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(a) Cascade angle adjustment

(b) Tailboard angle adjustment

Fig. 4.10 Mechanism for cascade incidence adjustment
precisely measured using the chordwise static pressure distribution on an instrumented blade.
This section described the procedures for the final two steps in detail.
To determine the optimal tailboard angle θtb for a given cascade angle, the sensitivity of
the inflow periodicity to θtb was evaluated using five-hole probe measurements taken on the
inlet traverse plane at location 2 on Figure 4.2. The measurements were taken over a range
of pitchwise coordinates at a spanwise position of 12% chord from the endwall. Figure 4.11
presents an example of these measurements, showing the pitchwise variation of inflow angle
and dynamic pressure for three tailboard angles at a cascade angle θcasc of 54o . The pitchwise
variations of inflow angle and dynamic pressure shown are due to two effects superimposed on
one another. The first effect is the potential field of the bladerow, which causes a variation in
flow angle and dynamic pressure that repeats cyclically from passage to passage. The second
effect is the aperiodicity of the cascade, which results in a gradient in flow angle and dynamic
pressure down the cascade. To see this more clearly, a least squares line of best fit is shown
by the dashed line for each traverse. For a given value of θtb , the periodicity of the cascade
is shown by the gradient of the dashed line - the flatter the line, the more periodic the inlet
condition.
Two observations can be made from Figure 4.11 about the sensitivity of the inflow periodicity to θtb . Firstly, while the mean inlet flow angle is sensitive to θtb , the pitchwise periodicity of
the inlet flow angle is insensitive. This is evident as varying θtb changes the height but not the
gradient of the dashed line on Figure 4.11a. Secondly, the inlet dynamic pressure is sensitive
to θtb . This is evident as varying θtb changes the gradient of the dashed line in Figure 4.11b.
As the periodicity of the inlet dynamic pressure is most sensitive to θtb , the mean pitchwise
dynamic pressure gradient was chosen as the best metric for selecting the optimal tailboard
angle. This is defined as the gradient of the dashed line on Figure 4.11b.

56

Setup of controlled experiment

(a) Pitchwise variation in inlet flow angle relative to probe head

(b) Pitchwise variation in inlet dynamic pressure

Fig. 4.11 Effect of tailboard position on pitchwise distribution of inlet flow angle and dynamic
pressure, measured 12% chord from the endwall, θcasc = 54o
The mean pitchwise dynamic pressure gradient is shown on Figure 4.12 over a range of
values of θtb , for cascade angles θcasc from 50o to 60o . At all values of θcasc , increasing θtb
tends to reduce the mean pitchwise gradient of dynamic pressure. In all cases, the mean
pitchwise dynamic pressure gradient reaches zero for a value θtb ≈ 35o ± 2o . Based on this
finding, a tailboard angle of 35o was used at all cascade angles to achieve optimal periodicity.
Once the tailboard angle was correctly adjusted, the incidence onto the cascade was precisely
determined by measuring the pressure distribution around the datum blade at mid-height using
25 tappings, shown on Figure 4.13, and undertaking a best fit against a database of MISES
flow predictions run at incidence increments of 0.1o . MISES is an Euler code with a coupled
boundary layer solver, Drela (1986) [11]. The pressure distribution around the mid-height of
the blade is particularly sensitive to incidence and insensitive to the accuracy of the boundary
layer prediction in MISES. The method is therefore extremely accurate, allowing the incidence
to be determined to an accuracy of approximately ± 0.1o - a precision far greater than could be
achieved using an upstream probe. A comparison of the pressure measurements and best fit
MISES solutions are shown in Figure 4.14.

4.2 Control of key parameters
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Fig. 4.12 Calibration of tailboard: pitchwise dynamic pressure gradient at cascade inlet vs
cascade angle

Fig. 4.13 Location of mid-height pressure tappings
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(a) i = 0o

(b) i = 2.3o

(c) i = 4.9o

Fig. 4.14 Mid-height blade Cp distribution at three cascade incidences, with MISES best fit to
infer inlet flow angle

4.2.4

Blade geometry detail

The blades were machined from aluminium and finished with a thin coat of primer paint. To
ensure that the blade geometry was precisely controlled, the blades were digitally scanned after
manufacture. At any given surface location on the finished blade, the manufactured geometry
was within 100µm of the designed profile. This equates to a deviation of no more than 2%
of the maximum profile thickness. The manufacturing deviation was uniform over the blade
surface.
The surface finish was measured using a roughness gauge. The centreline-averaged roughness height Ra was 2µm. This leads to a roughness-based Reynolds Number of Rek ≈ 5, based
on the roughness height Ra and inlet velocity. This is comparable to the typical surface finish
of a newly manufactured blade in an engine (Rek = 4.3) according Brendel et al. (2008) [5].
The resulting mid-height transition pattern on the blade surface was found to be well captured
by computational predictions, as shown in Section 4.3.

4.3

Mid-height performance

As the incidence is changed, it is important to characterize the aerodynamic behaviour of the
blade profile at mid-height. Figure 4.15 shows an oil flow visualization over the blade suction
surface at mid-height as the incidence is changed. It shows that at the design incidence the
blade has a small laminar separation bubble at approximately 35% of streamwise surface length
from the leading edge. As the incidence is raised this can be seen to move forward, reducing in
size. At +4.9° above design, the laminar separation is on the point of disappearing.

4.3 Mid-height performance
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Fig. 4.15 Mid-height suction surface oil visualisation, showing transition via a laminar
separation bubble at peak suction

Fig. 4.16 (Top) MISES prediction vs measurement of transition location (Bottom) Mid-height
loss vs incidence
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The mass-averaged profile loss ωmid was measured downstream of the datum passage and
datum passage -1 using the method described in Section 4.5.1. A comparison of the mid-height
profile loss and transition location, measured in the experiment and predicted in MISES, is
shown in Figure 4.16. The prediction of the transition location is correct to within 5% of surface
length and the prediction of profile loss is within 10% of the measured value. Up to +5.5°, the
difference in profile loss in the adjacent blade passages is less than 5% of the average profile
loss, indicating good periodicity.
It is important to note that the mid-height boundary layer remains attached at the trailing
edge up to +5.5° incidence. Above this, a trailing edge separation occurs and moves progressively upstream, raising the profile loss. In this study, the topology of the corner separation is
studied at incidences of up to +5.5°.

4.4

RANS prediction of 3D performance

To provide a computational reference to compare against the behaviour of the corner separation
in the experiment, a RANS simulation was performed using the cascade geometry and recorded
inlet conditions. The computational setup is as described in Section 3.2.1 with the addition of
the γ − Reθ model to capture transition. Transition was found to be well captured with suction
surface transition via a laminar separation bubble between 29% and 36% of streamwise surface
length at an incidence of +2.7o .

(a) i = 2.7o : single-sided
topology

(b) i = 2.8o : double-sided
topology

Fig. 4.17 Skin friction lines from RANS calculation of the test rig, showing the single-sided to
double-sided topology change

4.5 Measurement techniques
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Fig. 4.18 Profile of endwall loss vs incidence in RANS simulation of test rig
The calculated profile of endwall loss vs incidence for the bladerow is shown in Figure 4.18.
Between 0o and +2.7o incidence, the endwall loss coefficient increases only slightly by 0.001.
At +2.8o , the loss rises discontinuously. This is due to the topology of the corner separation
changing from the single-sided to double-sided, as shown by the appearance of the key saddle
and focus pair on the endwall in Figure 4.17. This behaviour is consistent with that presented
in Section 3.2, and by Lei et al. (2006) [28] and Taylor and Miller (2016) [48].

4.5

Measurement techniques

This section provides a summary of the measurement techniques used to characterize the corner
separation.

4.5.1

Pneumatic five-hole probe measurements

In order to record the inlet conditions and downstream losses, a pneumatic five-hole probe with
a head diameter of 0.13% chord was used to traverse the time-averaged flow field on the inlet
and outlet measurement planes of the cascade, marked locations 2 and 4 on Figure 4.2. The
probe and calibration map are shown on Figure 4.19. The probe was calibrated in 3o increments
of pitch and yaw angle in a free jet provided by a calibration tunnel, in which the total and
static pressure were recorded along with the pressures from each of the five holes in the probe
head. The calibration coefficients for the pitch and yaw angles are given by Equations 4.2 and
4.3, and the coefficients for the total and static pressure are given by Equations 4.4 and 4.5. To
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process the raw pressure readings from the probe, C pitch and Cyaw were calculated and then
converted into the pitch and yaw angle via a linear interpolation using the calibration map. A
further interpolation was used to establish Ctotal and Cstatic , which were then used to calculate
the total and static pressure.
1
Pavg = (P2 + P3 + P4 + P5 )
4
P3 − P2
Cyaw =
P1 − Pavg

(4.1)
(4.2)

C pitch =

P5 − P4
P1 − Pavg

(4.3)

Ctotal =

Po − P1
P1 − Pavg

(4.4)

Cstatic =

Po − P
P1 − Pavg

(4.5)

The probe was inserted into the rig through a traverse slot in the endwall with the stem
aligned with the spanwise (z) axis and the head yawed into the mean flow direction, as shown
in Figure 4.20. The probe stem was mounted outside the tunnel in the stepper-motor driven
traverse gear, labelled in Figure 4.3, which enabled the probe to be automatically displaced in
the y and z directions to a precision of ±0.08% chord. The probe was zeroed in the spanwise
direction to a precision of ±0.08% chord by retracting the head toward the endwall until

Fig. 4.19 Pneumatic five hole probe calibration map and probe head configuration
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making electrical contact with a layer of foil tape on the wall, which was removed before the
traverse was initiated. To prevent leakage flows through the traverse slot, the slot was sealed
using a mechanism consisting of a 3D printed channel with internal grooves, which guided two
layers of plastic seals that were free to slide when the probe was traversed in the transverse
(y) direction - see Figure 4.20. When the probe was not in use, the sealing mechanism was
replaced with a solid 3D printed blank which fitted flush with the endwall.
On the upstream measurement plane the measurements were recorded on a uniform sample
grid, with a spanwise resolution of 3% chord in the y and z directions. On the downstream
measurement plane the measurements were recorded on the sample grid shown in Figure 4.21,
with sample points clustered in regions of high total pressure gradient.

