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Abstract

As fuel prices rise and environmental awareness becomes an increasingly important topic,

the efficiency of engines used for power production and transport must be increased whilst

decreasing exhaust gas emissions and noise levels. From results obtained during this re-

search project, in combination with work being produced at other research facilities, it is

hoped that a greater understanding of how the leading edge region of compressor blades

react to changes in engine operating points in a steady and unsteady environment is gained.

This thesis investigates the boundary layer development at the leading edge of a controlled

diffusion stator blade with a circular arc leading edge profile. Steady flow measurements

were made inside a large scale 2D compressor cascade at Reynolds numbers of 260, 000

and 400, 000 over a range of inlet flow angles corresponding to both positive and negative

incidence at a level of freestream turbulence similar to that seen in an embedded stage of

industrial axial flow compressor.

The instrumented blade of a large scale 2D cascade contained a series of very high reso-

lution static pressure tappings and an array of hot-film sensors in the first 10% of surface

length from the leading edge. Detailed static pressure measurements in the leading edge re-

gion show the time-mean boundary layer development through the velocity over-speed and

following region of accelerating flow on the suction surface. The formation of separation

bubbles at the leading edge of the pressure and suction surfaces trigger the boundary layer

to undergo an initial and rapid transition to turbulence. On the pressure surface the bubble

forms at all values of incidence tested, whereas on the suction surface a bubble only forms

for incidence greater than design. In all cases the bubble length was reduced significantly

as Reynolds number was increased. These trends are supported by the qualitative analysis

of surface flow visualisation images.

Quasi-wall shear stress measurements from hot-film sensors were interpreted using a hy-

brid threshold peak-valley-counting algorithm to yield time-averaged turbulent intermit-

tency on the blade’s suction surface. These results, in combination with raw quasi-wall

shear stress traces show evidence of boundary layer relaminarisation on the suction sur-

face downstream of the leading edge velocity over-speed in the favorable pressure gradient

leading to peak suction. The relaminarisation process is observed to become less effective

as Reynolds number and inlet flow angle are increased.
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The boundary layer development is shown to have a large influence on the blade total pres-

sure loss. Initial observations were made without unsteady wakes and at negative incidence

loss was seen to increase as the Reynolds number was decreased and, in contrast, at posi-

tive incidence the opposite trend was displayed. The cascade’s rotating bar mechanism was

used for unsteady tests where the influence of changing reduced frequency was investi-

gated and compared to the performance of the cascade in steady operation. Results showed

that increasing the stator reduced frequency brought about an increase in total blade pres-

sure loss. The proportion of total loss generated by the suction surface increased linearly as

the reduced frequency was increased from 0.47− 1.88. The opposite trend was seen on the

pressure surface. These differences were attributed to the influence of wake passing events

on the boundary layer in the leading edge region of both surfaces.

Results from both steady and unsteady tests were compared against predictions made using

the MISES solver. MISES is not capable of predicting boundary layer relaminarisation,

which was shown to be clearly present on the suction surface leading to peak suction,

particularly at low to moderate values of inlet flow angle and low Reynolds numbers. As a

result MISES over predicts the turbulent wetted area on the blades surface when transition

occurs in the leading edge region. MISES does however predict the same Reynolds number

dependency of separated flow regions.

The turbulent freestream flow field in the leading edge region of the blades was inves-

tigated using 2D Particle Image Velocimetry (PIV) and a commercial Reynolds Averaged

Navier Stokes (RANS) based solver. The camera focused on the leading edge region of the

suction surface and computational simulations were post-processed to display the equiv-

alent field of view. Simulations were performed using the Menter Shear Stress Transport

(SST) model and the Speziale, Sarkar and Gatski (SSG) Reynolds Stress Model (RSM) im-

plemented inside ANSYS CFX. Of particular interest was how the free-stream turbulence

intensity is modeled in areas of high shear strain rate, how turbulence intensity varies as the

blades leading edge is approached and the production of anisotropic turbulent fluctuations

close to the edge of the boundary layer. The freestream flow field was heavily influenced

by the blade row displaying an increase in turbulent intermittency and significant levels of

anisotropy close to the blade’s leading edge. Although the CFD did predict rises in inter-

mittency and some anisotropy, it oversimplified the flow field and missed some of the more

subtle complexities seen in the experimental results.

The importance of understanding details about transition phenomena and freestream tur-

bulence are highlighted and new insights into how they react to changes in Reynolds num-

ber and inlet flow angle are provided which can be used by code developers and users as

validation. This body of work also highlights areas that still need more investigation.
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Chapter 1

Introduction

In 1930 Sir Frank Whittle patented the design for a gas turbine engine intended for jet

propulsion and in 1937 the first engine of its type ran successfully. Since that time the gas

turbine has been developed to a large extent and is currently used in a wide range of appli-

cations; for power generation, jet propulsion and the production of rotational mechanical

power on land, at sea and in the air.

Gas turbine engines today can produce anywhere from tens of kilowatts to over 500 megawatts

with rated efficiencies approaching 60 percent in combined cycles. Due to their high power

to weight ratio and compactness, the gas turbine engine plays an increasingly dominant

roll in aircraft propulsion where the gas turbine is currently found in all but small aircraft

which still use reciprocating piston engines. However for transport on land and at sea the

gas turbine has had a less pronounced effect due to its high specific fuel consumption and

poor off-design performance compared to its diesel engine counterpart.

Axial flow compressors are used extensively in gas turbine engines, and are particularly

suited to commercial and military aircraft applications. This is due to their capability to

produce larger flow rates for a given frontal area, higher overall pressure ratios and higher

efficiencies compared to their centrifugal alternative, which were used in some of the first

engines (Figure 1.1). This makes them ideal for the compact, low drag and light weight

requirements of the aviation industry. However these advantages come at the expense of

increased aerodynamic complexity and design cost [20].

The overall performance of the gas turbine engine is strongly dependent on the efficiency

of the compression process prior to combustion. Axial flow compressors transfer work

from a rotating blade row or a number of blade rows to the working fluid (usually air).

As the working fluid passes through the rotor blade row, both pressure and kinetic energy
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Figure 1.1: Schematic diagram of the Trent 800 showing the different stages: intermediate

pressure compressor (IPC), high pressure compressor (HPC), high pressure turbine (HPT),

intermediate pressure turbine (IPT), low pressure turbine (LPT) along with pressure and

temperature profile through the engine. Rolls-Royce Plc.
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are generally increased. Some of the kinetic energy is subsequently converted to pressure

energy by diffusion in the adjacent downstream stator blade row [9].

An increase in static pressure across a single or multi-stage compressor creates an adverse

pressure gradient between the inlet of the compressor and the combustion chamber of the

gas turbine. This adverse pressure gradient attempts to force the flow in a direction opposed

to that of the flow through the engine. The flow field is, even at design, extremely complex

and is dominated by unsteady three-dimensional flow phenomena [20].

Until recently, research into axial compressor aerodynamics focussed on steady flow ap-

proximations of the flow field [29]. Steady flow methodologies have lead to modern blade

designs approaching the achievable limit of aero-thermal performance and efficiency. Trends

in current and future compressor designs show a push for higher blade loadings and more

compact configurations. Similar design shifts have already been seen in turbine designs,

with the introduction of high lift and ultra high lift blades in an attempt to reduce weight,

noise and engine cost whilst maintaining efficiency and emissions requirements [78, 11, 42].

Inevitably these new design requirements will lead to intensified unsteadiness and aerody-

namic complications [87].

Due to the competitive nature of the gas turbine industry, especially in commercial aviation

applications, there is an increased demand for innovative design solutions and faster, more

efficient, design processes. Dawes and Molinari [12] describes how a combination of past

design techniques and methodologies is required to produce fast and robust methodolo-

gies capable of producing the innovative designs required to overcome the asymptote of

performance in the current generation of gas turbines. For this to become reality a greater

knowledge base and understanding of unsteady effects and fundamental physical processes

occurring in gas turbines is required to modify and verify CFD models. This can then be

utilised in the design process. This thesis aims to reduce this gap in knowledge. Until now

designers have been able to design both compressor and turbine blades with impressive

levels of performance, without a complete understanding of the flow phenomena in which

the blades are operating [26].

It has been shown that the performance of an individual blade and the overall performance

of a turbomachine can be closely related to the nature and behavior of the boundary layer

flows surrounding its surface, particularly in the leading edge region. This is due to the

boundary layer state having a large influence over losses resulting from skin friction drag

and boundary layer separation.

Initially a laminar boundary layer forms at the leading edge of a blade and develops in a

streamwise direction. A transitional region follows, resulting in a fully turbulent boundary
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layer some distance downstream of the leading edge of the blade. It is common for separa-

tion, and or transition, to occur by different modes over a large range of surface positions.

Rolls Royce Pty use the MISES code as one of its key blade profile design tools, which

was developed by Drela and Youngren [17] in the 1980′s and is based around a 2D viscid

- inviscid flow solver. It is an extremely clever program that simultaneously calculates the

viscid and inviscid regions of the flow field around an aerofoil. The MISES code requires

very limited computational resources by modern standards and produces results which, up

to recent times, have been adequate for engineering design purposes. However the code

encompasses a number of crude approximations which must be improved if the code is to

assist in breaking the apparent asymptote in aero-thermal performance of the gas turbine

engine.

This thesis is comprised of 8 remaining chapters describing in detail important background

to the field, research methodologies and a thorough discussion of results finishing with

concluding remarks and recommendations for future works.

Chapter 2 provides a review of boundary layer transition processes and how the bound-

ary layer can affect a blade’s performance along with associated computational prediction

methods. It is critical to understand the works of previous researchers so that it is possible

to identify research trends, past and present theories and the predictions and opinions of

the leading experts in the field. This information is also pivotal in identifying gaps in the

current body of research and forms the foundation of this research project.

A large scale 2D compressor cascade housed in the Whittle Laboratory at the University of

Cambridge was used for the experimental component of this thesis. The cascade had the

capacity to vary the inlet flow angle and Reynolds number simultaneously as well as being

capable of running in both steady and unsteady operation. Chapter 3 describes this facility

along with the instrumentation used during the testing program.

The search for further understanding of flow phenomena increases as does the need for

faster and more accurate experimental equipment. To keep up the current state of the art

technology in experimental research equipment a large number of modifications were made

at the beginning of this project. Chapter 3 provides a detailed account of the experimental

facilities used throughout the duration of this project. Chapter 4 then provides a detailed

account of the methods used during the experimental portion of this project along with the

experimental testing program.

Chapter 5 explores the effect of changing the inlet flow angle and Reynolds number on

the pressure loss of a controlled diffusion stator blade under steady operation in cascade.
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Of particular interest are mechanisms and trends that lead to changes in the development,

transition and separation of the boundary layer in the leading edge region and how these

lead to differences in the pressure loss loops at different Reynolds numbers. The study

shows that both inlet flow angle and Reynolds number have significant and independent

influences on a blade’s loss loops and specific flow phenomena are identified and attributed

to these changes in loss.

A direct comparison between MISES and the experimental results outlined in Chapter 5 is

carried out in Chapter 6 outlining some of the programs shortfalls and how these could

potentially lead to erroneous predictions.

A large amount of work has previously been carried out in compressor cascades with a

steady flow environment however the amount of research conducted in large scale cascades

with periodic unsteadiness is limited. Chapter 7 looks into the influence of changing the sta-

tor blades reduced frequency on profile loss and the flow characteristics around the blades

surface. Particular focus is placed on the effect periodic unsteadiness has on boundary layer

transition and separation in the leading edge region.

Chapter 8 investigates how the leading edge region of a compressor blade row influences

the free stream flow field with an elevated level of freestream turbulence. The amplification

and distortion of turbulence focusses on using particle image velocimetry (PIV) and CFD.

Comparisons are made between two commonly used turbulence models inside ANSYS CFX

and the PIV measurements.

The key findings from Chapters 5,6,7 and 8 are then brought together and summarised

in the conclusion of this thesis. The summary of findings from this thesis is then used

to recommended work for the future of gas turbine research based on knowledge gained

during this project.

1.1 Supporting Publications

The findings from several chapters of this thesis have been published during the course of

this project.

The effect of inlet flow angle and Reynolds number on the performance of a CD stator blade

in cascade described in Chapters 5 and 6 was published in Perkins and Henderson [63]. The

influence of period wake passing events over a range of reduced frequencies on the leading

edge flow development and blade pressure loss production was also reported in [63]. This

paper has been recommended for the ASME Journal of Turbomachinery.
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Studies on the ability of two RANS based turbulence models (k−ω SST and RSM) to predict

the amplification and distortion of turbulence in the leading edge region of a CD stator

blade reported in Chapter 8 using Particle Image Velocimetry was published in Perkins

et al. [64].



Chapter 2

Background And Literature Review

The nature of air flow inside a gas turbine engine is extremely complex, highly three di-

mensional and unsteady. High levels of turbulence and unsteady disturbances are primarily

caused by the convection, dispersion and mixing of wakes from upstream rotor and stator

blade rows. Inside the compressor of the gas turbine engine there also exists a continuous

adverse pressure gradient running between the inlet of the machine and the combustion

chambers, which opposes airflow through the compressor.

Boundary layer transition on the blades of the compressor and the turbine is inherently

unsteady and can occur by multiple modes over a range of blade surface locations. Large

portions of a blade surfaces are often covered by a boundary layer in a laminar or transi-

tional state. The distribution of different boundary layer states can vary significantly with

only slight changes in flow conditions, which must be considered if a good understanding

of a blades performance is to be achieved over the operating range of a real machine.

The inherent complexities make accurate predictions of flow inside axial turbomachines

extremely difficult, computationally intensive, time consuming and expensive. Use of the

full unsteady Navier Stokes equations as a design tool is still a distant vision even with

the computational power available today and the advent of graphics processor unit (GPU)
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technology. As a result approximations are introduced to reduce calculation times, how-

ever these inherently introduce errors which must be minimised where ever possible. An

increased understanding of the fundamental physical processes behind the multitude of

flow phenomena is becoming increasingly important in order to improve approximations

and formulate new prediction methods to minimise computational time whilst maintaining

accuracy.

This chapter provides the reader with background knowledge and a review of the funda-

mental modes of transition, the unsteady and highly complex nature of the flow inside axial

compressors and how these relate to controlled diffusion blades with circular arc leading

edges. This will provide the necessary foundations for subsequent discussions on boundary

layer development, transition, separation and modeling techniques in the remainder of this

thesis.

2.1 The Modes Of Boundary Layer Transition

Boundary layer transition has been, and continues to be, an active research topic and is

one of the few areas that contains a large number of unknowns for the turbomachinery

blade designer [53, 95, 14]. Significant portions of laminar and transitional flow have been

recognised on turbomachinery blading since the 1960’s [93].

The transition process between laminar and turbulent boundary layers can occur under

the influence of three fundamental mechanisms: natural transition, bypass transition and

separated flow transition. The latter two types are commonly found in gas turbine engines

however a single mechanism is rarely seen on its own and multi-mode transition is common

[53, 54, 95]. Evidence has been found that up to 40% of the blade surface is governed by

linear stability theory which suggests the natural transition process plays a role even when

the dominating mechanism maybe be of a different type [43]. Flow conditions such as the

presence of upstream wakes, Reynolds number, free-stream turbulence, blade loading and

velocity and pressure gradients are determining factors as to which of the above-mentioned

mechanisms dominate the transition process at a particular point in time.

Cumpsty [9] states that approximately 40% of an axial compressors loss is caused by the

development of boundary layers on blade surfaces. Within a boundary layer entropy is

created through viscous shearing and Denton [13] shows that this entropy production rate

per unit surface area is created according to:
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Ṡa = Cd
ρU3

e
T

(2.1)

where the value of Cd is 2− 5 times higher for a turbulent boundary layer compared to

a laminar one (Figure 2.10). In separated flow regions there are relatively high levels of

viscous shearing compared to a laminar or turbulent boundary layer. Since separated flow

regions are almost always associated with the development of transitional or turbulent flow

the resulting effective viscosity can be very large, (typically over 100 times that of a laminar

boundary layer) and, as a result the local entropy generation rates are also relatively high

[13].

The leading edge region of axial compressor blades with circular arc leading edges often

contain large velocity overspeeds, which are seen as local spikes in the static pressure dis-

tribution. These are amplified when a blade is operating away from design, and produce

extreme favorable and adverse pressure gradients which often lead to the formation of a

boundary layer separation bubble. This combination leads to very high entropy or loss pro-

duction per unit area and as a result is an area of key interest to the field. Increasing the

laminar wetted area and reducing the chance of boundary layer separations will lead to a

reduction in blade loss.

Orth [59] found that the unsteadiness of the a wake passing event did not affect the position

of transition when compared to a steady wake impinging on a flat plate. This suggested

that it was the high levels of turbulence intensity and not the periodic fluctuation in mean

velocity that initiated transition. This research also demonstrated that laminar becalmed

regions form upstream of, and move behind, turbulent patches. These becalmed regions

allowed brief periods of laminar flow to exist downstream of the location at which an

undisturbed flow becomes fully turbulent [52].

2.1.1 Natural Transition

Natural boundary layer transition typically occurs without any external forcing. Such flows

must have low free-stream turbulence intensity, typically less than 1%, and pressure gra-

dients mild enough to avoid flow separation or relaminarisation [101, 75, 51]. Natural

transition occurs over a considerable streamwise length on a blade’s surface and can be

broken down into five main stages (Figure 2.2).

Initially a laminar boundary layer thickens to a point where small disturbances can be

amplified. These disturbances are amplified as they convect downstream at a near linear
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Figure 2.1: Diagram of the votex loops that form during natural transition [75]

rate. Upon amplification Tollmein-Schlichting (T-S) instability waves form which travel at

approximately 0.3− 0.35 times the local free-stream velocity (Vinf) [26]. The first unstable

mode is two-dimensional and occurs at a critical Reynolds number, Re ≡
√

Ux/ν = 270, or

based on momentum thickness Reθ =
√

Uθ/ν = 201.

In the second stage of natural transition the T-S waves propagate downstream and eventu-

ally begin to distort in a spanwise direction [47]. Following the initial distortions the third

stage results in the formation of streamwise vorticity and the formation of an array of vortex

trusses in the boundary layer (Figure 2.1). Subsequent rows of A-structures can be aligned

or staggered depending on flow conditions. Aligned structures (K-type) are the result of

fundamental resonance whereas the staggered arrangement (C and H-Type) are the result

of subharmonic resonance.

The penultimate stage of natural transition brings about high frequency instabilities at the

head of the vortex loops which are initially seen as streaklines in the flow. These streaks

roll up and break down to form turbulent spots. Depending on the flow history, turbulent

spots can form in a range of patterns.

The formation and propagation of turbulent spots have been studied intensely. Reports by

[62] indicate they have a leading boundary velocity of approximately 0.8V and a trailing

boundary velocity of approximately 0.5V and grow in a spanwise direction at an angle of

approximately 22o in zero pressure gradient conditions.

In the final stage turbulent spots propagate downstream and merge with adjacent spots

forming a continuously turbulent boundary layer. Natural transition is not common as a

sole mode in gas turbine engines due to the high levels of free-stream turbulence and the

highly complex and unsteady flow characteristics however it has been recognised as a part

of multi-modal transition.
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Figure 2.2: Schematic diagram of the natural transition process [101]

2.1.2 Linear Stability Theory

The linear stability theory provides a model for the natural transition process focussing on

the growth of small sinusoidal instability waves in a two-dimensional parallel mean flow.

The instability waves are commonly known as Tollmein-Schlichting (T-S) waves and can be

represented by the following stream function:

ϕ(x, y, t) = φ(y)ei(αx−β) (2.2)

where α is real and β is complex. The wavelength of the disturbance is given by 2π/α. The

real and imaginary parts of β give the circular frequency and the amplification factor of the

disturbance respectively. From the stream function we are able to obtain the perturbation

velocities and by substituting them into the Navier Stokes Equations we obtain the Orr-

Somerfield equation [75]:

(U − c)(φ,, − α2φ−U,,φ) = − i
αRe

(2.3)

If α and Re are given, then, with use of appropriate boundary conditions the Orr-Somerfeld

equation yields a complex eigenvalue. The real part gives the phase velocity of the dis-
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turbance and the imaginary part gives the amplification factor, which is used to determine

whether a disturbance will grow, decay or remain constant. Perturbations with a nega-

tive amplification factor decay and are stable, those with a positive amplification factor

grow and are inherently unstable and those with an amplification factor of zero are termed

neutrally stable. The locus of such points, when plotted, in a wave number Vs Re plane

produce a natural stability curve, which depicts a boundary between stable and unstable

flow. Schaubauer and Klebanoff [74] carried out experimental testing in flows with turbu-

lence intensities ranging from 0.035% to 0.014% and data collected from these experiments

was the first to support linear stability theory.

For natural transition onset is usually determined using the en method developed by Mayle

and Schulz [55] and others. en type methods are based on linear stability theory and involve

calculation of a disturbance-amplitude ratio, or amplification ratio of disturbances using the

amplification rate of the most unstable T-S wave at each streamwise position. A value of

7 − 10 is commonly used as the critical amplification ratio, which has been determined

experimentally and is related to the free stream turbulence intensity. Onset of transition

is said to occur when a flow reaches an amplification ratio greater than that of the critical

value [55].

2.1.3 Bypass Transition

Bypass transition is a common form of boundary layer transition in gas turbine engines [80]

and was identified as far back as 1968 by [57].

It occurs in the presence of in-flow disturbances associated with high levels of free-stream

(background) turbulence. A common description of Bypass transition is that transition oc-

curs where the formation and amplification of the two-dimensional Tollmein-Schlichting

instability waves is bypassed and the first sign of transition is the direct formation of tur-

bulent spots. The modern meaning of the term also encompasses a range of transition

mechanisms in highly disturbed flows. Within the Bypass class of transition variations oc-

cur depending on leading-edge geometry, mean pressure gradient and its history as well as

free stream turbulence intensity level [45, 24]. Experiments carried out under geometrically

similar conditions have produced different boundary layer characteristics depending on the

free stream turbulence intensity.

During some hot-wire measurements Klebanoff [46] identified low frequency oscillations

within a boundary layer subjected to elevated levels of free-stream turbulence. Further

research showed that this effect was caused by the spanwise motion of large amplitube
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Figure 2.3: DNS results showing contours of streamwise fluctuation depicting the formation

of Klebanoff modes followed by the formation of turbulent spots and the development of a

fully turbulent boundary layer [105]

elongated streamwise disturbances, seen as streak or jets in the boundary layer. Such struc-

tures were named Klebanoff modes, but can also known as ’streaky structures’ or ’breathing

modes’.

In Bypass transition the T-S instability does not form and instead Klebanoff modes form in

the perturbation field (Figure 2.1.3). Simply put, these streaky structures grow, destabilise

and finally break down initialising the formation of turbulent spots which propagate and

merge to create a continuous turbulent boundary layer (Figure 2.4).

Thermochromic liquid crystal flow visualisation techniques were employed by [? 106] to

show that streaky structures form prior to transition in boundary layers subjected to high

levels of freestream turbulence.

2.1.4 Separated Flow Transition

Separated flow transition occurs when a laminar boundary layer separates from a surface

and undergoes complete transition to a turbulent flow regime. Separation occurs when a

boundary layer experiences a sufficiently strong adverse pressure gradient (λθ ≈ −0.082,

[91])

Laminar separations are commonly found a short distance from the leading edge of com-

pressor blades where Reynolds numbers are inherently low. Blades with circular arc leading

edges are particularly susceptible to this phenomenon as the boundary layer experiences

a strong acceleration downstream of the leading edge, which is closely followed by a an

extreme adverse pressure gradient due to a discontinuity in surface curvature. Upon sep-

aration the laminar boundary layer becomes highly unstable and rapid laminar-turbulent

transition can occur. The separated transitional flow induces large turbulent shear stresses

and increased levels of fluid entrainment into the shear layer from the free stream flow.

This process energises the boundary layer fluid causing it to grow rapidly. In turn there

is an increase in pressure. Turning of the separated streamline back towards the surface
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Figure 2.4: DNS Simluation of bypass transition using two wall parallel planes, one in the

free stream and one in the boundary layer, showing velocity perturbations in the streamwise

direction [105]

occurs when the pressure becomes equal to that of a turbulent boundary layer without a

separation bubble resulting in turbulent reattachment of the boundary layer and the forma-

tion of a separation bubble [97, 2]. If, following a laminar separation, the flow encounters

a sufficiently strong favorable pressure gradient it is possible for reattachment to occur be-

fore transition to turbulence is completed and in this case the pressure gradient drives the

separated streamline back towards the surface.

Separation bubbles can be classified as being either "long" or "short" depending on whether

the bubble has a local or global effect on the blade surface pressure distribution respectively.

Tani [89] indicated that when the momentum thickness Reynolds number reached a critical

value a short separation bubble could change into a long one.

If the Reynolds number is decreased or the angle of attack is increased sufficiently a sep-

aration bubble may form and burst where the laminar boundary layer separates from the

surface and never reattaches. If this occurs the aerofoil is said to be in a state of stall.
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Figure 2.5: Schematic diagram of a leading edge separation bubble following a leading edge

velocity overspeed at positive incidence based on Walraevens and Cumpsty [97]

2.2 Effect Of Leading Edge Shape On Boundary Layer Develop-

ment

The leading edge shape of a compressor blade has a profound effect on the boundary

layer development downstream of the leading edge. Walraevens and Cumpsty [97] showed

that elliptical arc leading edges result in shorter separation bubbles and a reduction in

the boundary layer thickness (non-dimensionalised by the leading edge thickness) when

compared to their circular arc counterparts.

Pressure and velocity gradients imposed on the boundary layer have a large effect on its

form and development. Large adverse pressure gradients present in the leading edge spike,

often present with circular arc leading edges, can lead to laminar separation and the for-

mation of separation bubbles. The use of elliptical leading edge profiles has been shown

to reduce the occurrence of laminar separations and thus separated flow transition. This is

a desirable feature as it leads to a laminar boundary layer remaining intact for longer in a

streamwise direction reducing turbulent wetted area and blade pressure loss [22].

While the effect of leading edge profile is an active area of current research, it has only

recently become a key area of interest. This is extremely important, as it is the leading
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edge of the blade which initiates the boundary layer development over the remainder of the

blade’s surface.

Different leading edge compressor blade designs will react differently in steady, unsteady

and highly turbulent flow conditions. It is thus vital that a given design be evaluated in a

range of likely operating conditions for a real gas turbine. It has already been mentioned

that large amounts of data are available for steady flow conditions. However there are

significant deficiencies in knowledge of unsteady flow conditions around the leading edge

of compressor blades and this is one area which could help break through the current

asymptotic limit of aero-thermal performance in gas turbine engines [88, 32, 22].

2.3 Circular Arc Leading Edges

A number of considerations need to be made when selecting the leading edge shapes of

axial gas turbine blading and they are often focused on a balance between machine perfor-

mance and practical manufacturing tolerances [97, 88]. As the leading edge has a significant

influence over the boundary development over a blade, which in turn has a large impact on

its performance, the choice of leading edge shape is very important.

In modern gas turbine axial flow compressors there are two widely used leading edge

shapes; circular arc and elliptical - however in recent times optimised leading edge shapes

have been a focus of research in the turbomachinery field [22]. In the core of a large turbofan

compressor the leading edge radii are typically 0.25− 0.75% of blade chord [88] and the

chord typically ranges from approximately 100mm at the front of the compressor to 20mm

at the back. The leading edge radii is therefore between approximately 0.25 and 0.15mm.

As a result the manufacturing of the leading edge region has to be extremely accurate this

is not possible without time intensive and very expensive machining processes.

Due to the small sizes involved, erosion caused by the ingestion of small particles into the

engine core can cause significant changes to the leading edge shape and blade performance.

A blunting of the leading edge can be seen after time resulting in the possibility of an

elliptical or optimised leading edge to display similar characteristics to that of a circular arc

after some time in operation. Especially in areas where sand ingestion is frequent [69, 97].

As described in Section 2.2 the velocity distribution around a blade with a circular arc

leading edge is complex and highly changeable. The rapid acceleration and deceleration in

this region can cause the boundary layer to separate, reattach and transition within the first

2% of blade chord. This can then lead to turbulent or transitional flow over large portions of
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the blade surface and is undesirable in terms of aerodynamic performance and blade row

loss.

The variation of incidence changes considerably during the normal operation of gas turbine

engines and is closely linked to the flow coefficient, which is a measure of the machines

operating point. During a typical flight the flow coefficient will increase from a minimum

value at take off to a maximum at cruise. The Reynolds number also changes significantly

through the engine and inside an axial compressor at cruise altitude is seen to vary from

Rec = 6(10)5− 1.2(10)6. Hobson and Weber [38] predicted that the Reynolds number based

on chord of stator 67B could drop to values as low as 2(10)5 at an altitude of 15, 000m. As a

result of this it is extremely important to understand the effects of changing both incidence

and Reynolds number on blade performance, particularly in the leading edge region.

There have been a number of studies carried out on turbomachinery stator blades with

circular arc leading edges. Sanger and Shreeve [70] studied the 67A CD stator blade profile

at the Naval Postgraduate School in Monterey at at a range of Reynolds numbers from

Rec = 4.7(105)− 6.9(105) and over a range of inlet flow angles from α1 = 24.5o − 46o. The

67A stator blade has a design point inlet flow angle of α1 = 39o.

For inlet flow angles between α1 = 32o − 36o transition was seen to occur inside a large

separation bubble just downstream of peak suction at x/c = 0.5− 0.6. At inlet flow angles

values about α1 = 36o the suction surface boundary layer was seen to separate and reattach

in the leading edge region due to a large velocity over-speed and subsequent rapid deceler-

ation. When the transition location jumped to the leading edge a large increase in blade loss

was expected due to the increased turbulence wetted area and momentum thickness. This

was not the case and blade loss was seen to be fairly constant between α1 = 32o − 40o and

showed considerable difference from the computational prediction. Sanger and Shreeve

[70] made mention that the only way this could occur would be if the boundary layer

re-laminarised in the favorable pressure gradient on the blades suction surface between

x/c = 0.02− 0.25.

Studies were also carried out on the 67A CD stator blade by Elazar and Shreeve [18] who

used LDV measurements to study the flow through a blade passage at a Reynolds number

Rec = 7(10)5 over a range of inlet flow angles (α1 = 40o, 43.4o and 46o). They found that the

suction surface boundary layer remained attached until the trailing edge, except for when a

laminar separation bubble formed past peak suction which moved downstream as the inlet

flow angle was increased.

Hobson et al. [35] designed a new CD stator blade at the Naval Postgraduate School in

Monterey. Cascade 67B had a design inlet flow angle of α1 = 36o and was studied at a range
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of Reynolds numbers from Rec = 2.1(10)5 − 6.4(10)5. At Rec = 2.1(10)5 a large laminar

separation bubble was seen just past peak suction, this became smaller as the Reynolds

number was increased to Rec = 3.8(10)5. At Rec = 3.8(10)5, if the boundary layer had

undergone transition prior to previous location of separation onset, the separation was

suppressed. At Rec = 6.4(10)5 no separation bubble was present and the blade experienced

a trailing edge separation caused by interactions with end wall secondary flow structures.

More recent studies carried out in the Whittle Laboratory at the University of Cambridge

by Wheeler et al. [100] and Goodhand and Miller [22] looked at the effects of changing

the shape of axial compressor blade leading edges to remove leading edge spikes under

design operating conditions away from the design point. Goodhand and Miller [22] looked

at the leading edge spike height as a performance criteria for compressor blade profile

loss. Circular arc, elliptical and idealized leading edge shapes were studied on a CD stator

blade inside a 1.5 stage axial compressor. A spike height criteria was developed and its

influence on blade performance was investigated. Results showed that when δCp > 0.5

a leading edge separation bubble formed causing the time averaged transition location to

jump forward on the blade causing a sharp increase in the trailing edge energy thickness,

which was used as a measure of blade loss:

δ3 =
∫ δ

0

(
u
uδ

)2 (
1− u

uδ

)
dy (2.4)

2.4 Unsteady Flow Phenomena

There are many sources of unsteadiness within turbomachines (Figure 2.6). These different

sources interact with one another to produce an extremely complex flow field with both

random and periodic components.

Low pressure turbine blade rows had earlier reached an asymptote in aero-thermal perfor-

mance similar to that currently being experienced in the compressor. By taking into account

the periodic unsteadiness created by the passing of wakes of upstream blade rows, turbine

blades have been designed to produce higher lift:loss ratios. It must be noted that the rela-

tive jet effect of passing wakes on a turbine blade is opposite to that on a compressor blade

[32].

Ottavy et al. [60] showed that similar improvements can be made on compressor blades by

suppressing separation through turbulence carried in incoming wakes and calmed regions
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Figure 2.6: Sources of unsteadiness inside axial compressors [98]

which follow the highly turbulent wakes. Wake passing effects lead to the reduction in

time-mean momentum thickness of the boundary layer on a highly loaded linear compres-

sor cascade compared to steady inflow conditions. This suggests some potential for loss

reduction through the use of unsteady wake passing events [33].

Schlichting and Das [76] also showed that turbulence generated by an oscillating turbulence

grid lead to the suppression of a separation bubble that formed on the blades of a compres-

sor cascade leading to a reduction in the amount of loss generated in the cascade. Similar

findings were documented by Gibson [21] when working on a turbine cascade.

2.4.1 Periodic Unsteadiness

Periodic unsteadiness is present throughout the compressor and turbine of the gas turbine

engine. The most obvious type is the relative motion between rotating and stationary blade

rows which shed wakes from their trailing edges and propagate down stream. Wakes shed

from upstream blade rows impinge on, and interact with, blades in downstream rows.

These wakes create a relative flow of wake fluid, viewed from the free stream flow, often

referred to as a negative jet. 2.7
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Figure 2.7: Diagram of a negative jet in a compressor blade row [98]

Negative jets cause convection of the highly turbulent fluid and, in a compressor, fluid is

removed from the suction surface and introduced to the pressure surface [29]. This acts to

thin the suction surface boundary layer and thickens the pressure surface boundary layer

in a compressor blade row (the opposite effect to that seen in a turbine blade row). Nega-

tive jets cause fluctuations in the surface velocities and pressures and wakes also undergo

significant deformation as they move past the leading edge region and into the blade row

where high levels of shear are present.

Another source of periodic unsteadiness is caused by the interaction of potential flow fields

which propagate upstream and downstream of both rotor and stator blade rows. This inter-

action creates periodic perturbations in the pressure field throughout the machine. Parker

and Watson [61] showed that, for low Mach number flows, potential flow disturbances

propagate approximately as;

f (x, y, t) = g(y, t)exp(−2π
√

1−M2 x
L
) (2.5)

This relationship shows that potential disturbances do not propagate very far upstream or

downstream of a blade row and are generally seen to be a local phenomena.

The period passing of wakes over a blade’s surface causes periodic unsteady transition

within the boundary layer. Halstead et al. [26]-[27] presented detailed measurements from
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surface mounted hot-films sensors placed inside a low speed multi-stage compressor and

turbine facility. The unsteady nature of transition during periodic wake passing events for

the base load case of an embedded compressor stator can be seen in Figure 2.8.

A patch of wake induced turbulence is initiated as the wake impacts the blades leading

edge and convects over the blades surface as a wake induced turbulent strip (Figure 2.8

- area B). The turbulent strip moves slower than the free-stream flow and its growth is

influenced by local flow conditions [16]. As the strips spread they eventually form a fully

turbulent region of flow (Figure 2.8 - area C). Following this transitional and turbulent

region was a calmed region, which showed laminar like characteristics with a value of

shear stress similar to that of a turbulent boundary layer (Figure 2.8 - area D). This calmed

region suppressed separations that would formed in between wakes under steady flow like

situations. Transitional and turbulent flow was observed between wakes in areas E and F

of Figure 2.8.

Through the removal of an upstream rotor disk Halstead et al. [27] showed that the in-

fluence of the calmed region was highly dependent on the rotor wake passing frequency

and stator reduced frequency. The investigation showed that at a low rotor wake passing

frequency the calming effect could wear off before the arrival of the next wake induced

transitional strip. Surface mounted hot-films showed that after the calmed region passed

between wakes, the laminar boundary layer separated and reattached in a turbulent state

upstream of the location where transition was observed in calmed flow leading to a periodic

shift in transition location.

Many studies have been carried out with cascade [15, 77] and flat plate [90, 104] facilities

where flow conditions can be easily changed and controlled. In such facilities larger geo-

metric scale are often used to increase measurement resolution and allow for more detailed

experimental observations.

Schulte and Hodson [78] reported a decrease in profile loss of modern LP turbine blades as

a result of the periodic passing of turbulent wakes interfering with the separation bubble

that formed downstream of peak suction on the blade surface. Schulte and Hodson [79]

later explained this effect using hot-film measurements which showed that turbulent spots

forming upstream of the separation location, induced by a wake passing event, prevented

the boundary layer from separating. A calmed region was also observed to follow the spots

and was seen to be responsible for the suppression of separation because of an increase in

shear stress and fuller "turbulent like" velocity profile.

This improved understanding of unsteady transitional phenomena lead to the steady flow

design rules that limited boundary layer diffusion being challenged and a new generation
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Figure 2.8: Schematic diagram displaying the nature of periodic unsteady transition on the

suction surface of a compressor blade Halstead et al. [26]

of blade profile was created based on extensive experimental work of Curtis et al. [11] and

Howell et al. [42]. These blade profiles are now known as ’high lift’ and ’ultra high lift’ and

have allowed significant reductions in blade count by increasing individual blade loading

whilst encountering minimal efficiency penalty. This huge development was only possible

because of the presence of a large laminar boundary layer separation forming in the strong

adverse gradient downstream of the point of peak suction which could be periodically

suppressed with wake passing events. Large separation bubbles like those seen on turbine

blades are not seen in compressors.