Fig. 4.20 Cross section of mounting arrangement of pneumatic five hole probe

Fig. 4.21 Downstream sample grid
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The measurements were non-dimensionalised using the inlet total and static pressure
references recorded at location 1b on Figure 4.2. For downstream measurements, a loss
coefficient was calculated using the formula:
ω=

P0,in − P0,out
P0,in − Pin

(4.6)

A mass averaged total pressure loss coefficient was calculated using the following area integration over the measured passage up to midspan:
R

ωρudS
ωtot = R
ρudS

(4.7)

The mass-averaged profile loss was calculated at midspan using the integration:
R

ωρudy
ωmid = R
ρudy

(4.8)

The endwall loss was defined as the difference between mass averaged passage loss and profile
loss:
ωew = ωtot − ωmid

(4.9)

As ωew is a key parameter of interest for investigating the behaviour of the corner separation,
it is important to understand the uncertainty in the values of ωew presented in this thesis. Two
sources of uncertainty are present. The first originates from measurement error, while the
second originates from imperfection of the cascade setup resulting in aperiodicity of the flow
field which would not be captured in an idealised CFD model.
A full error propagation analysis would be required to calculate the first source of uncertainty, taking into account all error sources, as performed by Ma (2012) [31]. However, such
an analysis is extremely convoluted and it is more direct to estimate the measurement error
by assessing the repeatability of the readings on subsequent acquisitions. It was found that
the repeatability of the probe angle measurements was ±1o at a given point in the flow field.
This is typical of five hole probe measurements in similar studies - for example Goodhand
(2011) [17]. An approximate measure of the uncertainty in the integrated loss coefficient can
be estimated by perturbing the calibration map by ±1o in pitch and yaw. This results in an
uncertainty of up to ±2.5% of the value of ωmid and ±5% of the value of ωew .
The second source of uncertainty was estimated by calculating the maximum difference in
ωew between the datum passage and the datum passage -1 from a dataset of 14 traverses. From
these, the maximum pitchwise variation in the absolute value of ωew and ωmid was up to ±5%
of the value of ωmid and ±10% of the value of ωew .

65

4.5 Measurement techniques

4.5.2

Hotwire boundary layer measurements

The endwall boundary layer measurements presented in Section 4.2.1 were performed using
a single axis boundary layer hotwire probe in the configuration shown in Figure 4.22. Measurements were taken at three evenly spaced pitch locations upstream of the datum channel
on the upstream measurement plane marked location 2 on Figure 4.2. The mounting was
broadly similar to that used for the upstream pneumatic five hole probe measurements. Outside
the tunnel, the probe stem was held in place by a mounting system which allowed spanwise
(z) displacements of the probe to a precision of ±0.08% chord via a manually operated lead
screw mechanism. The probe displacement was measured using a vernier caliper bolted to
the displacement mechanism. The spanwise position of the probe was zeroed to a precision
of ±0.08% chord by bringing the probe into electrical contact with a layer of foil tape on the
endwall, which was removed prior to data acquisition. The probe was calibrated in the tunnel
free stream using the velocity reference obtained from the five hole probe at location 1b on
Figure 4.2. The measurements were performed at a sample rate of 200kHz. Probe temperature
drift was compensated according to the method presented by Bearman (1971) [3].
The displacement and momentum thickness of the boundary layer were calculated using
the time-mean velocity V (z) obtained from the probe with the following integrations:
Z zmax 


V (z) V (z)
1−
dz
Vf s
Vf s

θ=
0

∗

(4.10)

Z zmax 

δ =
0


V (z)
dz
1−
Vf s

(4.11)

The integrals were performed to an upper limit zmax = 3.2% chord, where the z-wise velocity
gradient was negligible. The boundary layer shape factor was calculated as the ratio of the
displacement and momentum thicknesses:
H=

δ∗
θ

(4.12)

An important source of uncertainty to consider when measuring the boundary layer thickness
and shape factor was bias error in the spanwise coordinate z due to an offset when zeroing the
probe. This was particularly important to quantify, given that the boundary layer was very thin
in this experiment. Based on an uncertainty z = ±0.08%, the uncertainty in θ , δ ∗ and H were
estimated to be ±1%, ±4% and ±3% of their respective values.
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Fig. 4.22 Cross section of mounting arrangement of hotwire boundary layer probe

4.5.3

Unsteady total pressure measurements

To record the unsteady pressure field downstream of the bladerow, Kulite total pressure measurements were performed on the outlet plane marked location 4 in Figure 4.2. These measurements
were used to determine the frequencies of unsteadiness in the flow and to establish if the
unsteadiness of the corner separation was correlated downstream of adjacent passages.
The measurements were performed using Kulite MIC-093 probes with a pressure range
of 5 PSI. Three probes were used to enable simultaneous measurements downstream of three
adjacent passages. These were mounted on a non-kieled probe head, yawed in the mean
flow direction to give a measure of the unsteady component of total pressure. The mounting
arrangment is shown in Figure 4.23. The probes were mounted at a spanwise position of 8%

Fig. 4.23 Mounting arrangement of Kulite probe
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Fig. 4.24 Arrangement of Kulite probes in blade-to-blade plane
chord from the endwall and held one pitch apart in the transverse (y) direction, as shown in
Figure 4.24. In order to measure the total pressure signal at different pitchwise locations, all
three probes were displaced simultaneously in the y direction with their relative positions
fixed one pitch apart. All measurements were performed at a sample rate of 100kHz over an
acqusition time of 30 seconds. The reference pressure port of each probe was connected to the
atmospheric pressure of the laboratory using soft tubes which were run through the probe stem
and out of the rig. The output signals from the probes were digitised using a PXI-6123 circuit
board. On the board a 150kHz low pass filter was applied to prevent aliasing due to parasitic
components arising from the probe leads and circuitry. Given 16 bit digitisation, the signal
discretisation was ±0.5Pa.
To determined if the probe signals were correlated at any given pitchwise location, the
normalised cross correlation between probes 1 and 2 was calculated using the formula:
R1,2 (t)
r1,2 = p
R1,1 (0)R2,2 (0)

(4.13)

R1,2 (τ), R1,1 (0) and R2,2 (0) are given by the following correlations between the signals of
the unsteady total pressure components from probes 1 and 2:
R1,2 (t) =(p′0,k1 ⋆ p′0,k2 )(t)

(4.14)

R1,1 (0) =(p′0,k1 ⋆ p′0,k1 )(0)

(4.15)

R2,2 (0) =(p′0,k2 ⋆ p′0,k2 )(0)

(4.16)
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A similar cross correlation r2,3 was calculated between probes 2 and 3. The maximum cross
correlation, averaged between the two possible adjacent combinations of the probes was then
determined by the relation:
rmax =

max(r1,2 ) + max(r2,3 )
2

(4.17)

The magnitude of rmax , which lay in a range from 0 to 1, was indicative of whether the total
pressure signals downstream of the adjacent blade passages were correlated. A value rmax of
close to 0 indicated that the signals were uncorrelated, while a value of 1 indicated a strong
correlation.

4.5.4

Oil flow visualisation

To record the time-averaged skin friction lines on the blade surface and endall, oil flow visualizations were performed using 20cSt silicone oil mixed with a UV-fluorescent formladehyde-based
powder dye. Prior to each flow visualisation, the outlet throttle was removed to enable manual
access to the cascade. The oil was applied evenly to the interior surfaces of the rig using
an airbrush, and the throttle assembly was reattached. The rig was then run at the required
operating condition until all the oil had run from the working section, leaving residual oil
streaks aligned with the skin friction lines. These streaks were photographed under UV light.
The resulting oil streak patterns can be interpreted in terms of the arrangement of the streak
patterns and the brightness of the oil residue. Brighter regions of fluorescent oil accumulation
indicate low shear stress while darker regions indicate high shear stress. The surface shear
stress vector is shown by the direction of the streak lines.

4.5.5

High-speed PIV

In order to investigate a cross section of the unsteady flow field within the datum passage,
two-dimensional high-speed PIV was performed in the blade-to-blade plane. A full description
of the PIV method is given by Raffel et al. (2018) [40]. Measurements were performed
separately on two cross sections at different spanwise positions. The first cross section was
located at z = 0.8% chord from the endwall. This was the closest measurement position to the
endwall that was possible with the PIV system. The second cross section was located at z = 8%
chord endwall. This corresponded to the spanwise position of peak loss measured from the
downstream pneumatic five hole probe traverses.
The PIV configuration is shown in Figure 4.25. The flow was seeded with smoke particles
in the tunnel inlet far upstream of the cascade. The smoke was illuminated on the measurement
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(a) Right side of rig showing laser sheet access

(b) Left side of rig showing camera access

Fig. 4.25 Optical access for high speed PIV measurements
plane by a 1mm laser sheet delivered by a double cavity pulsed Nd:YLF laser, capable of
delivering 120ns laser pulses in the frequency range between 0.1 and 10kHz. This was mounted
outside the wind tunnel and directed into the cascade via an optical arm through an access
window in the floor of the inlet section. The laser head was mounted on a manual adjustment
system, allowing for alignment of the beam along the three axes of the cascade. The smoke
particles on the illuminated measurement plane were tracked using two 1280 × 800 pixel
Phantom V12 high-speed video cameras. The cameras were directed toward the measurement
plane through the cascade endwalls, which were manufactured from perspex to enable optical
access. Two cameras were used to capture an unobstructed view of the flow field near the
suction surface of the datum passage. The cameras were mounted on an adjustment mechanism,
allowing for independent adjustment of their position on all three axes of displacement and
rotation. As a slight camera angle relative to the measurement plane was needed to capture the
required field of view, the cameras were mounted on a Scheimpflug system which placed the
measurement plane in uniform focus. Following each data acquisition the raw images from the
cameras were digitally post-processed to reconstruct the unsteady velocity vector field.
In the sections which follow, the PIV measurements procedures and uncertainties are
discussed in detail. In Section 4.5.5.1, the procedure for aligning the measurement system is
described. Section 4.5.5.2 presents the procedure for acquiring and post processing the raw data.
The statistical convergence of the measurements are discussed in 4.5.5.3 and the measurement
uncertainties are presented in Section 4.5.5.4. Finally, Section 4.5.5.5 presents the techniques
used to analyse the data.
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4.5.5.1 System alignment and calibration
The procedure for aligning the PIV system was performed in two stages. In the first stage, an
initial adjustment was performed to align the cameras and laser sheet with a reference plane at
8% chord from the endwall. This was performed with the aid of a calibration panel in the datum
passage, which consisted of a flat 3D printed surface featuring a two dimensional reference
grid of dots spaced 4% chord apart. These were aligned along the x and y axes of the cascade
to provide a reference for mapping the raw PIV data onto the coordinate system of the rig see Figure 4.26. The calibration panel was integrated with a support which allowed for the
reference grid to be positioned in the coordinate system of the cascade to a precision of ± 0.8%
chord. The cameras were aligned and focused to capture the desired field of view within the
channel, using the grid as a reference - see Figure 4.27. The field of view for each camera
was arranged to overlap, so that the images from the two devices could be digitally integrated
during post processing. The laser sheet was aligned tangentially with the panel, by adjusting
the position of the laser head to uniformly illuminate the panel surface.

Fig. 4.26 PIV calibration panel

Fig. 4.27 Placement of calibration panel in datum passage
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Fig. 4.28 Fine tuning of laser sheet position using photo sensitive paper
In the second stage, the laser sheet and cameras were displaced on their mounting gear to
the required spanwise measurement position and the laser sheet was finely adjusted. Correct
laser sheet alignment was verified using two tabs of photo-sensitive paper fixed with putty to
the endwall perpendicular to the path of the laser beam at two axial locations, near the leading
and trailing edge, as shown in Figure 4.28. The laser was pulsed at high power, leaving a
trace on the paper tabs at the spanwise position where they were intersected by the beam. This
position was measured using vernier calipers. Adjustments were made iteratively until the
beam was adjusted to the correct spanwise position at both the leading and trailing edge, to a
precision of ±0.2% chord.
4.4.5.2 Data acquisition and post-processing
The PIV was performed at a sample rate of 3 kHz over four acquisitions of 0.833s each of 2500
samples, giving a time step of 3.3 × 10−4 s between subsequent samples. At each time step,
the vector field was recorded using a pair of images taken a short time interval of 10ns apart.
Post-processing of the raw data was performed in the DaVis 10 software package by LaVision.
The post-processing was performed in five steps:
1. A calibration algorithm was used to map the raw images onto the x-y coordinate system
of the measurement plane. This was performed using images of the calibration panel
taken during the first stage of camera alignment.
2. A mask was applied to remove the regions of the images which were in shadow or
obstructed by the blade surfaces.
3. Background reflections were eliminated by subtracting a three-frame moving average of
the image intensity from each frame.
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4. The PIV algorithm was applied to calculate the vector field at each time interval. A multipass strategy was employed, using three passes with a 32x32 pixel square interrogation
window followed by one pass with a 32x32 pixel elliptical window. A 50% overlap was
used between interrogation windows.
5. A post-processing algorithm was used to remove spurious vectors and regions of low
measurement quality. Vectors were removed where the correlation peak output by the PIV
algorithm was less than 1.2 times the height of any adjacent peak within the interrogation
window. Vectors with less than five neighbours were removed.

4.4.5.3 Statistical convergence
To verify that the acquisition time of the PIV was sufficient to capture an accurate timeaverage of the flow field, the statistical convergence of the measurements was investigated.
The parameter chosen to investigate this was the integrated area of axially reversed flow, Su<0
recorded on the measurement plane at z = 0.8% chord. This is defined as the red region on
Figure 4.29.

Fig. 4.29 Definition of integrated area of axially reversed flow Su<0 from PIV measurements
Su<0 , is a key parameter of interest as this provides a measure of the size of the corner
separation. The moving average of Su<0 , non dimensionalised by the passage cross section sc,
is defined for N samples as:
Su<0
1 ∑N
. n=1
sc
N

(4.18)

This is plotted for five cascade incidences on Figure 4.30 for up to 10000 samples equating
to a total acquisition time of 3.33s at each incidence. It should be noted that each dataset of
10000 samples was constructed from four seperate acquisitions, as due to internal memory
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Fig. 4.30 Statistical convergence of Su<0 for five cascade incidences, measurement plane at z =
0.8% chord from endwall
constraints the cameras could not handle more than 2500 samples in any given acquisition.
Figure 4.30 shows that at all incidences Su<0 is statistically converged above approximately
4000 samples. This indicates that the adopted measurement strategy is sufficient to provide a
reliable time average of the flow field.
4.4.5.4 Uncertainty and resolution
Two significant sources of uncertainty are present in the measured velocity field, which must
to be accounted for. These are evaluated here at three key locations in the flow field, shown
in Figure 4.31, from the PIV measurements at a spanwise position of 0.8% chord at +4.9o
incidence.
The first source of uncertainty is due to measurement error arising from the quality of the
raw image data and subsequent precision of the PIV algorithm. This is influenced by a complex
array of factors including the particle seeding density, illumination of the measurement plane,

Fig. 4.31 Sample location for calculating PIV uncertainty. Time-averaged streamlines shown
for 4.9o incidence at z = 0.8% chord
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particles moving out of the measurement plane and deterioration of the image quality due to
laser reflections. An estimate of this error, ε(V ) is provided by the correlation statistics method,
which is outlined by Wieneke (2015) [53]. The value of ε(V ) is output directly from the DaVis
10 software.
The second source of uncertainty is statistical error in the time-averaged velocity V̄ , which
arises from sampling an unsteady quantity over a finite acquisition time. The percentage
uncertainty in the mean velocity and RMS velocity readings can be obtained in the ±95%
confidence interval from the standard deviation of the temporal velocity fluctuations, σV and
number of samples N using the formula:
εstat (V̄ ) =

1.96 × σV
√
N

(4.19)

The values of ε(V ) and εstat (V̄ ) evaluated at the three key sample locations are shown in
Table 4.2. The uncertainties are lowest in the free stream at location A, and greatest on the
edge of the separation at location B. The greatest uncertainty in the flow field is due to ε(V ) at
location B.

Sample Location
A
B
C

ε(V )
Absolute Relative

εstat (V̄ )
Absolute Relative

±0.18m/s
±0.26m/s
±0.14m/s

±0.05m/s
±0.08m/s
±0.06m/s

±0.8%
±2.9%
±1.4%

±0.2%
±0.9%
±0.6%

Table 4.2 Summary of PIV velocity uncertainties
A final uncertainty which must be considered is in the spatial positioning uncertainty of
the measurement plane, due to bias error in the alignment of the cameras using the calibration
panel. There is also uncertainty in the spanwise position of the measurement plane due to error
in the alignment of the laser sheet. These uncertainties are summarised in Table 4.3.
Positioning Parameter

Absolute

Relative

x & y position of measurement plane
z position of laser sheet
Spatial resolution of vector field

±1mm
±0.5mm
0.5mm

±0.8% chord
±0.4% chord
0.4% chord

Table 4.3 Summary of PIV spatial resolution and positioning uncertainties

4.6 Summary

75

The spatial resolution of the measurements was 0.4% chord. The integral length scale of
the smallest turbulent structures resolved by the PIV was 1.2% chord, while the length scale of
the largest structures was 7.6% chord - see Section 6.4. This implies a resolution of 6 to 48
sample points per eddy, assuming an eddy diameter of twice the integral length scale.
4.4.5.5 Data analysis techniques
Four data analysis techniques were implemented to study the velocity field recorded with the
PIV system:
1. Critical point detection. A detection algorithm was implemented to locate the critical
points on the PIV plane. The algorithm is described in Appendix A.
2. Calculation of streamline curvature. The distribution of streamline curvature on the
PIV plane was calculated using the method described in Appendix B.
3. Proper orthogonal decomposition (POD). POD was used to study the tubulent kinetic
energy associated with different length scales of unsteadiness, by filtering turbulent
perturbations from the time-resolved velocity field according to a threshold of turbulent
kinetic energy. As this is a standard procedure documented in the literature, the mathematics are not reproduced here. A complete description is given by Kriegseis et al (2010)
[26].
4. Calculation of integral length scales. The distribution of the Eulerian integral length
scale of unsteadiness was used to evalulate the size of the unsteady structures in the flow
field. This was calculated using the method outlined in Appendix C.
These techniques will provide the basis for the analysis presented in Chapters 5, 6 and 7.

4.6

Summary

Previously, it was shown in the literature review that inlet conditions (both the time averaged
profile and unsteadiness) and blade geometry detail (surface roughness) need to be carefully
controlled when studying corner separations. This chapter has presented the setup of a cascade
experiment in which the inlet conditions and blade geometry are carefully controlled and
measured. The mid-height performance of the cascade has been recorded, and verified against
computational predictions. A range of measurement techniques have been presented to study
the topology of the corner separation.

Chapter 5
Time averaged topology
This chapter will show how the time-averaged topology of the corner separation develops as
the incidence is raised onto the cascade in the controlled experiment. A key research question
identified in Section 2.4 was whether the time-averaged topology of the corner separation
changes smoothly or discontinuously, as predicted by RANS. To answer this question, the
nature of the single-sided to double-sided topology change is examined in four sections. The
first section (5.1) presents the development of the integrated endwall loss versus incidence.
The second and third sections (5.2 and 5.3) explain the observed development of the endwall
loss by examining the topology of the corner separation on a cross section very close to the
endwall, and on the blade suction surface. The final section (5.4) discusses the development of
the three-dimensional shape of the corner separation with incidence.

5.1

Loss

Contours of loss measured 20% chord downstream of the cascade are shown in Figure 5.1.
Three loss regions are evident: the trailing edge wake, the corner separation loss core and the
endwall boundary layer. The key observation to make from Figure 5.1 is that the size of the
separation loss core increases smoothly as the incidence is raised between 0o and +4.9o . At an
incidence of +7.8o , the blade profile can be seen to be separated at midspan, as shown by the
wake region which extends across most of the passage.
The time-averaged endwall loss extracted from these measurements is shown plotted against
incidence in Figure 5.2. The key thing to note from Figure 5.2 is that up to an incidence of
+0.8o , the endwall loss does not change significantly, and that above +0.8o the endwall loss
rises smoothly. This is very different from the behaviour of the RANS simulation in Section
4.4, which like the RANS predictions of Lei et al. and Taylor and Miller shows a discontinuity
in loss at a critical incidence.
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Fig. 5.1 Contours of total pressure loss coefficient, measured 20% chord axially downstream of
the datum passage and datum passage -1

5.2 Endwall topology
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Fig. 5.2 Profile of endwall loss vs incidence, downstream of the datum passage and datum
passage -1

5.2

Endwall topology

To explain the smooth rise in loss shown in Figure 5.2, it is necessary to examine the timeaveraged topology of the corner separation near the endwall. PIV measurements in the blade-toblade plane are shown in Figure 5.3, at z = 0.8% chord from the endwall. This plane lies within
the endwall boundary layer. It should be noted that these measurements show a cross section
of the topology very near the endwall, rather than an exact representation of the endwall skin
friction lines. The saddles and foci were located using the critical point detection algorithm
described in Appendix A. The critical points are marked on Figure 5.3 along with the endwall
separation line.
The first thing to note from Figure 5.3 is that at all incidences, the time-averaged flow-field
has at most one saddle and focus pair. The second thing to note is that the behavior of this
pair is very different to that described in RANS calculations presented in the literature. Using
RANS CFD, Taylor and Miller showed that the key saddle and focus pair emerges at a critical
incidence in the blade corner just downstream of peak suction, in the same way as shown in
Figure 5.3 between +0.8o and +2.3o incidence. Where the current work differs from Taylor and
Miller’s findings is in the stability of this pair, once created. In the computation, immediately
after the saddle and focus are formed, the focus jumps to a location close to mid-passage while
the saddle moves towards the leading edge. This causes an opening of a separation surface
between the saddle and focus, resulting in a large rise in loss as the topology of the separation
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changes from single-sided to double-sided. This rapid jump in the location of the saddle and
focus pair does not occur in the experiment.
In contrast to Taylor and Miller, Figure 5.3 shows that the location of the saddle and focus
pair remains stable and in the corner. As the incidence onto the cascade is raised, the focus
moves smoothly into the passage and the saddle remains in the corner. This causes a smooth
rise in the size of the separation surface and the corresponding smooth rise in blockage and
loss, as shown in Figure 5.2.
In order to show how the PIV measurements relate to the surface skin friction lines in the
blade passage, Figure 5.5 shows surface oil flow visualizations of the endwall and suction
surface for three incidences, viewed from downstream of the cascade trailing edge. Figure 5.4
shows a corresponding view of the time-averaged flow field at z = 0.8 % chord from the PIV,
for the same incidences as shown in Figure 5.5. The time-averaged streamlines in Figure 5.4
closely resemble the oil flow visualizations in Figure 5.5. This confirms that the topology of
the velocity field at z = 0.8 % chord is a close approximation of the skin friction topology on
the wall.