The impact of wake induced transition on compressor blade rows has received significantly

less attention than that on turbines and its impact is poorly understood. Mixed results

have come from a number of studies on the topic. Cumpsty et al. [10] did not identify a

significant impact on loss but flat-plate studies carried out by Ottavy et al. [60] showed that

unsteady wake passing events had a significant impact on blade loss, with performance

improvements over the steady-flow case seen under certain operating conditions.

Abu-Ghannam and Shaw [1] suggested that transition cannot begin unless Reθ < 163 and

Mayle [53] identified that the Reynolds number at the commencement of transition could

be given by

Reθtr = 400(Tu)−0.625 (2.6)
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These empirical correlations suggest that turbulent spots cannot form within a leading edge

boundary layer where Reθ is very small. Hughes and Walker [43] suggest that leading edge

transition on compressor blades with periodic wake passing events could occur due to the

amplification of Tollmein-Schlichting waves.

2.4.2 Random Unsteadiness

Otherwise known as turbulence, random unsteadiness is experienced throughout the gas

turbine engine. It is random and highly complex in nature and is extremely difficult to

predict. Turbulent flow consists of a mean flow velocity, which has superimposed onto it

random and unsteady velocity fluctuations 2.9. Inside the gas turbine engine high levels

of random unsteadiness are created when the wakes of upstream blade rows propagate

downstream and merge with one another. This random unsteadiness is also referred to as

free-stream or background turbulence.

Camp and Shin [6] conducted an experimental investigation into the turbulent flow field

inside embedded stages of three different low-speed four stage compressors. They showed

that the turbulence intensity at the inlet to stator varied from 3.6− 7.0% and the turbulence

length scale location varied from 3.6− 7.1% of mean blade chord. This work clearly shows

that the environment inside the axial research compressor is highly unsteady and it is

expected that these levels would further increase inside real engines. A turbulence intensity

of 4.0% is a widely accepted value for research purposes and has been used in numerous

studies.

Place et al. [65] investigated how to modify low speed research facilities to better represent

flow inside a multistage machine by installing upstream turbulence generating grids, fitting

boundary layer trips to the hub and casing and by installing grids downstream of a stator

row to replicate the potential flow field of a downstream stage. They showed that out

of the previously mentioned changes elevating the free-stream turbulence by means of an

upstream turbulence generating grid had the largest impact on performance leading to a

1.8% rise in stage efficiency.

Turbulence in both the boundary layer and freestream can have a marked effect on the

performance of gas turbine engines and especially on the transition process. Turbulence

in the free-stream flow affects boundary layer stability, transition and separation. In the

boundary layer, the presence of turbulence can have both positive and negative effects. The

velocity profile of a turbulent boundary layer creates a higher level of wall shear stress,

leading to increased losses due to friction. However turbulent boundary layers have been
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Figure 2.9: Smoke flow visualisation of freestream turbulence in the leading edge region of

an axial compressor cascade [64]

shown to better resist boundary layer separation, which in turn leads to a decrease in the

form losses present on a blade.

Due to its random, unsteady and complex nature turbulence cannot be easily modeled

in time-mean flow calculations. Turbulence models are used to approximate the appar-

ent turbulent shear stresses but generally these do not provide very accurate solutions for

complicated flow situations such as that seen inside gas turbine engines. Denton [14] com-

mented that free stream turbulence is one of the biggest remaining unknowns in gas turbine

research.

2.5 Turbulence Amplification And Distortion Through Blade Rows

As previously mentioned, free-stream turbulence has a large impact on boundary layer de-

velopment and transition on compressor blades. This is particularly true in the leading edge

region where the boundary layer is extremely thin, laminar and highly receptive to free-

stream disturbances, especially when a laminar separation bubble forms. It is thus critical

to understand how free-stream and wake-induced turbulence behaves as it approaches and

convects through blade rows if CFD turbulence models are to be designed that will lead to
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the accurate prediction of transition phenomena in turbomachines without requiring large

eddy simulation (LES) or direct numerical simulation (DNS). Many of the key determining

factors required in computational fluid dynamics (CFD) can either be measured directly or

modeled accurately and efficiently using modern computational methods, that is except for

free-stream and wake turbulence, which is seldom known in many practical situations [14].

This typically leads the CFD user into making many, often crude, assumptions and the use

of empirical turbulence models.

Hobson et al. [37], Soranna et al. [84] and Perkins et al. [64] have shown that free stream

turbulence can be both amplified and distorted in regions of variable pressure gradient

and/or high shear (Figure 2.9). Hobson et al. [37] reported that the turbulence intensity

of the inlet flow to a compressor cascade, initially 1.5%, was amplified by an order of

magnitude in the leading edge region and was amplified to 4.0% at the edge of the boundary

layer at the trailing edge. This phenomena was seen for medium to high values of incidence

and was believed to be caused by local shear, which will produce turbulence as the flow

attempts to accelerate around the leading edge.

Soranna et al. [84] showed that free-stream turbulence became very anisotropic as it con-

vected through a two-stage low speed research compressor. In an accelerating flow the

compressed wall normal velocity fluctuations are magnified whilst the streamwise fluctua-

tions are suppressed. The opposite was seen in adverse pressure gradient where the wall

normal velocity fluctuations are suppressed and the streamwise fluctuations are enhanced.

They also saw large positive production of turbulence in the immediate vicinity of the lead-

ing edge which was associated with the high levels of shear in the region. It was also

shown that in an area either side of peak suction, where conditions were non-equilibrium,

the wake turbulence was reduced by a rapid change in the orientation of the compressive

and extensional strains. This leads to the turbulence production rate becoming negative,

which in turn leads to a decrease in turbulent kinetic energy.

Sarkar and Voke [71] indicated that the surface normal fluctuations are more effective than

the streamwise fluctuations in initiating transition and it is clear that if the performance of

a blade is to be predicted accurately the above mentioned phenomena must be modeled

correctly. A number of turbulence models currently used in turbomachinery design pro-

cesses assume isotropic and homogeneous (frozen) turbulence, which cannot possibly lead

to physically correct results.

Compressor blades with circular arc leading edges, such as that utilised in this research

project are used throughout modern gas turbine engines and are susceptible to extremely

high levels of shear in the leading edge region at values of incidence where a leading edge

spike exists.
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More experimental information is required to gain a deeper understanding of the flow

around compressor blade leading edges and particle image velocimetry (PIV) would be an

ideal measurement system to look at both boundary layer phenomena and how free-stream

disturbances behave in regions of high shear.

2.6 Predicting Boundary Layer Development And Free-Stream Tur-

bulence

Modeling the boundary layer transition process and boundary layer characteristics is critical

for loss and performance predictions of a given aerofoil. The boundary layer transition

process is strongly dependent on the free stream turbulence flow field and both of these

phenomena should be modeled accurately early in the blade design process.

In the leading edge region of a compressor blade the boundary layer is extremely thin,

laminar and highly receptive to free-stream turbulence, especially when laminar separation

bubbles form. A number of detailed studies have shown the importance of the leading edge

region and how sensitive it is to small changes in geometry and flow parameters [31, 23].

Changes in levels of free-stream turbulence intensity have a significant impact on boundary

layer development particularly when separation or transition is possible. This results in it

having a large influence on blade performance, which in turn can have a significant impact

on engine performance [53, 95, 24, 88]. Free-stream turbulence also has a large effect on the

mixing out of non-uniformities in enthalpy, entropy and temperature.

Researchers have been studying the transition process for decades and have developed a

wide and detailed understanding about the modes of transition. However accurate predic-

tion methods for the onset of transition and transition length are still highly sought after

today. Many different numerical flow solvers may be used to determine the onset and de-

velopment of the boundary layer transition process using a number of techniques. A review

carried out by Savill [72, 73] examines the the ability of a variety of numerical methods and

models to predict transitional flow phenomena.

In general there are three approaches to modelling of transitional flow. The first super-

imposes components of a laminar and turbulent boundary layer, using empirical data to

specify the transition onset location as well as the boundary layers progression to a fully

turbulent state. The second approach models transition implicitly using the diffusion of tur-

bulent energy into the boundary layer from the free-stream. This method is implemented
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along with a turbulence model such as the common k = ω or k− ε models. The third ap-

proach includes an equation for the transport of intermittency in addition to the governing

flow equations [56].

The ability of the full set of the Navier Stokes equations to describe the motion of air at

temperatures and pressures near atmospheric conditions is not in doubt [4]. However to

evaluate numerical solutions of the full time-dependent equations for turbulent flow is

only possible using large super computers and even then the computation time is often

months for geometrically simple problems at low Reynolds numbers. As a result engineers

have turned to the time-averaged form of the Navier Stokes equations, commonly known

as the Reynolds Averaged Navier Stokes equations (RANS), however doing this relies on a

number of assumptions being made. Using these has implications such as in the application

of the Reynolds decomposition assumption, which allows for the varying chaotic velocity

fluctuations to be separated from the mean velocity. Once broken apart, turbulence models

are introduced to represent the chaotic velocity fluctuations.

Averaging the full equations does have implications, eliminating some terms from the full

set of equations. To overcome this problem apparent mean stress terms are introduced

(Reynolds stresses), but in doing so the number of unknowns become greater than than

number of equations. As a result Reynolds-stress transport equations are used to express

the conservation of each Reynolds stress. An infinite number of these equations would

be needed to restore all the information lost by time-averaging, which is not possible and

thus a finite number of equations is used and any missing information is supplied from

experimental data and correlations. The result of this is that the finer details of the turbulent

flow field is often missed and blade performance and flow characteristics are often poorly

predicted.

Even with the rapid advances in computer technology the RANS equations are still not at

the stage where they can be used as a blade design tool. It is unlikely this will change

in the near future although the advent of GPU technology may accelerate this process.

To overcome this issue, a large number of flow solvers have been developed to be used

in the design and optimisation of gas turbine blades. Many of the codes use different

computational methods to evaluate flow properties and rely on a multitude of experimental

correlations, approximations and assumptions. The Abu-Ghannam and Shaw method [1]

is a very well known correlation and relates various flow properties such as turbulence

intensity in the free-stream to the momentum thickness Reynolds number Reθ to predict

transition onset.

With the computational power available today these simple models take very little time to

solve and thus it is assumed that this is not an important factor, making them ideal for the
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use in optimisation routines. However models based on experimental correlations have a

number of inherent problems as they are typically only accurate for a narrow band of flow

conditions and within this band only predict certain flow characteristics well. The laminar-

turbulent transitional region is one area which is poorly predicted over a wide range of flow

conditions and geometries by such methods.

The inadequacy’s within these models bring about a number of interesting and challenging

problems for the engineer. To improve their accuracy new and innovative correlations and

prediction techniques must be formulated and applied to existing models. In the past this

has been done by combining more than one correlation or modifying existing ones.

A number of flow solvers have been developed over time based on different numerical

techniques. One code of particular importance to this thesis is the MISES code of Drella

and Youngren [17]. MISES is a 2D viscid-inviscid solver which breaks the flow around

an aerofoil into two parts, the viscid boundary layer and the inviscid free stream flow.

Two sets of calculations are solved simultaneously. Firstly the viscid region of the flow

is determined and, depending on its profile, a stream line is displaced from the blades

surface to represent the new apparent shape of the aerofoil. At the same time the new

pressure distribution around the displaced surface is evaluated. This process repeats until

convergence is achieved.

2.7 Loss Generation In Turbomachinery

It is important to understand different loss generation mechanisms that occur in turboma-

chinery blade rows and how these can be used to provide a measure of blade profile loss.

Denton [13] provides a comprehensive summary of the various loss prediction mechanisms

that occur in turbomachinery and his derivation for entropy creation within a boundary

layer is seen below.

Ṡ =
∫ δ

0

(
1
T

τxy
)

dVz (2.7)

where Ṡ is the rate of entropy production per unit surface area and

Ṡ =
1
T

τ
dV
dy

(2.8)

is the entropy production rate per unit volume of a boundary layer and can be interpreted

as viscous shear work which, can be converted in to a dissipation coefficient.
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Figure 2.10: The variation of dissipation coefficient for laminar and turbulent boundary

layers

Cd =
TṠa

ρV3
δ

(2.9)

The value of Cd can be plotted for both laminar and turbulent boundary layers as seen in

Figure 2.10

It is then possible to calculate the rate of entropy production over a blades surface.

Ṡ =
∫ TrailingEdge

LeadingEdge

ρV3
δ Cd

Tδ
dx (2.10)

Due to the constantly changing state of a boundary layer on a blade in unsteady operation

is it difficult to obtain accurate values of Cd for the laminar, turbulent, transitional, calmed

and separated regions of flow. The loss breakdown within a boundary layer can be seen in

Figure 2.1.

The profile loss of a turbomachinery blade can also be seen as a function of the trailing edge

momentum thickness (θ) which grows with the boundary layer over a blade’s surface. This

development is also dependent on the initial value, θ0, at the leading edge. Keeping the
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Table 2.1: The breakdown of loss generation within a boundary layer

Region Fraction of total loss produced

Sublayer 50%

Logarithmic 40%

Outer 10%

initial value of the momentum thickness low is important and its effect can be seen in the

following breakdown of the boundary layer momentum integral equation.

dθ

dx
+ (H + 2)

θ

u
du
dx

=
C f

2
(2.11)

In regions of flow with a strong adverse pressure gradient, such as that seen in the leading

edge velocity spike, the value of skin friction becomes small and as a result it is neglected

from the right hand side of the equation such that when

du
dx
⇒ 0;

dp
dx
⇒ 0;

C f

2
≈ 0 (2.12)

dθ

dx
≈ −(H + 2)

θ

u
du
dx

(2.13)

which can be written as

dθ

θ
≈ −(H + 2)

du
u

(2.14)

integrating wrt x gives

∫ x

0

dθ

θ
≈
∫ x

0
−(H + 2)

du
u

(2.15)

ln
(

θ

θ0

)
≈ −(H + 2)

(
u
u0

)
(2.16)

this can then be written to produce

θ(x) = θ0

(
u
u0

)−(H+2)

(2.17)
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This result shows that the momentum thickness at the trailing edge is proportional to its

value at the leading edge. Small variations in θ0 can be amplified in the presence of a sepa-

ration and lead to a large variation in the trailing edge momentum thickness and resulting

profile loss. The formation of a separation bubble will lead to an increase in the local value

of θ. This will potentially lead to a large increase in the trailing edge momentum thickness

as well as increased levels of local entropy generation.

2.8 Conclusions

Current gas turbine engine design practice is typically based on improvements of previ-

ously successful designs. Dawes and Molinari [12] suggest that, to overcome the apparent

asymptote of aero-thermal performance, a new and innovative approach to design should

be adopted with 3D CFD introduced early in the design process rather than for analysis

once the initial design has been created.

This chapter has reviewed the fundamental modes of boundary layer transition as well as

the sources and impacts of unsteadiness within the gas turbine engine. These are two key

areas that CFD solvers are currently poor at predicting accurately in the design process and

as a result are two areas that require significant attention.

Improvements and advances in computational power are constantly reducing the time re-

quired to solve CFD solutions. However realistic solutions to the unsteady Navier-Stokes

equations are still not available as a design tool. Large Eddy Simulation (LES) CFD solutions

are available, but they require a large amount of time and computational resources, which

makes them an unreasonable design tool. However LES simulations still give vital insight

into detailed flow characteristics, thus making them a key tool in modern CFD research.

A number of gaps exist in the the body of knowledge concerning flow characteristics in gas

turbine compressors. The majority of these gaps involve understanding specific and highly

complex flow phenomena in both steady and unsteady environments. Such information is

of key importance to the blade and CFD code designer. This is a vital step if CFD codes are

to achieve an increasingly large usage in the initial stage of an innovative design process.

This draws our attention to the flow at small distances downstream of the leading edge and

concentrates research into the nature of the boundary layer under varying flow conditions

in both a steady and unsteady environment.



Chapter 3

Experimental Facilities and

Intrumentation

3.1 Experimental Facilities

The experimental investigations carried out throughout this project used a controlled dif-

fusion compressor blade with a circular arc leading edge profile. The blade profile was

tested inside a large-scale 2D cascade wind tunnel located in the Whittle Laboratory at the

University of Cambridge, UK. The blades were many times the size of blades used in actual

engines allowing for elevated Reynolds numbers and very high resolution measurements

to be taken in the leading edge region.

Blades inside the two dimensional cascade had a chord, C, of 285mm and a leading edge

circle of diameter 10.6mm allowing for previously unseen measurement resolution in the

leading edge region of the blades. Measurements in the blade to blade plane could be taken

in either a steady or unsteady flow environment with the use of rotating bar mechanism.

A range of Reynolds numbers and inlet flow angles could also be covered. As a result the

blade profile could be examined under a large variety of flow conditions and the resulting
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data and observations could be used to compare how the blade performance alters with

changing flow characteristics.

3.2 2D Cascade Description

A linear compressor cascade was used to simulate the flow through an annular compressor

stator blade row. The large scale 2D cascade used in this project was situated and built in

the Whittle Laboratory at the University of Cambridge and was designed with five passages

using four whole blades and two half blades to complete the top and bottom passages. Each

of the blades has a chord of 285mm and a pitchwise spacing of 280mm giving the cascade a

solidity of 0.99. The design inlet flow angle was 45o and the maximum achievable Reynolds

number under steady operation was Rec = 400, 000 and under unsteady operation was

Rec = 300, 000. Ideally seven or more blade passages are used in a compressor cascade to

aid flow periodicity, but this was not possible due to size restrictions of the available wind

tunnel exits.

The cascade was placed at the left hand exit (when facing upstream) of the Rhoden tunnel

at the Whittle Laboratory - a large open circuit wind tunnel down stream of a centrifu-

gal fan. Before entering the cascade the flow was controlled using a number of screens

and honeycomb sections to improve uniformity before being accelerated through a 3 : 1

area contraction. Downstream of the contraction the flow passed through a turbulence grid

designed to produce a turbulence intensity of 4.0% at the leading edge plain of the instru-

mented blade, which, as mentioned previously, is a widely accepted value for a embedded

stage of a multistage machine [65, 6].

Bleed slots were positioned at the turbulence grid and upstream of the cascade inlet plain

to remove high loss boundary layer flow from the tunnel walls prior to the flow entering

the cascade. End wall tip gaps were present between the blades and the cascade end walls

to help control end wall flows and minimise any three dimensional flow from occurring in

the adverse pressure region on the suction surface of the blades. These were shown to be

highly effective using flow visualisation techniques.

Static pressure tappings were placed in the middle of each blade passage on both side walls

0.5C downstream of the trailing edge and in the leading edge plane and a pitot tube was

used to provide a reference pressure downstream of the in-tunnel rotating bars in line with

the blades leading edges.

An exit traverse slot was positioned 1C downstream of the blade trailing edges and a three
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axis traverse mechanism was used to perform exit area traverses of the cascade using a 3HP.

Due to spatial restrictions it was not possible to place an automated traverse mechanism at

the cascades inlet however an accurate, custom made, manual traverse system was devised

to traverse the inlet plain through a slot milled out of the inlet section upstream of the

rotating bar mechanism.

Originally the cascade was designed to be used at a fixed inlet flow angle of α1 = 45o.

Modifications were made to the inlet section downstream of the turbulence grid and sup-

porting frames were added to allow for a ±5o variation of inlet flow angle away from the

blade’s design operating point. The front of the cascade was supported on stub axles inside

two thrust bearings mounted on an outrigger support system, which were aligned with

the instrumented blade’s leading edge to maintain a constant distance between it and the

turbulence grid. The rear of the cascade could be be raised (increase positive incidence) or

lowered (increase negative incidence) using three screw jacks attached to one of the lateral

supporting members at the rear of the cascade. This system, in combination with a digital

inclinometer, could set the cascade to within ±0.1o.

As incidence was increased or decreased the inlet flow area to the cascade must decrease or

increase respectively. Two movable false floors were placed inside the inlet section to ensure

the inlet area and flow angle remained consistent as the incidence of the cascade was varied.

The floors were combined with an additional bell-mouth styled inlet located upstream of

the turbulence grid to ensure the flow was parallel and as uniform as possible when passing

through the turbulence grid. Initially due to a poorly designed inlet streamline curvature

was present through the turbulence generating grid and, as a result, there was an uneven

generation of loss across the grid, which seriously affected the inlet velocity distribution to

the cascade. The bell-mouth inlet also had to be adjusted with any change in incidence to

maintain alignment with the false floors inside the inlet. Figure 3.1(a) shows a schematic of

the complete cascade and inlet mechanism, which is explained in detail in Section 3.2.2.

3.2.1 CD Stator Blade Row

The CD stator blade row was designed for a 1.5 stage research compressor at the Univer-

sity of Tasmania by Hughes and Walker [43] in collaboration with Roll-Royce plc in Derby

UK. The blade row was designed to incorporate features typical of modern controlled dif-

fusion (CD) blading whilst maintaining the same outlet flow as the C4 blades previously

used in the research compressor. Controlled diffusion blade profiles are designed around

a pre-described surface velocity distribution, a method which is seen to provide significant

aerodynamic benefits. A constant chord of 152.4mm was used, which is exactly double the
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(a) Schematic diagram of the 2D compressor cascade used in this research project

(b) Photograph of the 2D compressor used in this research project

Figure 3.1: Photo and schematic diagram of the compressor cascade research facility
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Figure 3.2: Hub section, mid-span section and casing section profiles of the C4 and Cd

stator blade profiles

chord of the previous C4 blade. A schematic of the C4 and CD blade profiles at hub, mid

span and tip can be seen in Figure 3.2. The CD blade count was reduced from 38 to 19

during the blade row modifications. By reducing the blade count by half each of the sta-

tor blades still experienced the same pitchwise flow field for a given clocking arrangement

given the inlet guide vanes and rotor blades were not altered.

The stator blades were manufactured by Complete Fabrication, Whittlesford, UK from a

3D CAD model. A master blade was CNC machined from Prolab 65 modeling compound.

The master blade was then measured using a DEA global coordinate measuring system and

displayed an accuracy of 1.5µm. The maximum deviation from the design at mid-span was

less than ±0.2mm at the leading edge and less than ±0.3mm over the whole blade profile.

The blade design used in the large scale cascade was taken from the mid-span profile of

the CD stator blade row. Five out of the six blades in the cascade were manufactured out of

modeling board with the sixth, being the instrumented blade, was manufactured on a Stereo

Lythograph printer. The instrumented blade was split into three 200mm spanwise lengths

due to manufacturing constraints. One section of the blade was instrumented with 54 hot-

film sensors, one was left untouched for PIV measurements and one was instrumented

with 194 surface static pressure tappings (Figure 3.4). Figure 3.3 shows a CAD image of the

instrumented blade. The Stereo Lythograph printer with the chosen blade alignment has a

documented tolerance of 32µm which equates to a maximum potential deviation of 0.01%

chord.

The blade’s 194 static tappings were concentrated in the leading edge region on the pressure
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Figure 3.3: 3D CAD drawing of the static pressure tapping section of the instrumented

blade

Figure 3.4: Schematic drawing of the instrumented blade showing locations of hot-film

sensors and static pressure tappings
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Figure 3.5: Schematic diagram of the variable incidence inlet mechanism used with the 2D

compressor cascade

and suction surfaces. 157 of the tappings were within the first 15% of surface length. To fit

such a large number of tapping on to the blade nine hollow cavities were created under the

blade’s surface. Each of the cavities had up to 15 holes drilled into it and each cavity had

a single pressure line leading to a Scanivalve stepping valve and PSI pressure transducers

(Section 3.5.4). The sole downfall of this technique was only one tapping could be measured

in each cavity at a time and so obtaining pressure from all the cavities was time consuming.

Placing the PIV, hot-film sensors and blade static tappings on the same blade ensures that

each section of the blade experiences the same inlet flow conditions and periodicity, as long

as two-dimensionality is maintained in the inlet, even if the periodicity is poor (Section 3.4)

3.2.2 Variable Incidence Inlet

To allow for variations of inlet flow angle the entire cascade was rotated relative to a fixed

inlet flow from the wind tunnel. A number of modification were made to the cascade itself

and a new variable incidence inlet section was made (Figure 3.5 and 3.6).

As incidence is varied the effective inlet flow area changes and the inlet had to be modified

to accommodate this. A system was implemented to allow the upper and lower floors of
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Figure 3.6: 3D CAD drawing of the variable incidence inlet mechanism used with the 2D

compressor cascade

the inlet section to be controlled and to ensure the correct inlet area was maintained and

that the floors remained parallel with the upstream walls of the tunnel and inlet flow.

With an increase in incidence angle the top of the cascade moves in an upstream and down-

ward direction, whilst the bottom moves in a downstream and upward direction. The false

floors had to have the capacity to extend and contract to accommodate for the streamwise

movement at the top and bottom of the cascade as well a be able to move vertically. The bell

mouth style inlet sections upstream of the turbulence grid remained at a fixed streamwise

location but had to remain aligned with the downstream inlet section and had to move

vertically as the inlet flow angle changed.

Once finalised the system allowed for quick and accurate set-up times.

3.2.3 Rotating Bar Mechanism

Unsteady flow measurements were possible using a rotating bar mechanism (Figure 3.7)which

consisted of two large belts holding carbon fibre bars in a spanwise orientation which shed

wakes upstream of and produced periodic unsteadiness in the stator blade row. The belts

traveled through a slot in the inlet of the cascade just upstream of the blade leading edges
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Figure 3.7: Photograph of the rotating bars in the cascade inlet section upstream of the

compressor cascade

using a series of pulleys and an electric drive motor. The bars entered through the top of the

cascade and traveled parallel to the leading edge plain. An ABS electronic variable speed

drive (VSD) was used to control the frequency of the drive motor to within 0.1Hz. Motor

frequency could be easily converted to bar passing frequency. A trigger box and optical

sensor were used to check the bar passing frequency and to trigger unsteady data acqui-

sition routines. The blade passing frequency was easily altered and fixed by increasing or

decreasing the motor speed using the VSD.

A derivation of stator reduced frequency is contained in Section 4.2.6 along with an de-

scription of the carbon fibre bar choice and spacing options.

3.2.4 Turbulence Generating Grid

A 2D turbulence grid (Figure 3.8) was designed and placed at the exit of the wind tunnel

contraction upstream of the cascade to achieve a nominal turbulence intensity of 4.0% and
Λx

Chord = 0.1 at the inlet plane of the cascade. Roache [68] shows equations 3.1, 3.2 and 3.3

can be used to determine the bar diameter and streamwise distance required to produce a

designated turbulence intensity and mixing length as follows.
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Figure 3.8: Photograph of the turbulence generating grid upstream of the compressor cas-

cade

Tu = C
x
d
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Equating equations 3.1 and 3.2 gives
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d
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x
d
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2
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Solving for x and d gives

d = 0.017m

x = 1.14m

The nearest commercially available bar was of d = 0.019m was used and thus x was cor-

rected to x = 1.26m. The resulting mixing length was Λx = 31mm which corresponded to
Λx

Chord = 0.11 and was considered to be acceptable.
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3.3 Compressor Cascade Setup

A number of specific techniques were developed during use of the 2D cascade to ensure ac-

curate and repeatable measurements could be made throughout the experimental program.

Two key parameters required attention when setting up the cascade: flow periodicity about

the instrumented blade and the two-dimensionality of the flow over the blade - particularly

in the adverse pressure gradient of the suction surface. During the initial stages of using

the cascade a number of factors adversely effected the cascade’s characteristics. As a result

mechanisms were developed to control the flow through the cascade, some of which were

more effective than others as will be outlined in the following section.

To obtain acceptable flow periodicity through a compressor cascade, the inlet flow leading

to the cascade must have a uniform distribution of flow angle, total pressure and velocity.

Once this has been achieved, obtaining good flow periodicity can still be difficult in large

scale cascades with a small number of blades, given the small number of blade passages

between the upper half-blade and the instrumented blade.

A number of techniques and modifications were built in to the original design of the cascade

such as: trailing edge tail boards, circumferential inlet boundary layer bleeds and a perfo-

rated grid were placed over the exit of the cascade to increase the static pressure throughout

the blade row to above atmospheric, however they did not provide adequate periodicity or

two-dimensionality in the eyes of the author.

Problem areas inside the inlet section of the cascade were initially identified using a range

of simple experimental techniques such as; surface oil die flow visualisation and wool tufts

to identify regions of separated and non two-dimensional flow as well as pitot probes,

traversed manually, to highlight areas of low total pressure.

As a result a number of additional modifications were made which will be outlined in the

following sections.

3.3.1 Control Of Bulk Inlet Flow

Initially a forward facing step was placed at the leading edge of the false floor sections just

downstream of the turbulence grid. A combination of blockage effects from the turbulence

grid and a stagnation region that formed upstream of the forward facing step, which acted

as a natural contraction, caused streamline curvature as the flow approached the false floor

leading edges (Figure 3.9(a)). This imposed incidence onto the floors and caused significant
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separations to form at the sharp leading edges which eventually re-attached to the surface

of the false floors but were seen as a large loss concentration at the entrance to the cascade

blade row. The streamline curvature also created a velocity profile across the grid generating

a non-uniform distribution of loss which created additional non-uniformities in the inlet

total pressure distribution.

(a) Schematic diagram of the inlet to the turbulence grid with a forward

facing step was present at the leading edge of the false floors in the

cascade inlet.

(b) Schematic diagram of the bell mouth inlet upstream of the turbulence

generating grid in the cascade wind tunnel.

Figure 3.9: Schematic diagrams of inlet modifications implemented upstream of the turbu-

lence generating grid.

A new bell-mouthed inlet section was designed to sit upstream of the false floors and

turbulence grid (Figure 3.9(b)). Its purpose was to ensure parallel flow passed through the

turbulence grid with an even velocity distribution onto the false floors inside the inlet and

reduce the chance of a boundary layer separation forming at the leading edge of the false

floors.
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In the initial design a similar problem was encountered in that streamline curvature im-

posed incidence onto the leading edges of the new bell mouth shaped leading edges. A

stagnation region formed upstream of the bell-mouth inlet as flow on the tunnel side of the

inlet had nowhere to bleed off. To rectify this and move the stagnation point of the flow

to the centre of the leading edge a controllable bleed slot was created between the outside

surface of the floating floor and the tunnel. This would allow previously stagnant flow

to escape from the tunnel and prevent a natural contraction forming upstream of the new

inlet. Controlling the bleed flow rate at the top and bottom of the cascade was also used to

re-distribute the inlet flow to the cascade. This proved to be a very effective control mecha-

nism as long as separation bubbles did not form on the false floors of the inlet section. The

only issue created was a reduction in the maximum mass flow rate through the cascade

slightly reducing the maximum achievable Reynolds number.

Controlling the inlet flow to the cascade was most effective when using a combination of

adjustable false floors, a bell-mouth inlet upstream of the turbulent grid and large bleed

slots located at the top and bottom of the inlet section. By opening and closing bleed slots

and aligning false floor sections the bulk inlet flow could be controlled and re-distributed

to provide periodic inlet and exit flow conditions about the instrumented blade.

3.3.2 Trailing Edge Tail Boards

Two tail boards were positioned downstream of the upper and lower half-blade trailing

edges. These were designed to assist with the local control of exit flow angle and static

pressure at the exit of the cascade. By changing the angle of a tail board the flow at the top

and bottom of the cascade is forced to follow the direction of the board in the absence of

flow separation and as a result the flow in that region is also re-distributed.

The lower tail board was seen to be effective in controlling the local exit flow angle and

static pressure at the bottom of the cascade, however the top tail board was not. Changing

the exit flow angle alters not only streamline curvature but also the effective exit area of the

cascade both of which alter the cascades exit static pressure.

Ultimately the tail boards were most effective in fine tuning the cascade rather than for

large changes to the bulk flow through the cascade.
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3.3.3 Top Blade Passage Loading

The suction surface of the half blade at the top of the cascade became overloaded at positive

incidence and a trailing edge boundary layer separation formed. The separated flow region

formed a blockage in the top blade passage which caused the bulk flow entering the top of

the cascade to be re-distributed through the remaining passages and in doing so caused it

to ’dive’ towards the bottom of the cascade. This increased the inlet flow angle of the lower

blades in the cascade, increasing their loading, and creating a pitchwise non-uniformity in

inlet flow angle. This issue is seen in many, if not every, compressor cascade however it

was a particularly large problem in this one as the instrumented blade was located only

two passages below the top of the rig and was highly sensitive to issues in neighboring

passages.

To alleviate this problem a cambered aluminium plate was inserted into the top passage to

help remove loading from the top blade. This dramatically improved the periodicity of the

cascade by unloading the upper half-blade and freeing up the flow in the top blade passage

by suppressing the formation of a trailing edge separation.

The boundary layer on the top tail board was also separating, adding additional blockage in

the top passage downstream of the blade’s trailing edge. To resolve this problem holes were

drilled just downstream of the tail boards leading edge. This created a series of boundary

layer bleed holes in the leading edge region of the tail board significantly altering the flow

over the board by removing the separated flow region. This was confirmed using flow

visualisation using a cotton streamer placed near the boards surface.

Both of these techniques were seen to improve the distribution of inlet and exit flow angle in

the cascade which, in turn improved the distribution of velocity in the cascade by reducing

streamline curvature.

3.3.4 Circumferential Boundary Layer Bleed And Blade Tip Gaps

One issue often faced in cascades with low aspect ratios is the formation of secondary flow

separations where the adverse pressure gradient of the suction surface meets the boundary

layer of a cascade’s side wall. In the cascade used throughout this project the blades had an

aspect ratio of 2.1 however measures were still taken to try and maintain an average velocity

density ratio (AVDR) of unity.

When secondary flows occur they lead to a blockage effect in the blade passage that causes

a stream tube contraction of the free stream flow and a channeling of high loss boundary
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layer flow towards the mid-span region of the blade. Mid-span stream tube contraction

increases the free-stream flow velocity over the rear portion of the blade reducing the mag-

nitude of the adverse pressure gradient which decreases the likelihood of a trailing edge

separation forming. This can lead to a unrealistically low measurement of blade pressure

loss. However, as well as contracting the freestream flow, high loss boundary layer fluid is

channeled towards the mid-span of the blade and can lead to a thickening of the boundary

layer and a corresponding increase in wake thickness and loss.

A circumferential boundary layer bleed was placed just upstream of the leading edge plane

of the blade row and was designed to remove the thick turbulent boundary layer that forms

in the wind tunnel and inlet section walls of the cascade. If this boundary layer is not

removed it can lead to enhanced secondary flow separation in the end wall region of the

suction surface’s adverse pressure gradient. Tip gaps were also placed between the cascade

end walls and the blades to allow for tip-leakage flow from the pressure surface to the

suction surface which is known to significantly reduce the formation of secondary flows.

The gap between the end wall and the blade measured 5mm nominally (Figure 3.7).

3.3.5 Wind Tunnel Total Pressure Distribution

The Rhoden wind tunnel at the Whittle Laboratory was used for the cascade testing as it

provided the largest mass flow available (Figure 3.10). It is a duplex type tunnel, meaning

two exits supplied by a single fan. A Y-junction section with a large sealing gate is located

upstream of each exit contraction which acts to divert flow into one of two exits and seals

the other as only one exit can be used at a time. This is excellent for space saving in a

crowded laboratory but it creates some aerodynamic complications and less than ideal flow

characteristics.

Firstly as the flow is forced around a bend in the tunnel streamline curvature occurs which

imposes a velocity gradient across the tunnel. Directly downstream of the Y-junction was

a series of honeycomb sections and meshes designed to straighten the flow and even out

non-uniformities. This creates issues, similar to that experienced with the turbulence grid,

when a flow with a non-uniform velocity profile passes through any grid or screen as non-

uniform loss of total pressure occurs, which can result in a worsening of the total pressure

distribution.

As well as creating a differential pressure drop across the honeycomb and screens the pres-

sure gradient imposed by the surface curvature drives high loss boundary layer fluid on the

top and bottom walls of the tunnel towards the inside of the bend where the static pressure
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Figure 3.10: Schematic of the Rhoden duplex open circuit wind tunnel used in this research

project

is low. This transport of low velocity boundary layer fluid can migrate onto the side wall of

the tunnel creating a concentration of high loss fluid, which can then migrate through the

contraction before entering the cascade.

The contraction then has an influence as streamline curvature once again imposes a pressure

gradient on the flow. This initially drives the flow and in particular the boundary layer fluid

towards the centre of the contraction. An opposing pressure gradient follows as the flow

is straightened at the contraction exit. During this reversal an overturning of the boundary

layer can occur and the high loss boundary layer fluid can be forced away from the surface

of the tunnel forming a local concentration of high loss fluid. Figure 3.11 shows the total

pressure distribution for both side of the Y-junction clearly showing symmetry between the

two sides where pressure gradients are reversed in the Y-junction.

3.4 Final Flow Periodicity And Two-Dimensionality

Figures 3.12(a), 4.3(a), 3.12(c) and 3.12(e) show a high level of flow periodicity about the

instrumented blade over the range of inlet flow angles tested. Each of the upstream and

downstream traverse plots are normalised to the leading or trailing edges of the instru-

mented blade respectively and extend to half a pitch above and below this centre point.
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Figure 3.11: Total pressure distribution for the left hand (left) and right hand (right) exit of

the Rhoden wind tunnel

This was used as initial test data to ensure that the cascade was going to be able to perform

adequately.