5.3

Suction surface topology

The skin friction lines on the blade suction surface are shown by the oil flow visualisations
on Figure 5.6 for the same five incidences presented in Figure 5.3. Figure 5.6 shows that the
spanwise extent of the corner separation, measured at the trailing edge, increases from 28%
chord at the design incidence to 55% chord at +4.9o incidence. Similarly to the extent of
separated flow on the endwall shown in Figure 5.3, the extent of separated flow on the suction
surface increases smoothly as the incidence onto the bladerow is raised. Between 0o and
+2.3o incidence, the spanwise extent of the separation increases by approximately 14% chord.
Between +2.3o and +4.9o the spanwise extent of the separation increases by approximately
13% chord. No sudden discontinuity in the size of the separation is evident as the incidence is
increased.

5.4

3D shape of corner separation

To measure the three-dimensional shape of the corner separation, measurements were recorded
on a second PIV plane at a spanwise position of z = 8% chord from the endwall. This
corresponded to the spanwise position of peak mass-averaged loss recorded 20% chord axially
downstream. The time-averaged streamlines from the PIV at z = 0.8% chord and z = 8%
chord are shown side by side in Figure 5.7 at three incidences between 0o of +4.9o . The area

5.4 3D shape of corner separation

Fig. 5.3 Time-averaged streamlines and critical point arrangement at z = 0.8% chord
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Fig. 5.4 Time-averaged streamlines from PIV at z = 0.8% chord. View angle corresponding to
oil flow visualizations in Figure 5.5

Fig. 5.5 Oil flow visualization of suction surface and endwall, showing separation line and
focus. Viewed from downstream at three incidences.

5.4 3D shape of corner separation
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Fig. 5.6 Suction surface oil flow visualisation, showing development of the spanwise extent of
the corner separation with incidence
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Fig. 5.7 Region of axially reversed flow Su<0 at z = 0.8 %chord and z = 8% chord, for three
incidences

5.5 Summary
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Fig. 5.8 Axially reversed flow near trailing edge at z = 0.8% chord at +0.8o incidence, before
first appearance of the saddle/focus pair on the endwall.
of axially reversed flow is shown in red, to indicate the size of the corner separation at the
different spanwise locations. Figure 5.7 shows that at an incidence of 0o , when the separation
is single-sided, almost no reversed flow is present at z = 0.8% chord. A small area of reversed
flow exists at z = 8% chord. This shows that the cross sectional area of the separation is larger
at z = 8% chord than on the endwall. At an incidence of +2.3o , when the separation has started
to transition to the double-sided topology, the area of axially reversed flow is approximately
equal at z = 0.8% chord and z = 8% chord. As the incidence is increased further to +4.9o , the
area of axially reversed flow at z = 0.8% chord increases to approximately double that at z =
8% chord. This indicates that the cross sectional area of the separation is largest very close
to the endwall. What this shows is that as the incidence is raised and the topology transitions
from single-sided to double-sided, the cross sectional area of the corner separation increases
rapidly very close to the endwall, while the cross sectional area further away from the endwall
increases at a slower rate.
It is interesting to note that reversed flow first starts to develop at z = 0.8% chord before the
separation has changed from single-sided to double-sided. This is evident on Figure 5.8 which
shows the region of reversed flow at +0.8o incidence before the key saddle and focus pair have
appeared. The region of reversed flow exists close to the suction surface and extends from the
position of approximately two thirds chord to the trailing edge.

5.5

Summary

This chapter has presented the time-averaged topology of the corner separation in the controlled
experiment. A key research question identified in Section 2.4 was whether the time-averaged
topology of the corner separation changes discontinuously or smoothly from single-sided to
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double-sided, as the incidence is raised. It has been shown that the size of the corner separation
increases smoothly on both the blade surface and end wall as the incidence is increased. This is
due to a smooth transition from the single-sided to double-sided topology, resulting in a smooth
increase in loss. This is in contrast to the behaviour typically predicted by RANS codes, as
shown in Figure 4.17. In order to understand the reason for this difference, it is necessary to
examine the unsteady topology of the corner separation.

Chapter 6
Time resolved topology: St>1
This chapter will discuss the unsteady topology of the corner separation over short timescales,
corresponding to Strouhal numbers St > 1. A key research question identified in Section
2.4 was what the mechanism for the single-sided to double-sided topology change is in the
time-resolved flow. This chapter will investigate the mechanism for the topology change. The
chapter is split into five parts. The first section (6.1) will show how the critical points are
distributed in the unsteady flow field. The second section (6.2) will show how the distribution of
critical points is related to the streamline curvature in the unsteady flow field. The third section
(6.3) will discuss how the turbulent kinetic energy in the flow is distributed over different
length scales of unsteadiness. The fourth section (6.4) will present the integral length scales

Fig. 6.1 Instantaneous streamlines and critical points at z = 0.8% chord and 4.9o incidence
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of unsteadiness which exist near the endwall. The final section (6.5) will explain how the
unsteadiness in the flow field can help explain the smooth time averaged development of the
corner separation with incidence, which was observed in Chapter 5.
The structure of the unsteadiness at St > 1 is shown on Figure 6.1, which presents a time
snapshot from the time-resolved PIV at an incidence of +4.9o with the saddles and foci marked.
Figure 6.1 should be contrasted with the time-averaged topology shown in Figure 5.3. In
the time-averaged flow field only one saddle and focus pair was present near the endwall,
bounding a clearly defined separation line. Figure 6.1 shows 13 saddle and focus pairs, which
are associated with structures a fraction of the blade chord in size. As these persist for less than
a throughflow, they are associated with a Strouhal number St > 1. It should be noted that the
spatial resolution of the PIV is 0.4% of chord and therefore the smallest turbulent eddies are not
resolved. The topology is a complex arrangement of streamlines connecting the critical points.

6.1

Distribution of critical points

As the distribution of critical points is stochastic in nature, it is best visualized as a probability
density function. This is approximated in Figure 6.2 by cumulatively plotting the locations of
the critical points for 500 timesteps, spaced equally over 1067 through-flows. It should be noted
that critical points only occur in regions of the flow where the unsteady velocity perturbations
are greater in magnitude than the local mean velocity. In practice this occurs in the region of
the separation.
In Figure 6.2, at an incidence of 0o a small number of saddles and foci are created in a
region close to the suction surface corner. As the incidence is raised to +2.3o the highest density
of saddles and foci moves to just downstream of peak suction and slightly into the passage
away from the corner. These saddles and foci convect downstream and out of the passage. As
the incidence rises to +4.9o the region of the highest density of saddles and foci moves further
into the passage. It should be noted that although the number of saddles and foci rises as the
incidence is increased, saddle and focus pairs are observed at all incidences, including at the
design point.

6.2

Connection to steamline curvature

To explain the mechanism for the single-sided to double-sided sided topology change in the
unsteady flow, it is important to understand where the distribution of critical points shown in
Figure 6.2 originates from. In the time averaged flow Taylor and Miller showed that the key
saddle and focus pair, which defines the double-sided topology, is created in a region of high

6.2 Connection to steamline curvature

Fig. 6.2 Cumulative distribution of saddles and foci at z = 0.8% chord, from 500-time
snapshots spaced equally over 1067 through flows
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Fig. 6.3 Time-averaged streamline curvature at z = 0.8% chord, calculated from 10000 time
snapshots spaced equally over 1067 through flows
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streamline curvature in the blade corner. The distribution of streamline curvature is therefore a
parameter of interest to interpret the distribution of critical points.
The streamline curvature κ was calculated from the PIV data using equation B.7 in Appendix
B. Figure 6.4 shows the distribution of critical points on an instantaneous PIV snapshot at z
= 0.8% chord and an incidence of +4.9o , alongside the magnitude of the in-plane streamline
curvature. It is clear that at this time instant, the distribution of critical points closely follows
the regions of peak streamline curvature. The right-hand plot of Figure 6.4b shows a saddle
and focus pair a short time after forming in one of these regions.
Figure 6.3 shows the time-averaged streamline curvature plotted for five incidences. This
was obtained by averaging the streamline curvature calculated on 10000 times snapshots, spread
over 1067 through flows. At 0o incidence a region of high time-averaged streamline curvature
occurs along the suction side corner, from just downstream of peak suction to the trailing edge.
As the incidence is raised to +2.3o this region becomes concentrated just downstream of peak
suction and moves into the passage, away from the corner. As the incidence is raised further to
+4.9o , the region of peak time-averaged streamline curvature moves further into the passage.
Comparison of Figures 6.2 and 6.3 shows that the region of peak saddle and focal point
density closely overlays the region of peak time-averaged streamline curvature. As hypothesised
by Taylor and Miller, these results indicate that critical points are created in regions where the
streamline curvature is high. However in contrast to the mechanism proposed by Taylor and
Miller, which features one isolated region of high streamline curvature, the real flow contains
many of these regions in which critical points are created stochastically at all incidences.

(a) Critical point distribution

(b) In-plane streamline curvature

Fig. 6.4 Instantaneous snapshot of flow field at z = 0.8% chord at 4.9o incidence, showing
distribution of critical points in regions of high streamline curvature
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Energy distribution in the unsteady flow

The critical points in the unsteady flow field are associated with unsteady perturbations over
a range of length scales. It is important to understand the length scale over which kinetic
energy associated with the unsteady flow is distributed. From this point on, the kinetic energy
associated with the unsteady flow will be referred to as the turbulent kinetic energy.
To establish a relationship between the length scale of turbulent perturbations in the flow
and turbulent kinetic energy content, proper orthogonal decomposition (POD) of the unsteady
flow was undertaken. A complete description is given by Kriegseis et al (2010) [26]. POD
was used to filter out a fraction of the total turbulent kinetic energy content. 0% to 100% of
the turbulent kinetic energy was removed by reconstructing the flow from a limited number
of modes, progressively discarding the least energetic. At each stage, the average number of
saddle and focus pairs was calculated from 500 snapshots, spaced evenly over 1067 through
flows.
The result is shown in Figure 6.5, for +4.9o incidence at z = 0.8% chord. The figure shows
that if none of the turbulent kinetic energy is removed, the flow field has on average 16 saddle
and focus pairs. As turbulent kinetic energy is filtered out, the number of saddle and focus
pairs is reduced. When 50% of the turbulent kinetic energy is removed, the unsteady flow
field has on average approximately 2 saddle and focus pairs. This is double the number in
the time-averaged flow field. This implies that around 50% of the turbulent kinetic energy is
associated with length scales that are smaller than half of the separation length, while 50%

Fig. 6.5 Cumulative turbulent kinetic energy content plotted against number of critical points:
POD filtering applied to PIV measurements at z=0.8% chord at +4.9° incidence
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is associated with longer length scales. The key result is that a significant proportion of the
turbulent kinetic energy in the flow is connected to very long length scale perturbations.

6.4

Length scales of unsteadiness

The Eulerian integral length scales of unsteadiness from the PIV at z = 0.8% chord are shown
in Figure 6.6 for three incidences. The method by which these length scales were calculated
is presented in Appendix C. It should be noted that prior to calculating these length scales, a
high-pass frequency filter was applied to the unsteady velocity measurements at each point on
the measurement plane to ensure that temporal variations at a Strouhal number St < 1 were
removed.
At 0o incidence, a peak length scale of 2.3% of chord occurs close to the trailing edge. This
rises to 4.2% chord at +2.3o incidence. As the incidence is increased to +4.9o the peak length
scale rises to 7.6% of chord and its location moves upstream and away from the suction surface.
The integral length scale can be interpreted as a time-averaged measure of the radius of the
vortical structures on the edge of the separation. Two snapshots of the flow at an incidence
of +4.9o are shown in Figure 6.7. The time between the snapshots is half a convection time
through the blade passage. The same vortical structure is labelled in both snapshots. The
average integral length scale at the center of the structure in the left and right plots is 6.1% and
7.1% of chord, respectively.