Figure 3.12 shows that previously mentioned techniques appear to work well as initial exit

traverses showed that the cascade displayed high levels of two-dimensionality.

Given the constraints imposed by the low blade count and large scale of the compressor

cascade the above findings were deemed to be adequate for the experimental test program

of this project.

3.5 Instrumentation

Basic flow conditions were measured using a series of pressure tappings and pneumatic

probes. Three-hole cobra probe (3HP) traverses were used to perform upstream and down-

stream traverses of blade row to obtain loss, periodicity and flow angle data. The location

of laminar-turbulent transition zone and the development of quasi wall sheer stress on the

instrumented blade surface was measured using surface mounted hot-film sensors. Particle

image velocimetry (PIV) was used to study how the free stream turbulent flow field was am-

plified and distorted in the leading edge region of the compressor blade. Hot-wire probes

were also used briefly to obtain a measure of the turbulent intensity and turbulent length

scale at the inlet of the cascade. A series of high resolution blade surface static tappings
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(a) Inlet flow angle distribution of the compressor

cascade

(b) Exit flow angle distribution of the compressor

cascade

(c) Inlet total pressure distribution of the compres-

sor cascade

(d) Exit flow angle distribution at the inlet of the

compressor cascade

(e) Repeated and mirrored exit area traverse of velocity showing showing high levels of two-

dimensionality at the exit of the instrumented blade at design incidence

Figure 3.12: Inlet and exit flow periodicity of the cascade
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were used to measure the blades static pressure (Cp) and velocity distributions.

The following sections outline the specific equipment used throughout this project.

3.5.1 Thermometer

The air temperature in the aerodynamics laboratory was measured at the inlet to the com-

pressor working section using a TempScan platinum resistance thermometer, which has

a manufacturer specified accuracy of ±0.01oC. The temperature probe was placed between

the turbulence grid and the inlet plain of the cascade and recorded the temperature at every

measurement point.

3.5.2 Multimeter

An Analogic DP100 5 (1/2) digital multimeter was used to measure the AC bridge volt-

ages of the anemometers during hot-wire and hot-film measurements. The manufacturer

specification states an accuracy of 0.45% of full scale output for AC voltages when using

the 200mV range. The multimeter was linked and controlled using an RS-323 interface by

the data acquisition and control computer.

3.5.3 Constant Temperature Anemometers (CTA)

At the Whittle Laboratory hot-film measurements were taken using a 15 channel StreamLine

Research CTS system which allowed data from 15 films to be acquired simultaneously.

The 15 channels were housed in three separate cabinets. Each channel passed its signal

through a signal conditioner which contained high and low-pass filters, DC-offset and gain

functions. The CTA’s and signal conditioners were all controlled using Dantec StreamLine

application software, which constitutes a full experimental platform including calibration

capabilities where required and temperature compensation.

3.5.4 Pressure Transducer

All pressure measurements were obtained using a 16 port PSI NetScanner 9116 coupled

with a Scanivalve 2000. The PSI allows 16 ports to be measured simultaneously at a rate of

100Hz relative to atmospheric conditions or an in tunnel reference pressure. The PSI pres-

sure transducer acquired data at a sampling frequency of 100Hz, a sampling period of 15 s
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and a settling time of 10 s was used for all measurements. Lengthy settling and acquisition

times were chosen as the result of a sensitivity analysis carried out on the equipment. The

PSI was coupled to a 48 port sequential Scanivalve stepping valve. Pressure values were ob-

tained by a PC running LabView software via an ethernet connection. The Scanivalve 2000

allowed an additional 48 ports to be measured sequentially relative to a single reference

pressure, which was connected in parallel with the PSI’s reference pressure. The Scanivalve

was also computer controlled via an RS323 connection using home and step commands

built into the above mentioned LabView program. The acquisition period and settling time

could be controlled for each traverse location or Scanivalve port.

The reference dynamic pressure was seen to vary by ±1.5Pa corresponding to an accuracy

of ±1.4% at Rec = 260, 000.

3.5.5 Hot-Wire Probes

During experimental testing in the 2D cascade at the Whittle Laboratory single-element hot-

wire probes were used to take fast-response steady and unsteady velocity measurements.

Initially hot-wires were to be used for boundary layer traverses but, due to time restraints

on the project, a single probe was only used to determine the turbulence intensity at the

inlet to the compressor cascade using an auto correlation technique.

The research of [7] showed that the Nusselt number could be accurately related to the

Reynolds number in low Reynolds number flows (ie.Re = 0.01− 140). A functional rela-

tionship was produced to explain their experimental findings.

However, two problems were identified. One occurred at very low Reynolds numbers where

natural convection can start to significantly effect the total amount of heat transfer from a

wire. The second was at a Reynolds number of 44 where a discontinuity in the experimental

data was identified. The discontinuity was attributed to eddy shedding and the formation

of a Karman vortex street.

The original relationship formed by Collis and Williams was later improved by [94] with

experimental calibration data. The modification was achieved by introducing a quadratic

term and Walkers correlations can be seen below.

Nu
(

Tm

Ta

)−0.17

= a
(

Re0.45
d

)2
+ b

(
Re0.45

d

)
+ c (3.4)

Where Tm is the mean temperature between the wire (Tw) and the free-stream air (Ta), Red
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is the Reynolds number based on the wire diameter d and the three constants a, b and c are

determined experimentally during calibration.

The Nussult number may also be expressed as;

Nu =
Q

πL (Tm − Ta)Ka
(3.5)

Nu =
E2Rp

πL (Tm − Ta)Ka (Rt)
2 (3.6)

Where Q is the heat transfer rate from the wire to the fluid, E is the constant temperature

anemometer bridge voltage, Rp is the probe operating resistance, L is the length of the wire,

ka is the thermal conductivity of air and Rt is the combined resistances of the probe forks,

cables and resistors used in the anemometer bridge. All fluid properties were evaluated at

the mean temperature Tm.

Tw is controlled by selecting an appropriate probe operating resistance with the anemome-

ter.

Ropp = Rlead + (1 + OHR) Rcold (3.7)

Where Rlead is the resistance of the probe leads, Rcold is the resistance of the wire and the

probe leads in atmospheric conditions and (1 + OHR) is the ratio of operating resistance to

cold resistance and will be kept equal to 1.8 for all tests to achieve a Tw ≈ 180o.

3.5.6 Hot-Film Sensors

In all hot-film measurements TAO System Senflex Multi-Element Surface Hot-Film Sensors

were used which provide a largely non-intrusive device for measuring blade surface velocity

fluctuations. The substrate is made from 0.002” thick Upilex S Polyimide film. The leads

placed onto the sheet have a standard thickness of 0.0005” and a width of 0.03”. The

sensor element connected to the leads are approximately 0.004” wide and 0.057” long with

a thickness of 0.2µm.

In measurements taken in the 2D cascade at the Whittle Laboratory, 30 sensors were used,

which were located between the stagnation point and just downstream of peak suction on

the suction surface of the blade. These sensors gave a maximum resolution of 0.84% of

surface length.
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Figure 3.13: Photograph of the instrumented blades static pressure tappings in the leading

edge region

3.5.7 Blade Surface Static Pressure Measurements

Surface pressure tappings were placed around the blade to measure the blade’s overall static

pressure distribution. Static tappings were concentrated in the leading edge where a micro

tapping technique was used similar to that by [3]. 9 cavities were placed in the leading edge

region, each cavity having 9 tapping holes leading to the blade’s surface and one delivery

tube leading to the scani-valve. Each tapping in this region had a diameter of 0.3mm and a

centre to centre spacing of 0.6mm (3.13).

The method involved placing a very thin clear adhesive tape over the cavity/cavities of

interest to seal all the holes (the thickness of the tape was not available). One hole was then

pierced and so continuity was formed between that tapping and the scani-valve. The tape

was punctured with a fine needle by eye, which proved to be a very repeatable and suc-

cessful method. This procedure could then be repeated by replacing the tape and creating

a new hole in a different location in the same cavity (3.14).

During a single run, 1 tapping from each of the 9 cavities could be measured and in the next

run a different tapping in each cavity could be measured leading to very high resolution

surface pressure distributions.

To ensure the tape had negligible influence over the blade’s static pressure distribution a

number of tests were repeated using the fixed tapping points both with and without tape

and the values of static pressure and static pressure were extremely precise.

The step change response of each tapping was tested to ensure that a steady state pressure

had been reached before the data acquisition process commenced. The waiting period was

found to be a maximum of 12 seconds and to err on the side of caution 15 seconds was
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Figure 3.14: Experimental set-up for leading edge static pressure measurements

used.

3.5.8 3-Hole Cobra Probe

Two custom made three hole cobra type probes (Figure 3.15) were used at the Whittle

Laboratory to measure flow angle, total pressure and dynamic pressure at a given location

in a flow. Identical experimental and calibration procedures were used for both probes. The

calibration technique was developed on a functional basis by considering ideal flow around

a cylinder. Three functions were defined in terms of flow angle (α), probe geometry and

Reynolds Number and are as follows:

f1(α, geometry, Re) =
Ptop − Pbottom

Pcentre − 0.5(Ptop + Pbottom)
(3.8)

f2(α, geometry, Re) =
Po − Pcentre

Pcentre − 0.5(Ptop + Pbottom)
(3.9)

f3(α, geometry, Re) =
Pcentre − Pbottom

(Po − Ps)
(3.10)
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Figure 3.15: Picture of a 3 hole cobra probe

Given that each probe is of a fixed geometry and the probe was calibrated over a range

of flow angles and Reynolds numbers the flow angle can be directly obtained from f1 and

with this coefficients of dynamic and total pressure may be determined from

0.5ρU2 =
(Pcentre − Pbottom)

f3
(3.11)

Ptotal =
f2 + Pcentre

Pcentre − 0.5(Ptop + Pbottom)
(3.12)

The probe calibration at the Whittle Laboratory was carried out in an open circuit calibration

wind tunnel. Figures 3.16 - 3.18 display the calibration curves obtained from these tests. A

range of flow speeds were tested around those expected during the experimental program

to ensure there were no significant Reynolds number effects. The results showed very little

dependance on flow speed and with stable atmospheric conditions no Reynolds number

correction was required.

During the calibration process the probe was placed in a rotary traverse head identical to

that used in the experimental rig. The probe was geometrically nulled to place the probe

head within ±0.1 ◦ of horizontal. A reference block and a digital inclinometer were used to

null all the probes.
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Each of the calibration procedures were repeated numerous times to ensure good repeata-

bility and as a result each probe is deemed to measure flow angle to within ±0.3o and

static pressure to within 0.1% of the actual value as measured using the static tappings of a

Neptune 3HP.

Figure 3.16: 3HP dynamic pressure calibration plot

Figure 3.17: 3HP total pressure calibration plot

3.5.9 Particle Image Velocimetry (PIV)

At the Whittle Laboratory a LaVision FlowMaster PIV system was used to view the time

averaged flow field in the leading edge region of the compressor cascade and provide quali-

tative flow visualisation images. The set-up consisted of a frequency-doubled double-pulse

120mJ Nd-YAG laser and a double frame 12 bit CCD camera (1280x1024)) array. Optical

access for the camera was good for the region of interest however a laser guiding arm was

used with a light sheet optical lens to deliver a sheet of laser light onto the leading edge

region on suction surface side of the blade at mid-span. The laser was fired through a glass

window in the base of the cascade inlet section to keep the laser and guiding arm outside
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Figure 3.18: 3HP yaw angle calibration plot

the tunnel thus avoiding obstruction (Figure 3.19)

PIV was used in the suction surface leading edge region of the cascade’s instrumented

blade. The laser sheet was fired in the blade-blade plane at 50% span, whilst the camera

was aimed, through an optical window, along the blade in a spanwise direction. The PIV

interrogation window measured 52× 36.25mm and covered the first 7.5% of blade chord.

The PIV results produced both instantaneous and time averaged information about the

velocity flow field as well as key properties such as 2D turbulence intensity and Reynolds

stresses.

Figure 3.19: Schematic of the PIV laser and camera setup and orientation



Chapter 4

Experimental Approach

4.1 Introduction

For decades, low-speed testing has had a large impact on the direct design of the gas turbine

engine. In more recent times such experimental facilities are being used as a validation

tool for CFD codes and design methodologies, which has become a dominant tool in the

turbomachinery design process.

It is well known that the environment created inside low-speed test facilities differ from

those found inside real high speed and high temperature turbomachines, however many

types of flow phenomena remain very similar in nature. Wisler [102], Wisler et al. [103]

provide numerous examples of how low speed testing can provide detailed information

on a wide range of complex flow phenomena that have been seen in real compressors

and turbines. Wisler et al. [103] also discusses some of the limitations that are inherent in

low speed testing, such as phenomena due to compressible flow effects, which cannot be

accounted for. However flow in the low-pressure turbine and the intermediate and high-

pressure stages in compressors is generally seen to be subsonic, where phenomena such as

shock waves and associated interactions are insignificant.
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4.2 Flow Environment Inside High and Low Speed Machines

In both high and low speed machines, the flow is highly complex and three dimensional,

especially near the hub and the casing of the blades where secondary flow effects become

more prevalent.

Secondary flows are seen as undesirable flow features and are brought about by viscous

effects. Near the blade end walls, where the suction surface boundary layers often undergo

a local separation upon interaction with the end wall boundary layers, the flow becomes

highly three-dimensional. The separated flow regions are know as corner separations as

they typically start in the corner between the hub, casing and the blade. They often propa-

gate away from the corner towards the mid-span of the blade’s trailing edge. This migration

causes a variation in the amount of flow deviation in a spanwise direction with overturning

occurring close to the end walls. It also creates a contraction of streamtubes in the midspan

region of the blade leading to an increase in the average velocity density ratio (AVDR) [23].

A different type of secondary flow occurs in the tip gap region, between the rotor tip and

the casing wall, of the rotor blades. This tip gap flow develops into a tip leakage vortex

which trails the blade from the trailing edge and significantly enhances downstream mixing

processes in the casing region. The tip leakage flow significantly effects corner separations

and stall patterns.

There is currently a great deal of research attention in this area as both tip leakage flows

and corner separations are seen to make considerable contributions to the overall loss in

total pressure for a blade row. Detailed measurements by Oliver in the UTAS research

compressor showed that the spanwise distribution of total pressure became increasingly

non-uniform at high compressor loading and this effect was amplified near the end walls.

As corner separations grow with incidence, the primary streamtube is contracted by the

high loss fluid migrating towards the mid-span point of the blade. This results in a decrease

in the level of diffusion across the stator blade row increasing the exit velocity at the mid-

span location. A decrease in diffusion also reduces the likelihood of the flow to experience

a trailing edge separation, which is to be expected at high values of incidence.

All measurements taken in this thesis were concentrated in the mid-span plan of the blade

where the flow is typically free from most end wall effects (Section 3.4).
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4.2.1 Differences Between Real Machines and Simplified Research Facilities

As a result of differences between low-speed research facilities and commercial multi-stage

compressors and the need to best reproduce the true nature of the flow environment mod-

ifications are made to research facilities. Place et al. [65] looked at how the flow inside a

single stage axial compressor could be made more akin to that inside real multi-stage ma-

chines. It was shown that a number of modifications could be made to the single-stage

machine to improve its similarity with real machines; rows of metal teeth were attached to

the hub and the casing walls to thicken the wall boundary layers, turbulence grids were

added upstream of the compressor stage to raise the inlet turbulence level and pressure

losses associated with downstream blade rows were reproduced with the use of a screen

placed downstream of the stator blade row. A number of the modifications made were

concerned with changing the behavior of the end wall flow patterns.

During the testing program in this thesis all the measurements were made at a mid-span

location where flow phenomena are mostly influenced by the freestream turbulence level

and the periodic passing of wakes from upstream blade rows: as a result end wall effects

and corner separations are of secondary importance.

4.2.2 Inlet Free Stream Turbulence

In the large scale compressor cascade used in this thesis a turbulence generating grid was

installed upstream of the blade row and was designed using correlations by Roache [68] to

produce an isotropic free-stream turbulence intensity of 4.0% at the leading edge plane. The

free-stream turbulence level was based on measurements taken by Camp and Shin [6] and

are seen to represent the freestream turbulence level of an embedded stage of a multi-stage

axial compressor.

The freestream turbulence level was confirmed to be Tu = 4.0% at the leading edge of the

instrumented blade using a single element hot-wire probe and through time averaged PIV.

The PIV measurements also showed that, away from the blade’s surface, the turbulence was

essentially isotropic in the blade to blade plane as designed [8].

4.2.3 Compressor Loading

Commercial gas turbine engines must have the ability to operate safely over a wide range

of operating conditions. Cumpsty [9] identifies one of the major difficulties in compressor
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aerodynamics is achieving high efficiencies at design conditions whilst maintaining satis-

factory performance under off-design conditions such as at take off.

Flow incidence onto a blade row is controlled by the flow coefficient in the UTAS research

compressor and this has a dramatic impact on machine performance. In the 2D cascade

flow incidence was controlled by changing the geometric orientation of the blades relative

to the fixed inlet flow of the wind tunnel, neglecting potential flow effects.

During the unsteady testing in the compressor cascade the flow coefficient and inlet flow

angle were matched to that tested by Henderson [30] in the research compressor at UTAS.

4.2.4 Reynolds Number

Reynolds number has a large impact on the aerodynamic performance of a blade row par-

ticularly when boundary layer separation and transition are present. As a result it is im-

portant to generate Reynolds numbers as engine representative as possible in low-speed

testing. The typical variation of Reynolds number inside a turbofan engine at cruise alti-

tude can be seen in Figure 4.1, where the characteristic length is blade chord. The Reynolds

number in the compressor ranges from 0.6x106 − 1.2x106 (Figure 4.1). This is much higher

than can be achieved in many low-speed research facilities. In the compressor cascade the

maximum Reynolds number that can be reached is 0.4x106, which brings with it criticism

from some portions of the research community and, as a result, the implications of testing

at low Reynolds numbers must be well understood.

Cumpsty [9] explains that all compressors rely on a turbulent boundary layer in the adverse

pressure gradient of the blades suction surface to allow the flow to decelerate without

the formation of a major two-dimensional separation. It is common, particularly at low

Reynolds numbers, for a laminar boundary layer near the leading edge or just downstream

of peak suction to separate and form a separation bubble, which is a separated region that

re-attaches to the surface. Cumpsty goes on to summarise work carried out by Rhoden [67]

on a cascade of C4 compressor blades at near design incidence using a range of Reynolds

numbers.