Fig. 6.6 Spatial integral length scale of unsteadiness at z = 0.8% chord, for three incidences
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Fig. 6.7 Vortical structure at z = 0.8% chord at +4.9° incidence, on two snapshots taken half a
convection time apart

6.5

Connection to time averaged topology

It is now possible to understand why the smooth growth of the time-averaged separation with
incidence, shown in Figure 5.2, differs from the discontinuous growth presented in numerous
RANS studies in the literature.
The first reason is that RANS does not capture the stochastic production of saddle and
focus pairs in the endwall region. In RANS, as the critical incidence is approached, a localized
region of very high streamline curvature develops at the junction between the suction surface
and endwall. Taylor and Miller showed that it is from this region that the key saddle and
focus pair is created, triggering the bifurcation from the single-sided to double-sided topology.
In the experiment, as the critical incidence is approached, many regions of high streamline
curvature occur stochastically resulting in many saddle and focus pairs. It is this stochastic
creation of saddle and focus pairs, which become gradually more abundant as the incidence is
raised, that results in the smooth time-averaged growth of the separation. It is believed that the
discontinuous growth of the corner separation that has been observed in RANS-based studies
occurs because RANS is unable to model this stochastic behavior.
The second reason is the inherent inaccuracy of RANS codes in modelling the vortical
structures which exist near the endwall on the edge of the separation. This is because the
unsteadiness is highly anisotropic. This can be seen in Figures 6.6 and 6.7, where the measurements were made on a plane at 0.8% of chord from the endwall, and the length scales of the
vortical structures measured on this plane are up to 7.6% of chord in size - see Figure 6.8. It is
impossible for most RANS codes, using the eddy viscosity hypothesis, to model this kind of
unsteadiness with accuracy.

6.6 Summary

95

Fig. 6.8 Schematic of vortical structure in PIV, showing high degree of anisotropy

6.6

Summary

This chapter has presented the unsteady topology of the corner separation in the controlled
experiment over short timescales at St > 1. A key research question identified in Section
2.4 was what the mechanism for the single-sided to double-sided topology change is in the
time-resolved flow. It has been shown that saddle and focus pairs are created stochastically in
regions of high streamline curvature at all incidences. These become more abundant as the
incidence is raised, leading to the smooth time-averaged development from the single-sided to
double-sided topology seen in Chapter 5. The large length scale and highly anisotropic nature
of the unsteadiness near the endwall present a significant modelling challenge for RANS codes.

Chapter 7
Time resolved topology: St∼0.01
This chapter will discuss the unsteady topology of the corner separation over long timescales,
corresponding to Strouhal numbers St on the order of 0.01. A key question outlined in
Section 2.4 was what causes the unsteadiness of corner separations over these long timescales.
Zambonini et al. proposed that the unsteadiness is triggered by large perturbations at the
bladerow inlet. This chapter will investigate the source of the long timescale unsteadiness in
the experiment, where the inlet conditions have been precisely controlled. The chapter is split
into three parts. In the first section (7.1), the timescale of the unsteadiness is measured. In the
second section (7.2), the origin of the unsteadiness is investigated. In the third section (7.3), a
mechanism for the unsteadiness is proposed.

(a) t = 110 through-flows

(b) t = 190 through-flows

Fig. 7.1 Streamlines and axially reversed flow region at two instances, measured at z = 0.8%
chord at +4.9° incidence.
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Fig. 7.2 Time history of axially reversed flow Su<0 normalised by passage area sc at z = 0.8%
chord, for three incidences
The structure of the long timescale unsteadiness can be seen in Figure 7.1. The figure
shows the streamlines at two time snapshots from the PIV at +4.9o incidence. The snapshots
are spaced 80 convection times through the passage (0.26s) apart. It can be seen that the
corner separation has changed from being nearly non-existent, to filling approximately half the
passage. A time history of the axially reversed flow area, the red area on Figure 7.1, is shown
in Figure 7.2 for three incidences at z = 0.8% chord. This shows the random nature of the
change. Over certain time-periods the separation takes more than 80 throughflow convection
times to drastically change size, shown for example by the more than ten-fold increase in
the reversed flow area between 110 and 190 throughflows at +4.9o incidence. At other times,
similar changes can be seen to occur over less than ten throughflow convection times – for
example between 100 and 110 throughflows at +4.9o incidence.

7.1

Timescale of unsteadiness

To obtain a characteristic timescale for the behavior, Kulite unsteady total pressure measurements were taken 20% chord downstream of the cascade at a spanwise position of z = 8% chord,
as described in Section 4.5.3. Figure 7.3 shows the power spectra of the unsteady total pressure
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Fig. 7.3 Pitchwise power spectra of total pressure normalized by mean signal power, shown for
three cascade incidences. Measured 20% chord downstream of the cascade at z = 8% chord
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(a) Signal power of unsteady total pressure p′0 normalised by inlet dynamic pressure P0,in − Pin

(b) Loss coeffient from pneumatic five hole probe measurements

Fig. 7.4 Pitchwise profiles of mean power of total pressure signal and loss, measured 20%
chord downstream of datum channel at z = 8% chord

7.1 Timescale of unsteadiness
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Fig. 7.5 Power spectra of unsteady total pressure normalized by mean signal power. Extracted
from Figure 7.3 at the pitchwise position of peak signal power
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signal from the Kulite probes at three cascade incidences between 0o and +4.9o , measured over
a range of pitchwise coordinates. The spectra are normalized by the mean signal power to allow
a fair comparison at the different pitch locations. A dark peak is evident mid-passage between
1 Hz and 10 Hz in the spectra at all three incidences, indicating a high power component at
low frequency. At an incidence of 0o , the peak occupies approximately 20% of the blade pitch
downstream of the suction surface. As the incidence is increased to +2.3o the width of the
peak increases, occupying approximately 50% of the blade pitch. At an incidence of +4.9o the
peak occupies most of the blade pitch. The frequency range of the peak is consistent with the
long timescale behaviour shown in Figure 7.2.
The timescale associated with the low frequency peak can be determined by examining the
power spectrum at the pitchwise coordinate of maximum signal power. To locate the pitchwise
coordinate of maximum signal power, the distribution of the probe signal power downstream of
the datum passage is shown in Figure 7.4a for the three measured incidences. At each incidence
two peaks are present on either side of the separation loss core, which is marked by the region
of high loss coefficient on Figure 7.4b. At y/s = 0.2 a peak exists for all three incidences.
This is likely due to unsteadiness in the wake of the blade trailing edge. At all incidences a
second, larger peak occurs which moves from y/s = 0.4 at an incidence of 0o to y/s = 0.6 at an
incidence of +4.9o . This is caused by the unsteadiness on the edge of the corner separation
convecting downstream. The power spectrum was extracted at the location of this larger peak.
This is shown for the three incidences on Figure 7.5. At all three incidences, the low frequency
peak is evident below 10Hz. The peak flattens off below one to two Hertz. A characteristic
frequency of the peak can be calculated using the -3dB bandwidth frequency, defined as the
frequency at which the signal power drops to half the value at the peak. The -3dB bandwidth
frequency is marked on Figure 7.5 for each incidence. At the incidences of 0o , +2.3o and
+4.9o the -3dB frequencies are 5Hz, 9Hz and 4Hz, respectively. These correspond to Strouhal
numbers of St = 0.016, St = 0.028 and St = 0.013.

7.2

Origin of unsteadiness

It will be shown in this section that the long timescale unsteadiness is an intrinsic feature
of the corner separation which originates from within the blade passage. This is achieved
by showing that the behaviour of the separation in any single passage is not driven by low
frequency external perturbations. There are two possible sources of such perturbations. The
first is low frequency fluctuations in the cascade inlet velocity. It should be noted that this is
unlikely to be the source, as below 10Hz the temporal variations of the inlet boundary layer
profile and free stream Reynolds number were shown in Section 4.2 to be almost negligible.
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The second is a low frequency blockage transfer between adjacent passages of the cascade, due
to a change in blockage in one passage causing a change in incidence onto the adjacent blade.
These sources can be investigated by establishing if the long timescale unsteadiness is
correlated in adjacent passages. If the unsteadiness were driven by inlet velocity fluctuations
in the Strouhal number range of interest, it is expected that all passages would be affected
simultaneously. This is because the inlet perturbations would occur over 35 to 80 convection
throughflow timescales, which implies a perturbation length scale of 7 to 16 times the cascade
height. On the other hand, if the unsteadiness were due to a disturbance propagating between
adjacent passages of the cascade, a characteristic time delay would be expected between the
behavior in adjacent passages. In both cases, a correlation would occur between adjacent
passages in the cascade.
To establish if a correlation exists between adjacent passages, three Kulite unsteady total
pressure probes were traversed simultaneously downstream of three adjacent blade passages,
as described in Section 4.5.3. The maximum value rmax of the cross correlation of the Kulite
signals, averaged between the two possible adjacent combinations of the probes, was calculated
as described in Section 4.5.3. This is shown in Figure 7.6 over a range of pitchwise coordinates
for three cascade incidences. At no pitch location is rmax greater than 0.07, indicating that the
total pressure signals downstream of the adjacent passages are uncorrelated.

Fig. 7.6 Maximum cross correlation of total pressure signal downstream of adjacent passages
at different pitch locations. Measured 20% chord downstream of cascade at z = 8% chord
To establish if a correlation is hidden in the signals within a particular frequency range, the
total pressure signals from the probes were strategically filtered. When the signals are filtered
to the frequency range of the long timescale unsteadiness – between 1 and 10Hz – rmax remains
no greater than 0.14. This is shown by the red line on Figure 7.7a for an incidence of 2.3o .
When the total pressure signals are filtered to an even lower frequency range, below 1 Hz, a
peak correlation rmax of 0.62 is visible in the free stream, as shown by the blue line. This is
due to the extremely small 0.3% fluctuation of Reynolds number of the cascade identified in
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(a) Maximum cross correlation of the unsteady total pressure downstream of adjacent passages, in three
different frequency ranges

(b) Loss coeffient downstream of datum passage from pneumatic five hole probe measurements

Fig. 7.7 Pitchwise correlation between passages and total pressure loss coeffient at +2.3o
incidence, measured 20% chord downstream at z = 8% chord
Section 4.2.2, which affects all blade channels in the cascade simultaneously. The presence
of this correlation indicates that the Kulite measurements are sensitive enough to pick up the
smallest free stream perturbations in the tunnel. However, rmax drops to no more than 0.15
within the loss core of the separation, marked by the region of high loss in Figure 7.7b.
These results show that the long timescale unsteadiness of the corner separation is uncorrelated between neighboring passages and that therefore the unsteadiness must originate from
within the blade passage itself.

7.3

Physical mechanism

The timescale of the behaviour is at least 35 times the freestream convection timescale through
the blade passage. At an incidence of +2.3o , it is also 25 times the convection timescale within
the separation. The behaviour therefore does not seem to be linked to a convective phenomenon
in the flow field. This raises the question of what the underlying mechanism is. To understand
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the mechanism, it should be noted that there are many examples of similar phenomena in other
turbulent separated flows. In this section, a mechanism is proposed by examining the source
of a similar long timescale behaviour exhibited by turbulent bluff body wakes. Two further
examples of the behaviour are then presented from more complex flow problems which are
discussed in relation to the current case.
An explanation for the behaviour is that the separation is forced between different states
of low potential energy by large turbulent structures in the flow. This mechanism can be
understood by examining the dynamics of turbulent bluff body wakes at high Reynolds number,
which exhibit a similar behaviour to the corner separation. Numerous studies of turbulent bluff
body wakes have reported a random low frequency unsteadiness at Strouhal numbers on the
order of 0.001 based on the body width, eg. Grandemange et al. (2013) [19]. Drawing on the
work of Meliga et al. (2009) [32], Brackston et al. [4] applied dynamical systems theory to
explain the mechanism for the case of a wake behind a body of rectangular cross section, shown
in Figure 7.8a. The approach starts by constructing a simplified model for the dynamics of the
wake in the laminar regime, initially ignoring turbulent perturbations in the flow. Through a
weakly non-linear expansion of the Navier Stokes equations an approximate description of the
system is obtained in terms of the location r of the centre of pressure on the downstream face of
the body, relative to the body centreline. The system is described by the differential equation:
ṙ =αr − λ r3

(7.1)

In 7.1, α and λ are constants. Once an approximate mathematical description has been
obtained, a potential for the system can be defined. This can be interpreted as the potential
energy of the wake. By the general definition for a mechanical system, the potential V at a
given location r is defined as:
∂V (r)
= − r̈
∂r

(7.2)

Equation 7.2 results in a potential well with two minima, separated by a potential energy
barrier as shown in Figure 7.8b. The minima occur at stable positions of the wake which
correspond to the opposite asymmetric states shown in Figure 7.8a. When turbulence is added
to the model via a stochastic forcing term, the stochastic turbulent perturbations knock the wake
from its equilibrium position. Occasionally, these perturbations enable the wake to overcome
the energy barrier. This results in random switching between the two states, as shown in Figure
7.8c. The switching occurs at a lower frequency than the stochastic turbulent forcing, as it is
only triggered by turbulent perturbations that are sufficiently energetic.
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For the case of the corner separation in the present study, it was shown in Section 6.4 that
very large turbulent structures are present on the edge of the corner separation. It is believed
that the stochastic nature of this unsteadiness drives a random, long timescale change of the
topology by forcing the flow between different low potential states, via a mechanism similar to
the dynamics of the bluff body wake. It should however be noted that there are two important
differences in comparison to the case shown in Figure 7.8. Firstly, the dynamics of the bluff
body wake in Figure 7.8 are two dimensional in nature, whereas the corner separation is clearly
highly three dimensional. Secondly, the bluff body wake switches in a binary fashion between

(a) Symmetry breaking topologies of a bluff body wake [4]

(b) Potential well V (r) for wake position,
featuring two minima

(c) Time series of r, showing random
switching behaviour

Fig. 7.8 Long timescale unsteady dynamics of wake behind a bluff body of rectangular cross
section, from Brackston et al. (2016) [4]
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two clearly defined states, whereas the corner separation wanders at random between two
extremes with no particular ‘preferred’ arrangement, as shown by Figure 7.2. To explain
these differences, it is useful to examine a three dimensional variation of the bluff body wake
example, presented by Rigas et al. (2015) [41]. If the bluff body is circular in cross section
rather than rectangular, the wake has an additional degree of freedom as it is able to rotate
around the body axis to assume an azimuthal angle θ . The angle θ is as defined on Figure
7.9a. As the centre of pressure is no longer constrained to move in the horizontal plane, the
potential map takes a three dimensional form. In this case the potential well assumes the shape
of a mexican hat, as shown in Figure 7.9b, with a potential minimum lying on a circular locus
around the body centreline. When subjected to stochastic turbulent forcing, the wake undergoes
a random walk around the potential well. This results in a random, long timescale variation of

(a) Schematic of body, showing definition of coordinate system and azimuthal angle θ

(b) Potential well of wake position,
featuring circular locus of low potential

(c) Time series of θ , showing random
switching behaviour

Fig. 7.9 Long timescale unsteady dynamics of wake behind a bluff body of circular cross
section, Rigas et al. (2016) [41]
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the azimuthal angle θ as shown in Figure 7.9c. As the wake is able to explore an unbounded
number of low-potential orientations, no clearly defined ‘preferred’ states are evident. Similarly,
the absence of any clearly identifiable ‘preferred’ arrangements for the corner separation may
be explained by the presence of a potential well with numerous low potential states.
It is important to note that the bluff body wake is significantly simpler in topology than
the corner separation. However, the long timescale unsteadiness is also common in turbulent
separated flows more similar in structure to that presented in the present study. An example is
given by the unsteady dynamics of stall cells on 2D high aspect ratio wings, which exhibit a
very similar time-averaged topology to the corner separation, featuring a saddle and two foci see Figure 7.10a. Low-frequency lift variations have been widely recorded, corresponding to
Strouhal numbers on the order of 0.01 based on the aerofoil chord and free stream velocity, as
measured by Broeren and Bragg (1998) [6] - see Figure 7.10b. Another example in an internal
flow was given by Mohammed-Taifour and Weiss (2016) [35], who studied a pressure-induced
turbulent separation bubble in a divergent duct. The separation was observed to ‘breathe’ at
a Strouhal number of 0.01, based on the average separation length and inlet velocity. This
resulted in the separation changing in length by up to 90%, exhibiting a behaviour very similar
to that presented in Figure 7.1. These examples are evidence that the long timescale behaviour
is a common phenomenon which seems to be intrinsic to many turbulent separated flows.

(a) Topology of a stall cell, adapated from
Weihs and Catz (1983) [51]

(b) Strouhal number of low frequency lift variation, vs
angle of attack, for three aerofoils from Broeren and
Bragg (1998) [6]

Fig. 7.10 The topology and long timescale unsteadiness of stall cells on high aspect ratio wings

7.4 Summary
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Summary

This chapter has presented the unsteady topology of the corner separation in the controlled
experiment over long timescales, corresponding to Strouhal numbers St ∼ 0.01. It has been
shown that the separation changes drastically in size over many tens of throughflows, for
periods disappearing completely from the endwall. A key question outlined in Section 2.4
was what causes the unsteadiness of the corner separation over these long timescales. The
measurements presented in this chapter indicate that the unsteadiness is not driven by large
inlet perturbations or a blockage phenomenon propagating down the cascade. The unsteadiness
seems to be an intrinsic feature of the separation which originates from within the blade passage.
By examining a similar long timescale phenomenon exhibited by turbulent bluff body wakes, a
mechanism has been proposed by which the separation is randomly forced to different states of
low potential energy by the large turbulent structures which have been shown to exist on the
edge of the separation.

Chapter 8
Design and modelling implications
The aim of the thesis up to this point has been to develop a physical understanding of the
unsteady topology of a corner separation. This new understanding, however, has a number
of significant industrial implications. These include the accuracy of RANS-based design
methods (3D blade optimisation and stage matching), compressor operation (compressor
stability, vibration and flutter) and the computational cost of high-fidelity CFD (LES/DNS). In
the following sections each of these implications will be discussed in turn.

8.1

RANS-based design

It was shown in Chapter 6 that large and highly anisotropic turbulent structures exist on the edge
of the separation, on length scales of up to 7.6% of chord. It is impossible for most RANS codes,
using the eddy viscosity hypothesis, to model this unsteadiness with accuracy. Furthermore, the
smooth development of the corner separation presented in Chapter 5, from the single-sided to
double-sided topology as the incidence is raised, is very different to the discontinuous topology
change shown in numerous RANS studies in the literature. This has particular implications for
3D blade design methods, which rely on RANS codes to balance competing failure mechanisms
in a bladerow. Following the work of Gallimore et al (2002, 2002a), [12] and [13], Taylor (2016)
[46] showed that performance is optimised by choosing the optimal degree of 3D stacking
(lean or sweep) to balance the onset of double-sided corner separations with 2D trailing edge
separation at midspan - see Figure 8.1. If RANS codes are unable to predict this balance, then
the accuracy of RANS-based 3D optimisation methods should be questioned. It should also
be noted that the inherent innacuracy of RANS in predicting endwall loss has implications for
stage matching. This highlights the need for rapid testing in the design process.
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Fig. 8.1 3D blade optimisation by balancing competing mechanisms, Taylor (2016) [46]

8.2

Compressor operation

The long timescale unsteadiness presented in Chapter 7 has implications for two areas of
compressor operation. The first is compressor stability. At a Strouhal number of St ∼ 0.01, the
timescale of the unsteadiness corresponds to a departure from the mean flow over approximately
one to two shaft revolutions in an engine compressor - see Figure 8.2. Over this timescale, the
separation can change from being almost non-existent, to filling most of the blade passage.
Given the long timescale and amplitude of this departure from the mean, it is conceivable that
the long timescale unsteadiness could influence the stalling behavior of the compressor. The
second area is vibration and flutter. The impact of the long timescale unsteadiness on vibration
and the aeroelastic interaction of the behaviour with downstream components is currently
unknown and requires further investigation.

8.3

High fidelity CFD modelling

While the shortcomings of RANS codes are clear it would be extremely computationally
expensive to model the corner separation using high-fidelity CFD (LES/DNS). This is due
to the computation time required to capture the long timescale unsteadiness. More than 80
throughflows would be needed to begin to capture the long timescale unsteadiness in the cascade
experiment at +4.9o incidence. Extrapolating from a recent study by Scillitoe et al. (2016)
[44], who performed an LES calculation of a bladerow at a Reynolds Number of 2.3 × 105 ,
approximately one million core hours would be required to model a single blade using a mesh
of 69 × 106 grid points. Practically, this scales to more than 40 days of continuous computation
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Fig. 8.2 St∼0.01 unsteadiness scaled to the timescale of a typical engine compressor
time while running in parallel on 960 cores. Due to the high computational cost, alternative
modelling approaches seem to be required.

8.4

Summary

This section has identified several specific industrial implications. These are primarily related
the accuracy of RANS-based design methods (3D blade optimisation and stage matching)
and compressor operation (compressor stability, vibration and flutter). Significant modelling
challenges for high-fidelity CFD (LES/DNS) have also been identified. Several unknowns pertaining to the identified design implications remain. To investigate these unknowns, alternative
modelling approaches seem to be required. The need for rapid testing in the compressor design
process has also been highlighted.

Chapter 9
Conclusions
The aim of this thesis was to precisely measure the unsteady topology of a corner separation and
to explore its implications for compressor design. The first part of this chapter will summarise
the academic findings from Chapters 5, 6 and 7. The second part will conclude with several
recommendations for future work.