It was shown that at a Reynolds number of Re = 0.3x105 a massive separation bubble

is present on the suction surface with no re-attachment resulting in a large loss in blade

force. By doubling the Reynolds number to Re = 0.6x105 the flow still separated past

the point of peak suction, but it re-attached forming a large separation bubble. Further

increasing the Reynolds number reduced the size of the separation bubble, however it was

still present until a value of Re = 4.8X105 was reached, where the separation bubble was
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Figure 4.1: Diagram showing how the Reynolds number varies through a commercial gas

turbine engine

no longer visible from static pressure distribution measurements. The Reynolds number

corresponding to a significant step change in performance due to the presence of a large

separation is known as the critical Reynolds number and in the study by Rhoden was seen to

occur between 0.3x105 − 0.6x105. This study showed that the effect of Reynolds number on

performance decreases with an increase in Reynolds number. Hobson et al. [34] explained

that the design point Reynolds number, based on chord, for stator 67B was almost 1, 000, 000

but was estimated to decrease to 200, 000 at an altitude of 15, 000m. They carried out low

speed testing at Reynolds number between 210, 000 and 640, 000 to look at the effect of this

on the presence of separation bubbles.

If Reynolds number was further increased, the laminar-turbulent transition location moved

further upstream and the turbulent wetted area over the blades surface increased. At some

point the blade’s loss on the suction surface also began to increase. This occurred when

the benefit of having a turbulent boundary layer past peak suction is out-weighed by the

increased loss inherent in a turbulent boundary layer compared to a laminar one due to

increases in shear stress at the surface.

Halstead et al. [26] recommended that low speed testing should be carried out for stage

averaged Reynolds numbers greater than 3x105 and that, if this were adhered to, similar



4·63

flow phenomena would be seen in the low speed case as in the high speed case to a certain

extent.

In this thesis efforts are concentrated on studying flow patterns in the near leading edge

region of a blade row. When looking in this region it is common to look at the Reynolds

number based on a characteristic length to the the leading edge radius. In doing this many

low-speed test rigs have engine representative Reynolds numbers in this area, when the

leading edge geometry is used. This was found to be the case in the research compressor at

UTAS and in the cascade at the Whittle Laboratory.

4.2.5 Flow Coefficient

During unsteady operation the flow coefficient of the compressor cascade was set by vary-

ing the speed of the rotating bar mechanism for a given Reynolds number. The unsteady

tests were designed to be compared with tests carried out by Henderson [30] in the UTAS

research compressor and as a result the Reynolds number based on chord and flow coeffi-

cient both needed to be matched. Close to design incidence was chosen for the unsteady

tests and a flow coefficient φ = Vaxial
Ū = 0.675 was required at Rec = 230, 000. This then

remained unchanged for all unsteady tests. The reduced frequency was altered by the re-

moval or addition of bars at different spacings to alter the bar passing frequency seen by

the instrumented stator blade.

The speed of the rotating bar mechanism was controlled by an electronic VSD and checked

using a trigger box, which displayed the bar passing frequency.

4.2.6 Machine Reduced Frequency

Speidel [85] was the first person to investigate the effects of periodic wake passing events

on the performance of an aerofoil. The parameter called reduced frequency was developed,

which correlated the profile loss of an aerofoil with frequency of wake passing without

knowledge of the state of the boundary layer. The reduced frequency was defined as: a

measure of the number of wake segments in a blade passage at any one time. It is thus

related to the relative spacing of rotor and stator blades, the blade chord as well as the

operating point of the machine and is proportional to the blade passing frequency.

For a given operating condition in the compressor cascade the values of φ, Rec and α1 are

kept constant and as a result the reduced frequency can be changed only by adjusting the

pitchwise spacing of the rotor and stator blade rows. The pitch of the stator blades in the
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Figure 4.2: Velocity triangle for an axial compressor stage

cascade were fixed, but the spacing of the rotating bars could be changed easily and as a

result this was the mechanism used to adjust the reduced frequency.

Information obtained from Rolls-Royce Plc showed that the reduced frequency of the first

stator blade row of a large three spool axial gas turbine is ωs = 0.84 and that a typical target

reduced frequency for an embedded stage is ωs = 1.

The unsteady portion of this project’s experimental program aimed to test reduced frequen-

cies of ωs = 0.5 , 1.0 and 2. This was somewhat constrained by the available spacing of the

rotating bars and the design flow coefficient chosen of φ = 0.675. As a result reduced fre-

quencies of ωs = 0.47, 0.94 and 1.88 were achieved at Rec = 230, 000, α1 = 45.5o and a flow

coefficient of φ = 0.675 which matched the conditions used by Henderson [30] inside the

UTAS research compressor.

From this variation the impact of reduced frequency on the flow through a large scale

compressor cascade could be examined.

The derivation of a simple expression for a stator blade’s reduced frequency can be seen

below.

ωS =
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v1
(4.1)
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The appropriate bar diameter and spacing can then be selected to achieve the desired flow

condition. Where the wake TU = 7.0% with a corresponding velovity deficit = 0.255
V1

Sbar = 0.158m or multiples of 0.079m, dbar = 0.055m, YPbar = 0.38, Ubar = 30.9ms−1, φ =

0.685

Experimental tests could then be matched to reduced frequencies typically found inside

real machines.

4.3 Experimental Measurements

The following sections describe processing and data reduction techniques used through

the results chapters of this thesis and create an important link between raw data obtained

during the testing program and the result displayed in this document.

4.3.1 Total Pressure and Flow Angle

The magnitude and distribution of total pressure (Po) and flow angle (α1) provide infor-

mation about the performance of axial turbomachines. Throughout the experimental pro-

gram in this thesis measurements were taken using two custom made three-hole cobra type

probes similar to that shown in Figure 3.15. Traverses were made at the mid-span of the cas-

cade upstream and downstream of the stator blade row. Details of the probe can be found in

Chapter 3 along with calibration information. These measurements provided information

about the time averaged total pressure, velocity and flow angle distributions.



4·66

(a) Variation of exit flow angle over a single pitch nor-

malised to the trailing edge of the instrumented blade

at Re = 260,000

(b) Variation of exit velocity coefficient over a single

pitch normalised to the trailing edge of the instru-

mented blade at Re = 260,000

Figure 4.3: 3HP traverses displaying the distribution of velocity coefficient and exit flow

angle at the exit of the cascade

In the compressor cascade these measurement are particularly important as a check for

periodicity. Inlet and exit traverses were carried out to ensure that flow conditions were

periodic about the instrumented blade. Essentially a cascade is a simplification of an annu-

lar blade row where perfect periodicity is enforced and as a result the periodicity inside a

cascade must be maintained within reasonable limits. Figures 4.3(a) and 4.3(b) show that

good periodicity was achieved in both exit flow angle and exit velocity coefficient over a

pitch centered about the instrumented blade and over a single pitch the exit flow angle is

seen to vary by less than 0.25o and the exit velocity coefficient by less than 2%.

Figure 4.3(b) shows that as incidence is increased the blade becomes more heavily loaded

leading to an increase in the static pressure rise across the blade row. This is seen as a

decrease in the exit velocity coefficient. Figure 4.3(a) shows how the exit flow angle changes

with pitchwise position and changes in angle due to the velocity deficit as the wake is

crossed by the probe. At α1 = 48.5o a trailing edge separation is present decreasing the exit

flow angle.

All measurements were taken relative to an in-tunnel static reference pressure using a Scani-

valve pneumatic switching valve. The step change response time was measured for all the

ports and an appropriate settling time was chosen to ensure no transient pressures influ-

enced the pressure readings.
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4.4 Blade Surface Pressure Measurements

Time averaged surface pressure tappings are one of the most frequently used methods of

determining information about the time averaged flow around a blades surface. Tappings

are often used to look at general trends over the entire blade surface and are rarely used to

identify specific and detailed characteristics of the flow. In this study a very large number

of static pressure tappings, concentrated in the leading edge region, were used to obtain

a detailed look at the static pressure distribution, which before now has not been done

successfully because of spatial restraints.

Due to the large size of the blades used in the compressor cascade and the technique de-

scribed in Section 3.5.7 over 25 static pressure tappings were placed in the first 7% of the

suction surface, which would typically be covered by only a few tappings.

The data acquisition sampling rate was fixed at 100Hz over a period of 10 seconds after a

settling time of 15 seconds.

At each tapping location a local static pressure coefficient was evaluated using

Cp (i) =
Po1(i)− Ps(i)
Po1(i)− Ps1(i)

=
Po1(i)− Ps1(i)

1
2 ρV1(i)2

(4.8)

where the subscript 1 indicates conditions at the inlet of the compressor cascade measured

using sidewall static pressure tappings and the fixed pitot probe. Cp(i) can then be plotted

against the location of the surface tapping to provide an indication of the static pressure

distribution over the blade’s surface.

4.5 Time-Averaged Stator Blade Pressure Loss

The pressure loss coefficient, ω̄, is often used to express pressure losses found in cascades

and turbomachinery stages. Pressure losses are commonly determined by evaluating the

total pressure and velocity fields upstream and downstream of a blade row. A range of

instrumentation can be used for this task, the most common being: hot-wire, three-hole or

Kiel probes.

The approach used in this study was to measure the mid-span wake momentum thickness

using a three hole cobra probe and from this a correlation could be used to determine the

stator blade pressure loss. This technique was also used by Henderson [30]
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Cumpsty [9] explains an empirical relation initially developed by Lieblein [49] in the 1960′s.

This relates the wake momentum thickness, inlet and outlet flow angles to mass averaged

stagnation pressure loss for an ’unstalled’ blade row and can be written as

ω̄ =
Po1 − Po2

Po1 − Ps1
=

θ

S
1

cos(α2)

[
cos(α1)

cos(α2)

]
(4.9)

Equation 4.5 ignores mixing losses that occur over a considerable distance downstream of

the blades trailing edge. As a result of this measurements made closer to the trailing edge

of a blade may under-estimate the wake momentum thickness and as a consequence the

pressure loss coefficient. The wake shape factor decreases with distance downstream of the

trailing edge and will approach a value of unity as the wake completely mixes out.

Lieblein and Roudebush [50] developed a correlation for the mixed out stagnation pressure

loss for an ’unstalled’ blade row which are based on measurements made at an arbitrary

distance downstream of a blade’s trailing edge. This may be written as

ω̄ =
2θ̂2 cos2(α1)(

1− θ̂2H2
)2

cos2(α2)

[
1 +

θ̂2

2

[
H2

2 − sin2(α2)

(
H2 −

1
1− θ̂2H2

)2
]]

(4.10)

where the momentum thickness of the wake is defined as

θ̂2 =
1

cos(α2)

(
θ

S

)
2

(4.11)

There are a number of different ways to determine the momentum thickness of the wake.

In the most basic case, where there is no wake curvature and a uniform free-stream velocity

profile, the velocity deficit is simply equal to the difference between the velocity outside the

wake U, which equals the inviscid flow velocity Uinv, and the velocity inside the wake u.

However flows with wake curvature require a discontinuity in the inviscid velocity profile

due to different free-stream velocity on either side of the wake centreline. As a result of

this an assumption is made about the shape of the inviscid velocity profile using a method

proposed by Walker et al. [96] who proposed fitting a curve to the free-stream profile on each

side of the wake. These two curves were extrapolated inwards towards the wake centreline

creating a separate function for Uinv. This technique was used in the current study and can

be seen in Figure 4.4(a).
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(a) Plots of the exit velocity coefficient of the wake pro-

file and extrapolated inviscid profile at Rec = 260, 000

(b) Plots of the original and smoothed exit velocity

coefficient of the wake profile at Rec = 260, 000 and

α1 = 45.8o

Figure 4.4: Plots showing the distribution of exit velocity coefficient used in blade pressure

loss calculations

The centre line of the wake was defined as the point of minimum velocity and the extremi-

ties of the wake were defined by the point of maximum velocity on either side of the centre

line as this produced the most consistent results. Some slight smoothing of the raw velocity

distribution was implemented to remove spurious points that were leading to inconsisten-

cies in the prediction of the start and finish of the wake. A typical example of the original

and modified wake profiles can be seen in Figure 4.4(b).

The wake momentum thickness was evaluated using the following integration

θ̄

S
=
∫ 1

0

ū/ūs

Ūinv/ūs

[
1− ū/ūs

Ūinv/ūs

]
cos(α2)ds (4.12)

which is performed across a complete stator pitch at a constant axial distance downstream

of the stator trailing edge. The fact that the traverse plane is not perpendicular to the wake

centreline is corrected by the cos(α2) term.

Repeated measurements of blade pressure loss at various points in the loss loop presented

an accuracy of ±2.5% when the average velocity density ratio (AVDR) for the two measure-

ments was consistent. If the AVDR varied between two cases at a given inlet flow angle the

test was repeated until a consistent value was obtained.
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4.6 Presentation of Hot-film Measurements

Hodson et al. [39] developed a method for interpreting hot-film signal obtained without

calibration by evaluating the quasi wall shear stress (τq), which is seen to be proportional

to the actual wall shear stress (τw). The quasi wall shear stress is derived from the raw

anemometer bridge voltage in zero flow (Eo) and under experimental conditions (E) by

τq =

(
E2 − E2

o

E2
0

)3

ατw = µ
du
dy
|y = 0 (4.13)

The quasi wall shear stress trace can be interpreted to identify separated flow regions as

well as laminar-turbulent transitional flow behavior. Solomon and Walker [82] looked into

several different methods to process hot-film data on a compressor stator blade at the Uni-

versity of Tasmania. Of the methods tested the TERA method for determining turbulent

intermittency was found to give the clearest differentiation between the laminar, turbulent

and transitional flow regimes, but it required manual adjustment of the detector function

threshold for each sensor in the array, which proved to be time consuming and inefficient.

Solomon and Walker [83] developed a new method for determining turbulent intermittency

without the need for manual adjustment of the detector function threshold for each sensor.

The method combined the probability density function (PDF) method of Hazaeika and

Hirsch [28] and the peak-valley counting (PVC) method of Zohar and Ho [107]. The hybrid

PDF/PVC was used in this present study to look at transitional behavior in the linear

cascade over a range of incidence and Reynolds numbers. The method is summerised in

the following passages [30].

Initially the quasi wall shear stress trace is classified into laminar or turbulent parts de-

pending on the signals characteristics. A detector function is defined as the derivative of

the quasi wall shear stress with respect to time
(

D = δτq/δt
)
. The intermittency distribu-

tion is set to zero and an initial threshold for the detector function is set to 0.7 (D)R MS.

The trace is then separated into parts: where the detector function exceeds this threshold

and where it does not. The parts that exceed the threshold are examined for occurrences

of peaks and valleys, which are characteristic of high frequency turbulence fluctuations.

Regions where peaks and valleys exist within a designated window are assigned an inter-

mittency value of 1 and regions that lie within the threshold are assigned an intermittency

value of 0. This provides an initial estimate of the intermittency distribution. Selection of

the window size must take into account the sampling frequency used in data acquisition
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and also the characteristic frequency of the turbulent fluctuations. A detailed discussion of

window selection is given by [81].

Once an initial estimate of the intermittency distribution is known, an iterative approach is

used to optimise the detector function threshold. The first stage is to calculate the PDF for

the respective laminar and turbulent parts, assuming Gaussian distributions. This updated

value is used to re-evaluate the intermittency distribution. The process is repeated until the

threshold has converged to an acceptable level providing stable results. A relaxation factor

is used to update the threshold, which aids in damping oscillations in the solution process.

The calmed flow following the passage of a turbulent spot is characterised by a higher

shear stress than laminar flows. As the calming effect wears off, the shear stress reduces

asymptotically to that of a laminar boundary layer. In addition to the laminar-turbulent

identification, relaxing flow is assumed to occur following positive identification of turbu-

lent flow while the shear stress is continuously decreasing. Detection of relaxing flow is

terminated by the first increase in τq.

4.7 Blade Surface Trajectories

It is common to show time-varying quantities around a blade surface in the form of a time-

distance plot. Using this approach particles or disturbances in the flow can be tracked as

they convect over the blades surface. In this thesis blade surface trajectories are used to

assist with the identification of temporal variations of ensemble averaged intermittency.

Time-distance blade trajectory plots of particles travelling at different fractions of the freestream

velocity assist in identifying various characteristic events such as wake induced turbulent

strips and turbulent spots.

The time taken for a particle to travel between two surface locations s∗1 and s2
2, on a blades

surface may be determined by integration of the surface velocity distribution. This may be

expressed as

t = C
∫ 1

U
ds∗

and can be used to interpret the leading and trailing edge celerities of characteristic events

such as the formation and convection of turbulent spots and turbulent bursts over the

surface.

For this study 4 different celeritiy plots were used corresponding to 0.5xVinf, 0.7cVinf,

0.88xVinf and 1xVin f .
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4.8 Surface Oil Dye Flow Visualisation

Diesel oil was mixed with a florescent dye to create a bright paint-like liquid, which could

be painted on to surfaces where flow pattern identification was required. Once painted on

to a surface the oil follows the streamlines of any flow over that surface carrying the bright

dye pigment with it. After being exposed to a flow the oil begins to evaporate, leaving

behind the dye as a dry surface coating highlighting the streamlines and surface trajectory

of the flow over the surface. UV lights can be used to bring out the dye and photographs

can be taken of the surface flow patterns.

This technique is highly effective at identifying separated flow regions, however the surface

must be flat as otherwise gravity can influence the distribution of dye significantly. As a

result surface flow visualisation was only used in the leaving edge region of the instru-

mented blade where the blade’s surface was kept within ±5o of horizontal. It could not be

used at the trailing edge of the blade as the significant incline restricted the flow of dye and

depicted the early and non-realistic prediction of a trailing edge separation.

4.9 Presentation of Particle Image Velocimetry (PIV) Results

1000 instantaneous image pairs were obtained for each data set to create a time average

picture of the turbulent flow field in the leading edge. The raw vector fields underwent

minimal pre-processing within the LaVision Flowmaster software to ensure results were

not smoothed out or created by artificial extrapolation. The pre-processed image pairs were

then imported into MATLAB as 1000 2D vector arrays and were initially averaged to give a

single time averaged vector array of velocities across the PIV cameras field of view. In this

study measurements were concentrated in the leading edge region of the suction surface

and upstream there of.

The following flow field properties were evaluated:

Instantaneous velocity fluctuations - u′ = u− ū and v′ = v− v̄

Time averaged magnitudes of velocity fluctuation - |u′|

Speed of the flow (scalar) - U =
√

u2 + u2

Turbulence intensity - Tu =

√
(u′2+u′2)×0.5

Speed

Shear strain - ω = 1
2

(
dv
dx −

du
dy

)
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Turbulent kinetic energy - TKE = f rac12
(

u′
2
+ v′

2
)

Anisotropy of turbulence - |u
′|
|v′|

Using these instantaneous and time averaged flow properties it is possible to identify how

the leading edge of a compressor blade influences the freestream flow field. To accompany

the processed results the PIV setup was also used to take instantaneous smoke flow visual-

istation images of the turbulent flow field in the leading edge region. Large concentrations

of smoke were injected into the flow which was illuminated by the laser sheet allowing a

photo to be taken by the PIV camera.



Chapter 5

Effect of Changing Incidence and

Reynolds Number on CD Stator Blade

Flow Characteristics in Steady Flow

5.1 Introduction

This chapter explores the influence of varying the chord based Reynolds number and inlet

flow angle on the performance of a controlled diffusion (CD) compressor stator blade with

a circular arc leading edge inside a large scale, low speed, 2D cascade. Details of the CD

stator blade and the compressor cascade used in this study are outlined in Chapter 3.

The investigation aims to answer a number of questions concerning how detailed flow

phenomena, that occur in the leading edge region of the blade, change with the above

mentioned variations in flow conditions and influence the production of blade pressure

loss.

Of particular interest is how the leading edge spike effects boundary layer transition and
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separation processes and, in turn, how these lead to variations in blade pressure loss. It will

be seen that these two critical parameters have a significant influence over the performance

of gas turbine stator blade rows.

The effects of leading edge shape on boundary layer development has been widely investi-

gated, however a number of questions still remain as to exactly what happens in the leading

edge region of a blade where large, rapidly changing, pressure gradients are present. This

chapter addresses some of these questions and shows how changing both incidence and

Reynolds number affects the development of boundary layers in the leading edge region of

a CD stator blade with a circular arc leading edge.

The development of blade pressure loss is also investigated and linked to flow phenomena

on the pressure and suction surface of the blade.

5.2 Scope Of Investigation

In this investigation two Reynolds numbers were tested Rec = 260, 000 and Rec = 400, 000,

corresponding to the maximum speed of the wind tunnel and a Reynolds number chosen,

based on discussions with Rolls Royce, that was previously tested by Henderson [30] in the

axial flow research compressor at the University of Tasmania (UTAS).

Although the range of inlet flow angles were limited due to constraints imposed by the ex-

perimental facilities they were able to cover the normal operating range of an embedded sta-

tor blade inside a real engine. Inlet flow angles of α1 = 42.6o, 43.6o, 44.4o, 45o, 45.8o, 46.2o, 47.4o, 47.75o

and 48.5o were tested at both Reynolds numbers. The range of angles tested are not equis-

paced as when setting the inlet flow angle the cascade a one degree increase in the cascades

geometric orientation did not correspond to a one degree increase in inlet flow angle and a

series of repeat tests we conducted where inlet flow angles could not be matched perfectly.

At the highest inlet flow angle the blades experienced a trailing edge separation, which

indicates the blade is close to the point of stalling and would no longer be in a safe point of

operation in a real engine. The design inlet flow angle for the CD stator blade is α1 = 45o.

The point S∗ = 0 corresponds to the centre of the leading edge circle with the suction

surface denoted by positive values of S∗ and the pressure surface by negative values.

In the leading edge region of the blades suction surface between S∗ = 0 − 0.07, twenty

five static pressure tappings with a spacing of S∗ = 0.002 were used to give a very high

resolution plot of the static pressure coefficient (Cp) distribution. On the remainder of
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the suction surface static pressure tappings were spaced with S∗ ≤ 0.02 upstream of peak

suction and S∗ ≤ 0.09 between peak suction and the trailing edge. The maximum static

pressure tapping spacing on the pressure surface was S∗ ≤ 0.12.

Fifteen hot-film sensors were also mounted in the leading edge region of the instrumented

blade with the first film located S∗ = −0.0214 past the stagnation point on the pressure

surface and the final film located at S∗ = 0.0959 on the suction surface. All of the films had

a consistent spacing of 2.54mm corresponding to S∗ = 0.008.

Data from all 15 films were acquired simultaneously by 15 constant temperature anemome-

ters at a rate of 60kHz and low pass filtered at 30KHz. Processing of the hot-film data

produced a range of results such as time average turbulence intermittency (γ), time aver-

aged quasi wall shear stress and time resolved raw traces of quasi wall shear stress, which

can be used to track events convecting along the blades surface. γ = 1 corresponds to a

fully turbulent boundary layer and γ = 0 indicates a laminar boundary layer.

The following sections will use the previously mentioned experimental techniques to ex-

plain how performance characteristics of a CD stator blade with a circular arc leading edge

profile change with Reynolds number and incidence as well as comparing the experimental

findings with predicted results from the well known CFD solver used in current industrial

turbomachinery design processes - MISES.

5.3 General Trends In The Static Pressure Coefficient Distribution.

The current body of knowledge in the turbomachinery field has lead us to a good under-

standing of how a blade, with circular arc leading edges, should react to changes in inlet

flow angle and Reynolds number. These typical changes and trends will be used, initially,

to demonstrate a high level of confidence in the results obtained during this experimental

program and will provide a detailed picture of how such a blade reacts to test conditions

outlined in Section 5.2.

The CD stator experiences an incidence dependent leading edge velocity over-speed on both

suction and pressure surfaces. At low inlet flow angles, considered to be those below the

design operating point and identified as negative incidence, a large velocity spike is seen

on the pressure surface of the blade and at high inlet flow angles, considered to be those

higher than the design operating point and identified as positive incidence, an over-speed

is seen on the suction surface.

When the inlet flow angle is increased from negative to positive incidence both Reynolds
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(a) (b)

Figure 5.1: Influence of inlet flow angle on a change in Cp measured from two fixed static

pressure tappings located on either side of the blade’s leading edge (le f t). Cp distribution

at the minimum and maximum inlet flow angles tested (right).

numbers tested produced a gradual change in spike height, with the pressure surface spike

decreasing in size as the suction surface spike increases (Figure 5.2).

Increasing the inlet flow angle results in peak suction moving upstream, shortening the

length over which the favorable pressure gradient can influence and potentially stabilise

the boundary layer. This is coupled with a decrease in the value of Cp at peak suction.

The point of minimum Cp, or trough, directly following the leading edge velocity spike

increases in magnitude with incidence further reducing the slope of the favorable pressure

gradient leading to peak suction (Figure 5.1(b)). Reducing the inlet flow angle has an overall

effect of elongating the surface length leading to peak suction and increases the favorable

pressure gradient. The effect of this trend on boundary layer development will be discussed

further in Section 5.5.2.

A corresponding trend can also be shown using differences between the value of Cp at two

fixed tappings located either side of the leading edge stagnation point. The blade can then

be used in a similar fashion to a wedge type pressure probe. The fixed locations are shown

in Figure 5.1(b) and were chosen to lie in locations where Cp is least sensitive to small

changes in surface location. Figure 5.1(a) displays how the magnitude of ∆Cp varies with

inlet flow angle. Values of ∆Cp can be calibrated against 3HP inlet traverses and the blade

can then be used to measure, or verify, the inlet flow angle to the cascade in future tests.

During this body of work this technique was not used.
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Figure 5.2: Static pressure coefficient (Cp) distributions at Rec = 400, 000 over a wide range

of inlet flow angles

5.4 The Leading Edge Velocity Spike

Figures 5.2 and 6.8(b) indicate considerable differences in the shape of the Cp distribution

with incidence and also with Reynolds number respectively. This is especially evident at

high inlet flow angles but can also be seen at moderate values of positive incidence. Of

particular interest to this study is how the shape of the leading edge spike changes as the

flow decelerates rapidly beyond its peak value and the boundary layer becomes highly

susceptible to separation and rapid transition. Downstream of this region the pressure

gradient shifts from having an extreme adverse gradient, to a substantial favorable one, over

a very short surface length (S∗ = 0.04− 0.05). A separated boundary layer re-attaches to

the surface in this region, by means of turbulent entrainment, or due to forcing by changes

in the pressure gradient.

At values of inlet flow angle between α1 = 42.6o and the design point α1 = 45o the static

pressure distributions are essentially independent of Reynolds number. The only apparent

difference is a small change in spike height, which is believed to be caused by slight changes

in the flow distribution of inlet flow upstream of the blade row (Section 3.2). Increasing the

inlet flow angle past α1 = 45o to the maximum achievable value of α1 = 48.5o, makes

trends in the leading edge region of the suction surface become increasingly more sensitive

to changes in Reynolds number. This Reynolds number dependency is mostly due to the

formation of a leading edge separation bubble.
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Figure 5.3: Time averaged quasi-wall shear stress in region where leading edge separation

bubbles are seen to form at Rec = 400, 000

Figure 5.3 shows that as the inlet flow angle is increased past α1 = 45o there is a significant

decrease and subsequent asymptote in the minimum value of quasi-wall shear stress, indi-

cating that the boundary layer has separated from the surface. It must be noted that, in all

cases, the rapid deceleration in the leading edge over-speed will cause a sharp decrease in

quasi-wall shear stress, which could be mistaken for a separated boundary layer. It is thus

critical to identify a sharp decrease in the minimum value of quasi-wall shear stress that

does not change with an increase in incidence. Evidence of the boundary layer separation is

also supported by Figure 5.6(a), which show that the quasi wall shear stress
(
τq
)

approaches

zero at S∗ ≈ 0.029. From Figure 5.5 it is also clear that, at both Reynolds numbers following

S∗ = 0.029 the static pressure plateaus, indicating that the boundary layer has separated

from the surface.

Goodhand and Miller [22] developed a criterion to determine whether the boundary layer

separates in the leading edge region, drawing the initial point of transition upstream of

peak suction. It is based on the change in Cp during the deceleration of the velocity over-

speed. A value of 4Cp was obtained between the peak value at the top of the velocity

over-speed and the minimum value in the leading edge region downstream of the spike.

They showed that if 4Cp ≥ 0.5 the boundary layer was seen to separate and subsequently

undergo transition. Results from the present study found that all cases where a separated

boundary is evident have a 4Cp ≥ 0.5 and when 4Cp ≤ 0.5 the boundary layers appears

to remain attached to the surface. This is not a hard and fast rule but merely an additional
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Figure 5.4: Suction surface flow visualisation showing a leading edge separation bubble at

positive incidence and Rec = 260, 000

guide to aid the interpretation of results. Direct evidence of a separation bubble can be seen

in Figure 5.4.

Downstream of the separation location (S∗ ' 0.029− 0.06), the Cp, intermittency and τq

distributions are clearly dependent on both Reynolds number and inlet flow angle and dif-

fer considerably from one another (Figures 5.5, 5.6(a) and 5.6(b)). Figure 6.8(b) shows the

length of the leading edge separation bubble is clearly shorter at Rec = 260, 000. The separa-

tion location of the bubble is taken from just upstream of the point where the static pressure

distribution begins to plateau and the reattachment location from where the pressure gradi-

ent begins to resume its strong adverse gradient. Although the point of separation does not

alter significantly with a change in Reynolds number, the re-attachment point does. This

is understandable as at a higher Reynolds number the boundary layer is going to lead to

a more rapid transition process. More turbulent entrainment will occur at the edge of the

separated shear layer forcing the bubble back towards the surface over a shorter distance

than in the lower Reynolds case.

The accuracy of this technique is limited by the resolution of the static pressure tappings

on the suction surface, however results agree closely with predictions of MISES that will be

discussed in Section 6.2.3.

This region covers the extent of the separation bubble at high values of positive incidence

and has been the subject of much discussion over the years. Denton [13] has also indicated

leading edge separation bubbles are responsible for the highest amount of loss per unit area

on a blades surface, which makes understanding any differences and their consequences

very important.
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Figure 5.5: Time averaged leading edge static pressure coefficient (Cp) distribution with the

separation, transition and reattachment locations

(a) α1 = 47.75o (b) α1 = 48.5o

Figure 5.6: Leading edge distribution of time averaged quasi-wall shear stress (a.) and

turbulent intermittency (b.)
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(a) Rec = 260, 000 and negative incidence (b) Rec = 400, 000 and positive incidence

Figure 5.7: Surface flow visualisation images of a pressure surface leading edge separation

bubble

The spacing of static pressure tappings, particularly on the pressure surface, does not fully

resolve the leading edge velocity spike. As a result it is expected that the peak value of

the velocity over-speed is severely underestimated and at high values of negative incidence

a plateau in the Cp distribution is likely to occur in the decelerating region of the spike

indicative of the formation of a separation bubble.

On the pressure surface of the blade, a leading edge separation bubble forms at all values

of incidence tested and is highly Reynolds number dependent, especially at negative inci-

dence. Direct evidence of a pressure surface separation bubble can be seen from surface

oil flow visualisation shown in Figures 5.7. The images were taken with the cascade set

at negative incidence as this is where the largest pressure surface separation bubble will

occur. Comparing the image taken at Rec = 260, 000 and that taken at Rec = 400, 000 clearly

demonstrates the effect that Reynolds number has on leading edge separation bubbles. A

clear reduction in the length of the separated flow region can be seen.

It is well known, from previous studies, that the boundary layer on the pressure surface

of a circular arc CD stator blade transitions to a fully turbulent state in the presence of a

separation bubble near the leading edge [30, 31, 22]. Once turbulent, the boundary layer

remains in this state along the entire length of the pressure surface as there is no favorable

pressure gradient to relaminarise it or cause it to separate at the trailing edge. As a result of

this, the leading edge spike region and the separation bubble are likely to be determining

factors when looking at the effect of the pressure surface boundary layer on a CD stator

blade’s performance at negative incidence.

At large values of negative incidence the suction surface spike is small but there is the
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Figure 5.8: Suction surface Cp distribution at negative incidence indicating the formation

of a separation bubble at Rec = 260, 000 downstream of peak suction

strongest acceleration leading to peak suction. This results in a laminar boundary layer

existing from the leading edge to peak suction. Previous studies have shown that as this

laminar boundary layer meets the adverse pressure gradient following the point of peak

suction it is unable to remain attached to the surface and forms a separation bubble inside

which, the boundary layer becomes highly unstable and undergoes rapid transition. It is

through vigorous entrainment of turbulent flow, inside the separated flow region, during

the transition process that the boundary layer is driven back towards the surface forming a

separation bubble.

This type of transition process has been seen on low pressure turbine blades many times

before [39]. Evidence of such a separation bubble can be seen for the α1 = 42.6o and

Rec = 260, 000 case, by means of a perturbation in the static pressure distribution down

stream of peak suction (Figure 5.8). The difference between this case and that a the high

Reynolds number is clearly visible as the latter does not show signs of a separation bubble.
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5.5 Distribution of Turbulent Intermittency and Boundary Layer

Development

Solomon and Walker [83] developed a new method for determining turbulent intermittency

without the need for manual adjustment of the detector function threshold for each sensor.

The method combined the probability density function (PDF) method of Hazaeika and

Hirsch [28] and the peak-valley counting (PVC) method of Zohar and Ho [107]. The hybrid

PDF/PVC was used in this present study to look at transitional behavior in the linear

cascade over a range of incidence and Reynolds numbers (Section 4.6). The code bases its

calculation on raw traces of quasi-wall shear stress (τq =
(

E2−E2
o

E2
0

)3
). The traces are also

useful in providing confidence in the code and identifying turbulent events that convect

over the blades surface (Figure 5.15).

At negative incidence, upstream of the pressure surface velocity spike which will be large,

elevated levels of intermittency can be seen in the stagnation region (Figure 5.11(a)). The

minimum inlet flow angle obtainable is not extreme, however a large velocity over-speed

is created, leading to very high and rapidly changing levels of shear strain. The leading

edge region of compressor blades can contribute to the amplification and distortion of

background turbulence generated by the turbulence generating grid (Section 2.5). As the

flow accelerates rapidly, from stagnation through the velocity over-speed, the boundary

layers intermittency level decreases from γ ' 0.6 to 0.

When the plot of time average intermittency is compared with that of Cp, it appears that

the final film, on the pressure surface, is located in the decelerating portion of the velocity

spike, which is not, in fact, the case. This is due to the lack of static pressure tapping

resolution in this region as explained in Section 5.4.

Increasing the inlet flow angle to α1 = 45.0o results in the level of intermittency at the

leading edge of the pressure surface gradually decreasing until the boundary layer is almost

completely laminar between the stagnation point and the last film located at S∗ = −0.0214.

The velocity over-speed and corresponding levels of shear strain are significantly smaller at

design than they are at high values of negative incidence and this plays a key role in the

identified changes in intermittency.

Further increases in incidence past design bring about an increase in intermittency but the

increase is first seen at a location downstream of the leading edge velocity spikes peak

value. For α1 = 46.2o to α1 = 48.5o elevated levels of intermittency begin to move upstream

towards the stagnation point, through the favorable pressure gradient of the pressure sur-

face velocity spike (Figures 5.11(g) and 5.11(i)). At α1 = 48.5o the boundary layer is seen to
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have an intermittency value of γ = 0.9 with in S∗ = 0.005 of the blades stagnation point

and reaches a value of 1 a short distance downstream this location.

At positive incidence the pressure surface velocity spike is small. As a result the strong

favorable pressure gradient, in the first portion of the spike, acts over a very short surface

length and has little effect on stabilising the boundary layer. These trends can be seen in

Figures 5.10 and 5.11.

Elevated levels of intermittency in rapidly accelerating and extremely thin boundary layers

close to a blade’s leading edge is currently a key research topic in the turbomachinery field

[14, 36, 37]. Previously literature has lead to the belief that between the stagnation point

and the peak value of the velocity over-speed (S∗ ' 0− 0.02) the boundary is laminar and

separates, as such, shortly after the rapid deceleration of the velocity spike commences.

Figures 6.8(b) and 5.6(b) display a trend contrary to this popular belief. At high incidence

the level of turbulent intermittency is seen to rise rapidly as the flow accelerates through the

velocity over-speed, which has previously been seen to help maintain a laminar boundary

layer. As the peak in velocity is reached, the calculated value of turbulent intermittency

approaches unity. The flow then encounters the extreme adverse pressure gradient where

the boundary layer reaches an intermittency value of γ = 1, separates from the surface and

forms a separation bubble.

By increasing α1 from 47.75o to 48.5o there is a significant increase in high frequency dis-

turbances in the raw quasi-wall shear stress traces at the blades leading edge (Figure 5.9).

Such disturbances could well be caused by free-stream, surface normal or streamwise ve-

locity perturbations impinging into the extremely thin laminar boundary layer in the stag-

nation region. It is unlikely that a turbulent boundary layer could be sustained in such

a region due to its strong favorable pressure gradient and extremely small value of Reθ

[1, 53]. As a result the boundary layer may indeed appear to be turbulent, but could well

be a thin laminar boundary layer experiencing a large number of external influences from

the free-stream.

High levels of instability in a separated shear layer are known to promote a rapid transi-

tion process. Significant amounts of turbulent entrainment following the transition process

drives the boundary layer towards the surface closing the bubble. In the current situation

it is possible that, if the boundary layer is in a turbulent state before the deceleration of the

spike, turbulent entrainment might not be the only driving force behind the re-attachment

process, particularly at very high values of incidence and low Reynolds numbers. Turbu-

lent entrainment will be occurring in the separated shear layer, however the re-attachment

process may be assisted by changes in the pressure gradient from extremely adverse to
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Figure 5.9: Raw traces of τw in the leading edge region at high incidence

favorable at the end of the spike.