9.1

Major findings

This study has identified two scales of unsteadiness in the corner separation. The first scale
occurs over relatively short time scales relative to the convection time through the blade passage,
corresponding to Strouhal numbers of St > 1. This unsteadiness originates from the edge of the
separation, where many saddle and focus pairs are created stochastically in regions of locally
high streamline curvature. The turbulent structures on the edge of the separation are large and
highly anisotropic, on length scales of up to 7.6% of the blade chord. These structures define
the instantaneous time-resolved topology of the corner separation.
The second scale of unsteadiness occurs over much longer timescales, corresponding to
Strouhal numbers on the order of St ∼ 0.01, resulting in a large-scale change in the size of the
corner separation. This behavior is shown to be an intrinsic feature of the corner separation
and causes the separation, for periods, to completely disappear from the endwall. It is believed
that this is due to the separation being stochastically driven to different states of low potential
energy by the large turbulent structures that exist on the edge of the separation.
In the resulting time-averaged flow, the key saddle and focus pair, which describes the
time-averaged topology on the endwall, moves smoothly and continuously as the incidence onto
the cascade is raised. This leads to a smooth transition from the single-sided to double-sided
topology. This is in contrast to the discontinuous switch from the single-sided to doublesided topology that is typically observed in RANS codes. The mechanism for the smooth
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topology change is the stochastic creation of saddle and focus pairs in regions of high streamline
curvature at all incidences, which become more abundant as the incidence onto the bladerow
is raised. It is believed that RANS is unable to accurately capture this mechanism due to the
highly anisotropic nature of the unsteadiness.
These results have implications for the accuracy of RANS codes in the compressor design
process, and therefore the optimization of 3D blading and multistage matching. Additionally, the impact of the low frequency unsteadiness on compressor stability, vibration and the
aeroelastic interaction with downstream components requires further investigation. To address
these problems a wider range of techniques and models are required in the compressor design
process, to capture the different scales of unsteadiness exhibited by the separation.

9.2

Recommendations for future work

Using a controlled cascade experiment, this work has examined the different scales of unsteadiness which define the unsteady topology of a corner separation. The findings have,
however, opened up several unknowns pertaining to the nature of the unsteady topology in a
real compressor environment, its implications for compressor operation, and how it can be
modelled. These areas, which present significant scope for future work, are discussed below.

9.2.1

Sensitivity of topology to unsteady inlet conditions

This study was performed in a controlled environment in which the unsteadiness at the inlet to
the bladerow was precisely controlled. In the multistage environment, the inflow to a bladerow
contains perturbations over a range of frequencies, including the blade passing frequency.
This is much higher than the frequency of the long timescale behaviour at St∼0.01. It is
not understood how the long timescale behaviour responds to forcing from unsteady inflow
conditions. Further investigation is required in a real compressor environment to answer this
question. This is of particular importance to understand how the long timescale behaviour
affects the operation of a real engine compressor.

9.2.2

Implications for compressor operation

As noted in Section 8.2, the implications of the long timescale unsteadiness for compressor
stability, vibration and flutter are unknown and require further investigation. Studying the
influence of the corner separation on these phenomena would be a complex task, as it is difficult
to decouple the different sources of unsteadiness in a real compressor. This indicates the need
for a controlled experiment in a rotating rig.

9.2 Recommendations for future work

9.2.3
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Investigation of unsteady topology in three dimensions

In this study, the measurements have been limited to a two dimensional cross section of the
separation in the blade-to-blade plane. It should however be remembered that the flow field is
highly three dimensional. To build a complete understanding of the unsteady topology in three
dimensions, measurements are required to capture the three dimensional unsteady velocity field.
This is particularly important to gain a complete understanding of the mechanism for the long
timescale unsteadiness at St ∼ 0.01, which is likely to be very three dimensional in nature. It
should be noted that such measurements would be an extremely complex undertaking requiring
three-dimensional, three-component PIV within a volume of the blade passage. In principle,
the three dimensional unsteady topology could also be investigated using high-fidelity CFD
(LES/DNS) although the computational cost would be very high, as noted in Section 8.3.

9.2.4

Alternative modelling approaches

As noted in Section 8.3, alternative modelling techniques are required to capture the longtimescale unsteadiness exhibited by the separation. On the one hand, RANS codes are unable
to accurately capture the large anisotropic turbulent structures believed to drive the long
timescale unsteadiness, by forcing the topology between different low-potential states. On
the other hand, it would be extremely computationally expensive to model the long timescale
unsteadiness with high-fidelity CFD (LES/DNS). An alternative is to take a dynamical systems
approach, as applied by Brackston et al. [4] and Rigas et al. [41] to successfully model the
long timescale dynamics of turbulent bluff body wakes. However, due to the complexity of the
corner separation, this approach is unlikely to be directly applicable as it relies on the simplicity
of the flow field to yield a simple mathematical description of the underlying dynamic system.
One solution may be to combine elements of both the CFD and dynamical systems approaches. Through the strategic use of CFD models, it may be possible to reconstruct a
simplified model of the underlying dynamical system by recording the response of the separation to a number of different starting solutions. This would be similar to characterising
a mechanical system by recording its step response. A potential energy map of the system,
analogous to that shown in Figure 7.9b, could then be determined. This would enable a similar
modelling approach to that employed for turbulent bluff body wakes to be applied, as described
in Section 7.3. As the CFD would not be required to capture the effect of the turbulent forcing,
it may be possible to achieve this using URANS or high-fidelity CFD run at a greatly reduced
Reynolds number, resulting in significantly reduced computational cost.

References
[1] Auchoybur, K. and Miller, R. (2017). Design of Compressor Endwall Velocity Triangles.
Journal of Turbomachinery, 139(6).
[2] Auchoybur, K. and Miller, R. (2018). The sensitivity of 3D separations in multi-stage
compressors. Journal of the Global Power and Propulsion Society, 2:329–343.
[3] Bearman, P. W. (1971). Corrections for the effect of ambient temperature drift on hot-wire
measurements in incompressible flow. DISA Information, 11:25–30.
[4] Brackston, R. D., García de la Cruz, J. M., Wynn, A., Rigas, G., and Morrison, J. F. (2016).
Stochastic modelling and feedback control of bistability in a turbulent bluff body wake.
Journal of Fluid Mechanics, 802:726–749.
[5] Brendel, T.; Heutling, F.; Eichmann, W.; Ücker, M. and Uihlein, T. (2008). MTU solutions
against erosive attack and loss of EGT margin in turbo engines – ERCoatnt. The Engine
Yearbook 2008.
[6] Broeren, A. and Bragg, M. (1998). Low-frequency flowfield unsteadiness during airfoil
stall and the influence of stall type. In 16th AIAA Applied Aerodynamics Conference, Fluid
Dynamics and Co-located Conferences. American Institute of Aeronautics and Astronautics.
[7] Cumpsty, N. A. (2010). Some Lessons Learned. Journal of Turbomachinery, 132(4).
[8] Curlett, B. P. (1991). NASA Technical Memorandum 105347 : The Aerodynamic Effect of
Fillet Radius in a Low Speed Compressor Cascade. Technical report, NASA.
[9] Dallmann, U. (1983). Topological Structures of Three-Dimensional Flow Separation.
Technical report, DFVLRE - IB 221-82-A07, Gottingen, Germany.
[10] Délery, J. (2013). Three-dimensional Separated Flow Topology. Wiley Online Books.
ISTE Ltd and John Wiley & Sons Inc.
[11] Drela, M. (1986). Two-dimensional transonic aerodynamic design and analysis using the
Euler equation. PhD thesis, Massachusetts Institute of Technology.
[12] Gallimore, S. J., Bolger, J. J., Cumpsty, N. A., Taylor, M. J., Wright, P. I., and Place,
J. M. M. (2002a). The Use of Sweep and Dihedral in Multistage Axial Flow Compressor
Blading: Part I — University Research and Methods Development. In ASME Turbo Expo
2002: Power for Land, Sea, and Air, pages 33–47.

120

References

[13] Gallimore, S. J., Bolger, J. J., Cumpsty, N. A., Taylor, M. J., Wright, P. I., and Place,
J. M. M. (2002b). The Use of Sweep and Dihedral in Multistage Axial Flow Compressor
Blading: Part II — Low and High Speed Designs and Test Verification. In ASME Turbo
Expo 2002: Power for Land, Sea, and Air, pages 49–59.
[14] Gao, F. (2014). Advanced numerical simulation of corner separation in a linear compressor cascade. PhD thesis, École Centrale de Lyon.
[15] Gbadebo, S. A., Cumpsty, N. A., and Hynes, T. P. (2004a). Three-Dimensional Separations
in Axial Compressors. Journal of Turbomachinery, pages 457–469.
[16] Gbadebo, S. A., Hynes, T. P., and Cumpsty, N. A. (2004b). Influence of Surface Roughness
on Three-Dimensional Separation in Axial Compressors . Journal of Turbomachinery,
126(4):455–463.
[17] Goodhand, M. N. (2011). Compressor Leading Edges. PhD thesis, University of Cambridge.
[18] Goodhand, M. N. and Miller, R. J. (2011). The Impact of Real Geometries on ThreeDimensional Separations in Compressors. Journal of Turbomachinery, 134(2).
[19] Grandemange, M., Gohlke, M., and Cadot, O. (2013). Turbulent wake past a threedimensional blunt body. Part 1. Global modes and bi-stability. Journal of Fluid Mechanics,
722:51–84.
[20] Hah, C. and Loellbach, J. (1999). Development of Hub Corner Stall and Its Influence on
the Performance of Axial Compressor Blade Rows. Journal of Turbomachinery, 121(1):67–
77.
[21] Horlock, J. H. and Lakshminarayana, B. (1973). Secondary Flows: Theory, Experiment,
and Application in Turbomachinery Aerodynamics. Annual Review of Fluid Mechanics,
5(1):247–280.
[22] Horlock, J. H., Louis, J. F., Percival, P. M. E., and Lakshminarayana, B. (1966). Wall
Stall in Compressor Cascades. Journal of Basic Engineering, 88(3):637–648.
[23] Hunt, J., Abell, C., Peterka, J., and Woo, H. (1978). Kinematical studies of the flows
around free or surface-mounted obstacles; applying topology to flow visualization. Journal
of Fluid Mechanics, 86:179–200.
[24] Kang, S. and Hirsch, C. (1991). Three Dimensional Flow in a Linear Compressor Cascade
at Design Conditions. In ASME 1991 International Gas Turbine and Aeroengine Congress
and Exposition.
[25] Koch, C. C. (1981). Stalling Pressure Rise Capability of Axial Flow Compressor Stages.
Journal of Engineering for Power, 103(4):645–656.
[26] Kriegseis, J., Dehler, T., Gnirß, M., and Tropea, C. (2010). Common-base proper
orthogonal decomposition as a means of quantitative data comparison. Measurement Science
and Technology, 21(8):85403.

References

121

[27] Legendre, R. (1956). Séparation de l’écoulement laminaire tridimensionnel. La Rech.
Aéronaut.
[28] Lei, V. M., Spakovszky, Z. S., and Greitzer, E. M. (2006). A Criterion for Axial Compressor Hub-Corner Stall. In Proceedings of the ASME Turbo Expo 2006: Power for Land, Sea,
and Air, volume 6, pages 475–486.
[29] Lewin, E., Kozulovic, D., and Stark, U. (2010). Experimental and Numerical Analysis of
Hub-Corner Stall in Compressor Cascades. In ASME Turbo Expo 2010: Power for Land,
Sea, and Air, pages 289–299.
[30] Lighthill, M. (1963). Attachment and separation in three-dimensional flow. Laminar
boundary layers, 2(6):72–82.
[31] Ma, W. (2012). Experimental investigation of corner stall in a linear compressor cascade.
PhD thesis, École Centrale de Lyon.
[32] Meliga, P., Chomaz, J.-M., and Sipp, D. (2009). Global mode interaction and pattern
selection in the wake of a disk: a weakly nonlinear expansion. Journal of Fluid Mechanics,
633:159–189.
[33] Menter, F. (1993). Zonal Two Equation k-w Turbulence Models For Aerodynamic Flows.
In 23rd Fluid Dynamics, Plasmadynamics, and Lasers Conference, Fluid Dynamics and
Co-located Conferences. American Institute of Aeronautics and Astronautics.
[34] Meyer, R., Schulz, S., Liesner, K., Passrucker, H., and Wunderer, R. (2012). A Parameter study on the influence of fillets on the compressor cascade performance. Journal of
Theoretical and Applied Mechanics (JTAM), Vol 50.
[35] Mohammed-Taifour, A. and Weiss, J. (2016). Unsteadiness in a large turbulent separation
bubble. Journal of Fluid Mechanics, 799:383–412.
[36] Perry, A. E. and Chong, M. S. (1987). A Description of Eddying Motions and Flow
Patterns Using Critical-Point Concepts. Annual Review of Fluid Mechanics, 19(1):125–155.
[37] Perry, A. E. and Fairlie, B. D. (1974). Critical Points in Flow Patterns. In Advances in
Geophysics, volume B-19, pages 200–315.
[38] Poincaré, H. (1891). Les points singuliers des equations differentielles. Comptes-Rendus
de l’Academie des Science.
[39] Prandtl, L. (1905). über Flüssigkeitsbewegung bei sehr kleiner Reibung. In Verhandlungen
des dritten Internationalen mathematikerkongresses in Heidelberg: vom 8. bis 13. august
1904, page 484. BG Teubner.
[40] Raffel, M., Willert, C. E., Scarano, F., Kähler, C., Wereley, S., and Kompenhans, J. (2018).
Particle Image Velocimetry, a Practical Guide. Springer.
[41] Rigas, G., Morgans, A. S., Brackston, R. D., and Morrison, J. F. (2015). Diffusive dynamics and stochastic models of turbulent axisymmetric wakes. Journal of Fluid Mechanics,
778:R2.

122

References

[42] Schulz, H., Gallus, H., and Lakshminarayana, B. (1990). Three-dimensional separated
flow field in the endwall region of an annular compressor cascade in the presence of rotorstator interacation: Part 1 - Quasi-steady flow field and comparison with steady-stated data.
Joournal of Turbomachinery, 112(4):669–678.
[43] Schulz, H. D. and Gallus, H. D. (1988). Experimental Investigation of the ThreeDimensional Flow in an Annular Compressor Cascade. Journal of Turbomachinery,
110(4):467–478.
[44] Scillitoe, A. D., Tucker, P. G., and Adami, P. (2016). Numerical Investigation of ThreeDimensional Separation in an Axial Flow Compressor: The Influence of Free-Stream
Turbulence Intensity and Endwall Boundary Layer State. Journal of Turbomachinery,
139(2).
[45] Smith, L. H. (1970). Casing boundary layers in multistage axial flow compressors. Flow
Research on Blading,, Vol. 106:635–647.
[46] Taylor, J. V. (2016). Three Dimensional Mechanisms in Compressor Flows. PhD thesis,
University of Cambridge.
[47] Taylor, J. V. (2019). Separated Flow Topology in Compressors. Journal of Turbomachinery, 141(9).
[48] Taylor, J. V. and Miller, R. J. (2016). Competing Three-Dimensional Mechanisms in
Compressor Flows. Journal of Turbomachinery, 139(2).
[49] Tennekes, H. and Lumley, J. (2014). A First Course in Turbulence. SERBIULA (sistema
Librum 2.0).
[50] Tobak, M. and Peake, D. J. (1982). Topology of Three-Dimensional Separated Flows.
Annual Review of Fluid Mechanics, 14(1):61–85.
[51] Weihs, D. and Katz, J. (1983). Cellular patterns in poststall flow over unswept wings.
Aiaa Journal - AIAA J, 21:1757–1759.
[52] Werlé, H. (1977). Le tunnel hydrodynamique au service de la recherche aérospatiale,.
Onera, Publication no. 156.
[53] Wieneke, B. (2015). PIV uncertainty quantification from correlation statistics. Measurement Science and Technology, 26(7):74002.
[54] Zambonini, G. (2016). Unsteady dynamics of corner separation in a linear compressor
cascade. PhD thesis, École Centrale de Lyon.
[55] Zambonini, G., Ottavy, X., and Kriegseis, J. (2017). Corner Separation Dynamics in a
Linear Compressor Cascade. Journal of Fluids Engineering, 139.
[56] Zhou, Y. and Antonia, R. A. (1994). Critical points in a turbulent near wake. Journal of
Fluid Mechanics, 275:59–81.

Appendix A
Critical point detection algorithm
The critical points were identified in the PIV data using two subroutines. The first subroutine
located the critical points, while the second classed these as saddles, nodes or foci.

A.0.1

First subroutine: critical point location

The critical points were located by identifying points in the flow field where the u and v
components of velocity were identically zero. This was performed using the Newton Raphson
method in two dimensions. The formulation of this method begins using a first order expansion
of the Taylor series for u and v, a short displacement ∆x and ∆y from a point with coordinates
x0 and y0 :
"
# "
#
" #
u(x0 + ∆x, y0 + ∆y)
u(x0 , y0 )
∆x
≈
+J
v(x0 + ∆x, y0 + ∆y)
v(x0 , y0 )
∆y

(A.1)

Where the jacobian matrix J is defined as:
"
#
∂ u/∂ x ∂ u/∂ y
J=
∂ v/∂ x ∂ v/∂ y

(A.2)

x0 ,y0

As the aim of the procedure is to locate points where u and v are zero, the left hand side is set
to 0.
" # "
#
" #
0
u(x0 , y0 )
∆x
≈
+J
(A.3)
0
v(x0 , y0 )
∆y
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This is rearranged in terms of the displacements ∆x and ∆y
"
#
" #
u(x
,
y
)
∆x
0 0
≈ − J−1
v(x0 , y0 )
∆y

(A.4)

An iterative formula is then be constructed to converge on points where u and v are zero:
# " # " #
xn
∆x
xn+1
≈
+
yxn+1
yxn
∆y

"

"
#
# " #
"
u(x
,
y
)
xn
xn+1
n n
≈
− J−1
→
v(xn , yn )
yn+1
yxn

(A.5)

(A.6)

This equation was applied to the PIV data by first splitting the measurement plane into
a grid of cells whose vertices were located at the data points. The cell size was set by the
resolution of the PIV, at 0.4 % chord. The domain was seeded with one point per cell. Equation
A.6 was then run iteratively thirty times to displace the seed points from their start locations.
Linear interpolation was used to estimate the Jacobian matrix J for the points at each step.
After twenty iterations, points which remained within the cell in which they were seeded were
deemed to have converged. These points were recorded as the locations of the critical points in
the domain.

A.0.2

Second subroutine: critical point classification

Once located, the critical points were classified based on the eigenvalues of the Jacobian matrix
J at the location of the critical point. These criteria are described in Section 2.1.3 of the
literature review.

Appendix B
Derivation of streamline curvature
The curvature κ at a point on a streamline can be derived from the angle δ θ between the
velocity v at a time t and the velocity v + δ v a short time interval later:

κ=

1 δθ
θ̇
= lim
|v| δt→0 |v| δt

(B.1)

Fig. B.1 Velocity vector of fluid particle at two instances separated by a timestep δt
Using the notation in Figure B.1, δ θ can be approximated for small δt:
−1

δ θ = tan

|a|
= tan−1
|v|

v
|v|

× v̇δ t
|v|

(B.2)

Substituting B.2 into B.1:


1
|v × v̇|
−1 |v × v̇δ t|
κ = lim
tan
/δt =
2
|v|
|v|3
δt→0 |v|

(B.3)

To apply B.5 to an instantaneous slice of PIV data, it is necessary to convert the time derivative
v̇ to a spatial derivative. This is done by rewriting v̇ in terms of the Jacobian matrix J:
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"
#"
# "
#" #
∂ u/∂ x ∂ u/∂ y ∂ x/∂t
∂ u/∂ x ∂ u/∂ y u
v̇ =
=
= JT v
∂ v/∂ x ∂ v/∂ y ∂ y/∂t
∂ v/∂ x ∂ v/∂ y v

(B.4)

Substituting B.4 into B.5:
κ=

|v × JT v|
|v|3

(B.5)

In two dimensions, expansion of B.4 gives:
 


∂u ∂v
1
2∂u
2∂v
uv
κ= 2
+
+v
+u
∂x ∂y
∂y
∂x
(u + v2 )3/2

(B.6)

Rearranging B.6, κ can be expressed in terms of the in-plane velocity gradients:
κ =Cx

∂v
∂u
∂v
∂u
+Cy +Cxy +Cyx
∂x
∂y
∂y
∂x

(B.7)

Where the coefficients C are denoted by:
Cx = Cy =

uv
2
(u + v2 )3/2

Cxy =

v2
(u2 + v2 )3/2

Cyx =

u2
(u2 + v2 )3/2

Appendix C
Calculation of integral length scales
The Eulerian integral scale provides a measure of the distance over which the velocity perturbations at a point in the flow field are correlated with those at neighbouring points. The Eulerian
integral scale is refered to here as the integral length scale. Calculation of the integral length
scale at a sample point with coordinates (x0 ,y0 ) on the PIV measurement plane begins by calculating spatial correlation functions for perturbations in u and v over a range of displacements in
x and y from the sample point. Using n timesteps, two spatial correlation functions are defined:
Rxu = p

∑ni=1 u′ (x0 )u′ (x0 + ∆x)
p
∑ni=1 u′ (x0 )2 ∑ni=1 u′ (x0 + ∆x)2

(C.1)

Ryv = p

∑ni=1 v′ (y0 )v′ (y0 + ∆y)
p
∑ni=1 v′ (y0 )2 ∑ni=1 v′ (y0 + ∆y)2

(C.2)

An example of the variation in Rxu in the vicinity of a sample point is shown in Figure C.1.
Longitudinal length scales can be calculated for the u and v components of velocity by integrating the spatial correlation functions as follows, from Tennekes and Lumley (2014) [49]:
Z ∞

Lxu =

0

Rxu dx

(C.3)

Ryv dy

(C.4)

Z ∞

Lyv =

0

In practice it is impossible to calculate these integrals to an upper limit of infinity. To resolve
this problem the upper limit is curtailed. It is convention to either set the upper limit at the
coordinate where the correlation function first reaches zero, or where it drops below a value
of 1/e. In this study, the latter limit is used to avoid errors in cases when the correlation
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approaches but never reaches zero. An example of the resulting integral length scale Lxu is
shown by the shaded region in Figure C.1. Finally, a mean integral length scale is calculated
using an average of the two scales in the x and y directions:
L=

Lxu + Lyv
2

(C.5)

Fig. C.1 Example of spatial correlation function Rxu , in the vicinity of a sample point