Changes in the shape of the Cp distributions discussed in Section 5.4 is connected predomi-

nantly with the length and shape of the separation bubble in the leading edge region which,

in itself is a direct result of separation and reattachment processes.

Unlike trends identified on the pressure surface, the boundary layer on the suction surface

shows an increase in intermittency with incidence across the leading edge region.

All cases show that between S∗ = 0− 0.06 the point of maximum intermittency and cor-

respondingly minimum quasi wall shear stress were obtained from either of the hot-film

sensors located between S∗ ' 0.0289 - 0.0373. Both of these films lie in the strong adverse

pressure gradient of the leading edge velocity spike.

A gradual increase in turbulent intermittency is seen over the early portion of the suction

surface between α = 42.6o and α1 = 45o with the Rec = 400, 00 case showing consistently

elevated levels compared to the case with Rec = 260, 000. Higher Reynolds numbers lead

to an increase in boundary layer instability and are associated with the early onset of tran-

sition.

When increasing the inlet flow angle past α1 = 45o the boundary layer transitions rapidly

to a turbulent state just down stream of the leading edge (S∗ = 0.0289). This corresponds
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(a) Inlet flow angle of 42.6o (b) Inlet flow angle of 43.6o (c) Inlet flow angle of 44.4o

(d) Inlet flow angle of 45o (e) Inlet flow angle of 45.8o (f) Inlet flow angle of 46.2o

(g) Inlet flow angle of 47.4o (h) Inlet flow angle of 47.75o (i) Inlet flow angle of 48.5o

Figure 5.10: Comparison of inlet flow angle effects on the time averaged intermittency

distribution at Rec = 260, 000.
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(a) Inlet flow angle of 42.6o (b) Inlet flow angle of 43.6o (c) Inlet flow angle of 44.4o

(d) Inlet flow angle of 45o (e) Inlet flow angle of 45.8o (f) Inlet flow angle of 46.2o

(g) Inlet flow angle of 47.4o (h) Inlet flow angle of 47.75o (i) Inlet flow angle of 48.5o

Figure 5.11: Comparison of inlet flow angle effects on the time averaged intermittency

distribution at Rec = 400, 000.
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to evidence of a leading edge separation bubble forming in the extreme adverse pressure

gradient in the downstream section of the velocity over speed. Previous research has shown

that separated shear layers are extremely unstable and undergo rapid transition which ties

in closely with this observation.

After the separation bubble reattaches to the surface the flow accelerates along the suction

surface towards peak suction. The turbulent intermittency is seen to reduce significantly

over this portion of the blade’s surface at negative incidence and moderate values of positive

incidence. At α1 = 45.8o and Rec = 260, 000 the boundary layer changes from having a

turbulent intermittency of γ = 1 to γ = 0.4 between S∗ ' 0.0293 and S∗ = 0.1. This is

discussed in more detail in the following Section 5.5.2.

As the inlet flow angle is further increased the extent of the fully turbulent region at the

leading edge increases gradually with final transition, to a fully turbulent boundary layer,

occurring in the region of peak suction where the favorable pressure gradient begins to

relax before becoming adverse. At Rec = 400, 000 and α1 = 47.40 or α1 = 47.75o the level

of turbulence intermittency drops only slightly from γ = 1 to γ ≈ 0.85 in the region of

accelerating flow where as at Rec = 260, 000 the level of intermittency is seen to drop to a

value of approximately 0.65. Once α1 = 48.5o the boundary layer is seen to remain in a fully

turbulent state from just downstream of the stagnation point to the trailing edge.

5.5.1 Trends in Quasi Wall Shear Stress Downstream of the Leading Edge Spike

As the hot-film sensors were not calibrated prior to use they cannot be used to give a

quantitative value of wall shear stress. Trends in quasi wall shear stress can, however, be

used to identify how a boundary layer develops under certain conditions, which can help

explain how a boundary layer may be developing. These trends can then be compared

between different runs under various flow conditions.

Figures 5.12 and 5.13 show that, at Rec = 260, 000, downstream of the reattachment point

(S∗ ≥ 0.06) that τq remains almost constant. τq is proportional to du
dy which, for a constant

boundary layer thickness (δ), should increase in a favorable pressure gradient. A constant

value of τq, in an accelerating flow, must then be linked with a moderate increase in δ.

At Rec = 400, 000 the value τq decreases significantly following the completion of the re-

attachment process (S∗). This shows that the boundary layer in the higher Reynolds number

case must be thickening at a greater rate compared to the Rec = 260, 000 case as the flow

accelerates up the suction surface.

During the relaminarisation process, seen to be occurring downstream of the leading edge
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(a) α1 = 42.6o (b) α1 = 44.4o

Figure 5.12: Time averaged leading edge distribution of τq at negative incidence

(a) α1 = 47.75o (b) α1 = 48.5o

Figure 5.13: Time averaged leading edge distribution of τq at positive incidence

spike, the boundary layer velocity profile should become more laminar like and as a result,

ignoring other effects, this should correspond to a decrease in quasi wall shear stress. As the

flow is accelerated towards peak suction there is potential for δ to reduce and thus increase
du
dy . It is possible for these two processes to occur simultaneously, which could lead to a

plateau in the τq down stream of the leading edge spike. This is seen at Rec = 260, 000 with

positive incidence and can be seen in Figure 5.13(a). A rapid rise in quasi wall shear stress

is seen followed by a plateau and a slight increase. The rapid increase in shear stress can be

partially attributed to the reattachment process of the separation bubble and the increase

following the plateau could well be attributed to a thinning of δ∗ in the favorable pressure

gradient.

For the case of Rec = 400, 000 a significant decrease in τq can be seen to occur after a similar

rapid rise as was previously mentioned in the Rec = 260, 000 case following the leading
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edge spike in the favorable pressure gradient leading to peak suction. This would suggest

that the boundary layer is growing with increasing δ∗ as it accelerates towards peak suction.

This could possibly be due to large levels of turbulent entrainment from the free stream and

the boundary layer becoming unstable at a far higher rate than in the Rec = 260, 000. As

a result of this it is expected that the boundary layer will transition to turbulence more

rapidly at a higher Reynolds number, which is seen in this study.

A similar effect of Reynolds number can be seen between the τq plots at lower values of

incidence and a gradual change can be seen with increasing incidence. Figures 5.12(a) and

5.12(b)

There were no hot-film sensors downstream of peak suction on the suction surface, however

the static pressure distributions can be used to give a good indication of how the flow, over

the blade’s surface, behaves as it is typically more predictable than in the leading edge

region and has been investigated extensively in the past. From the point of peak suction

to the trailing edge there is little change in the general trend in Cp with incidence. That

is other than, at very high values of incidence, where the Cp distribution plateaus near

the trailing edge, indicative of a trailing edge separation forming, and that the blade is

approaching the point of stall.

5.5.2 Boundary Layer Relaminarisation

The concept of boundary layer relaminarisation is poorly understood and documented in

the literature. In this study it is defined as a process where a boundary layer moves toward

a more laminar state associated with a decrease in turbulent intermittency, as the decay

of turbulence outweighs its production [19]. Figures 5.10 and 5.11 show this trend very

clearly. For a boundary layer to fully relaminarise, it would be require to move from a fully

turbulent state to a laminar one (γ = 1→ 0). This is a dramatic change and requires a very

strong favorable pressure gradient over significant surface lengths. This can be found on

turbine blades with circular arc leading edges but not in axial compressors.

A number of criteria proposed to identify the potential for relaminarisation in highly accel-

erated boundary layers are listed by Narasimha and Shreenivasan [58], where the concept

of relaminarisation is investigated in great detail. One of the most commonly used criteria,

and the one adopted in this study, is the acceleration parameter K = ν U′
U2

∞
. This criterion

suggests that relaminarisation would be possible for a value of K ≥ 2× 10−6 over a distance

of at least 20δ. Figures 5.14(a) and 5.14(b) show how the acceleration parameter changes

when the flow moves up the suction surface towards peak suction. The threshold value of
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K = 2× 10−6 outlined by Narasimha and Shreenivasan is shown. Based on the Blassius

solution for a laminar boundary layer 20δ corresponds to S∗ ' 0.035.

Two trends are instantly visible when comparing these plots: a general increase in the

magnitude of the acceleration parameter with decreasing incidence and also an increase in

the length of the surface over which it could act to stabilise a boundary layer. It is also clear

that for a given value of incidence, the low Reynolds number case shows a higher value of

K.

(a) Rec = 260, 000 (b) Rec = 400, 000

Figure 5.14: Change in acceleration parameter (K) in the favorable pressure gradient of the

suction surface leading to peak suction

As a result full or partial relaminarisation is more likely to occur at low inlet flow angles

and lower Reynolds numbers. Also a decrease in inlet flow angle and Reynolds number

will also help prevent transition from occurring in the leading edge region.

Figures 5.15(a) and 5.15(b) support that, not only is the boundary layer undergoing relam-

inarisation but there is a distinct difference between the appearance of the raw traces with

an increase in Reynolds number. The highlighted areas on both plots identify key turbulent

events that grow rapidly in the adverse pressure gradient of the velocity over-speed and

following this significantly reduce in magnitude as they move through the favorable pres-

sure gradient of the suction surface. This clearly demonstrates that the favorable pressure

gradient is damping turbulent fluctuations which can then be associated with a decrease in

the time-averaged turbulent intermittency.

Increasing the Reynolds number raises the percentage of high frequency fluctuations present

in the traces and with this is a increase in the overall level of turbulence intermittency. Large

perturbations are more easily identified at a lower Reynolds number.
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(a) Rec = 260, 000 (b) Rec = 400, 000

Figure 5.15: Raw traces of QWSS showing the damping of turbulent events initiated in

the leading edge region leading to a reduction in the time averaged intermittency at two

Reynolds numbers.

5.6 Boundary Layer History And Its Effect On Reynolds Number

Dependency In The Leading Edge Region

It is important to consider the history of a boundary layer when trying to explain subtle

differences in flow characteristics in highly complex flow regimes. Prior to the point where

there are clearly Reynolds number dependencies the development of quasi-wall shear stress,

Cp and turbulent intermittency appear to posses very similar characteristics.

At high values of inlet flow angle, prior to S∗ = 0.02, the shape of the leading edge spike

does not change with Reynolds number and the point of maximum Cp is almost identical

when the two cases are compared. The same can be said from S∗ = 0.02 to 0.0293 where

the flow commences its rapid deceleration following the point of maximum velocity.

After the boundary layer separates from the surface a change in Reynolds number from

Rec = 260, 000 to Rec = 400, 000 leads to a significant change in the shape of the Cp distri-

butions. Between the leading edge stagnation point and the point of separation the bound-

ary layers at the two tested Reynolds number show almost identical trends in intermittency.

Figures 5.16(a) and 5.16(b) show that at lower values of incidence, near the design point, the

higher Reynolds number case clearly shows higher levels of turbulence intermittency over

the measured portion of the blades surface.

Looking at the relative state of τq =
(

E2−E2
0

E2
0

)3
at different Reynolds numbers (Figures 5.13

and 5.12) in the region of interest leading up to the point where the boundary layer separates
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(a) α1 = 42.6o (b) α1 = 45o

Figure 5.16: Leading edge Cp and intermittency distribution near design incidence

from the surface the Rec = 400, 000 case shows significantly higher levels of quasi wall shear

stress, which could be considered indicative of a thinner and more stable boundary layer.

The same difference is consistent in the reattachment zone.

At Rec = 400, 000 the boundary layer experiences a far more extreme pressure gradient in

the re-attachment region of the separation bubble and as a result the re-attachment process

is completed over a shorter surface length resulting in a shorter separation bubble. For the

Rec = 260, 000 case the pressure gradient imposed on the flow during re-attachment is more

gradual leading to a longer bubble.

It is generally understood that at a higher Reynolds number, upon separation, turbulent en-

trainment is likely to occur more vigorously leading to a more aggressive transition and/or

reattachment process. This would be valid if, prior to separation, the boundary layer was

laminar, however the time averaged intermittency plots show that at the point of separation

the boundary layer is already turbulent with γ = 1. This is, of course, unless the bound-

ary layer is laminar prior to separation and the intermittency and high frequency turbulent

velocity perturbations impinging on the boundary layer are leading to a false prediction of

turbulence as discussed in Section 5.5.

5.7 Influence of Reynolds Number And Inlet Flow Angle On Blade

Pressure Loss

The previous sections have outlined how changing the inlet flow angle and Reynolds num-

ber of a compressor cascade can have a significant impact on the flow distribution and



5·95

development over a CD stator blade’s surface. This information is now used to provide

sufficient evidence in order to explain trends in the loss loop plots shown in Figure 5.17.

It is apparent from these results that the differences between the two loss loops are centered

about a point very close to the design inlet flow angle where the two curves converge

on the same value (ω = 0.022). At negative incidence testing at Rec = 400, 000 shows a

significantly lower level of loss compared to the Rec = 260, 000 case and the reverse can be

seen at moderate to high, positive, incidence. To explain these differences flow observations

made in the earlier parts of this paper must be re-visited.

Figure 5.17: Loss loop plot showing the change in blade pressure loss with increasing inlet

flow angle

At negative incidence two key factors determine the differences in loss seen between the

Rec = 260, 000 and Rec = 400, 000 cases: the separation bubbles seen to form downstream

of peak suction on the suction surface at Rec = 260, 000 and also in the leading edge velocity

spike on the pressure surface.

The boundary layer on the pressure surface separates from the surface in the decelerating

region of the velocity spike before undergoing rapid transition. A turbulent boundary layer

is then maintained over the entire surface. This has to be the case as the pressure gradient

downstream of the leading edge region on the pressure surface is close to zero with only

a slight acceleration towards the trailing edge of the blade leaving no potential for the

boundary layer to relaminarise. As a result the turbulent wetted area at both Reynolds

numbers will be almost identical, varying only with changes in bubble length.
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The size of the leading edge separation bubble does change significantly with Reynolds

number which, as has been mentioned previously, creates the largest amount of loss per

unit length on a low speed blade’s surface [13]. Figures 6.4(a) and 6.4(b) show the bubble

is seen to decrease in length from being approximately 18mm to 12mm from the point of

separation to the point of reattachment with an increase in Reynolds number from Rec =

260, 000− 400, 000. The length was measured using a scale fitted around the leading edge of

the blade. An increase in bubble length of 6mm or S∗ = 0.02 is observed which is significant

compared to the leading edge circular arc which has a radius of 5.3mm.

On the suction surface, the boundary layer development at both Reynolds numbers show

very similar trends other than evidence of a separation bubble forming downstream of peak

suction on the suction surface at Rec = 260, 000. At Rec = 400, 000 there is a slightly elevated

level of intermittency over the surface and transition is expected to occur slightly closer to

the leading edge. It is expected that these differences will have a very small influence on

the differences in profile loss between Reynolds numbers at negative incidence.

As the inlet flow angle is increased to α1 = 45o the pressure surface velocity spike height

decreases, reducing the size of the pressure surface separation bubble and as a result the

component of loss from the pressure surface also decreases. A bubble is seen to form at

both Reynolds numbers but the same Reynolds number dependency is still present with the

Rec = 400, 000 case forming a shorter bubble. On the suction surface, the leading edge spike

height increases and although there will be little difference in the final transition locations

between the two Reynolds number cases, the boundary layer shows an elevated level of

intermittency at Rec = 400, 000 leading to peak suction.

At design incidence α1 = 45o both cases show very similar trends in intermittency, Cp

and quasi-wall shear stress and as a result show very similar trends in loss, which is to be

expected. This also shows that the blade is most stable to changes in Reynolds number at

its design point indicative of a well designed profile.

Between design incidence and α1 = 45.8o, a separation bubble is seen to form at the leading

edge of the suction surface. This results in the loss at both Reynolds numbers increasing

rapidly. The higher Reynolds number case begins to show slightly higher values of blade

pressure loss, which can be connected to an increase in intermittency and wall shear stress.

As the inlet flow angle is further increased to α1 = 47.75o the blade has significantly higher

blade pressure loss values at Rec = 400, 000. This is the opposite trend to that seen at

negative incidence. Higher levels of turbulent intermittency are seen over a greater area on

the suction surface and the final point of transition occurs slightly earlier.
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Figure 5.18: Leading distribution of time averaged quasi-wall shear stress

Figure 5.18 shows that at Rec = 400, 000 there is a rapid decrease in quasi-wall shear stress

in the lead up to peak suction, which indicates significant thickening of the boundary layer

that is not seen in the Rec = 260, 000 case and will lead to an increase in the momentum

thickness at the trailing edge and thus an increase in loss. The pressure surface separation

bubble is small at positive incidence and the boundary layer is turbulent over almost the

entire surface. As a result changes in its size and associated loss generation will not change

significantly with Reynolds number.

When maximum incidence is approached, blade profile loss for both Reynolds number cases

converges. Transition occurs at the leading edge and a separation bubble is present. A fully

turbulent boundary layer exists over both surfaces downstream of the leading edge which

separates in the adverse pressure gradient close to the trailing edge. Prior to this point, both

loss loops display a rapid increase in loss. This starts at α1 = 47.4o for Rec = 260, 000 and at

α1 = 47.75o for Rec = 400, 000 and can be accounted for by the formation of a trailing edge

boundary layer separation.

5.8 Conclusions

This chapter has examined, in detail, the flow around a CD compressor stator blade with a

circular arc leading edge in cascade. Changing the inlet flow angle and Reynolds number in

the cascade brought about significant changes in blade pressure loss. At negative incidence,

loss was seen to increase as the Reynolds number was decreased - changes in incidence also
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brought about moderate changes in loss. In contrast, at positive incidence, the opposite

trend was displayed, with blade pressure loss increasing with Reynolds number and was

more heavily influenced by changes in the inlet flow angle, which became more apparent

at high inlet flow angles.

A separation bubble formed, at the leading edge of the pressure surface, under all test con-

ditions. The bubble length was dependent on Reynolds number and incidence. A gradual

decrease in bubble length was observed as incidence was increased. The same trend was

observed when increasing Reynolds number from Rec = 260, 000 to Rec = 400, 000. The

Reynolds number dependency was more evident at negative incidence as the bubble was

larger and a visible change in bubble length was observed using flow visualisation. The

suction surface separation bubble formed at values of positive incidence (α1 > 45o) and

displayed the same Reynolds number dependency as that seen on the pressure surface al-

though the differences were smaller due to an overall decrease in bubble length compared

to that seen on the pressure surface. Reynolds number effects are thus more prevalent at off

design operating points where the possibility of large separated flow regions is increased.

This is particularly important when leading edge separation bubbles are possible as sub-

sequent transition and increases in momentum thickness have significant influences over

blade performance and loss generation.

When a laminar separation bubble forms at the blade’s leading edge it leads to rapid tran-

sition and the formation of a boundary layer upon reattachment. On the pressure surface

this boundary layer is maintained along the blade’s surface to the trailing edge. On the

suction surface, the favorable pressure gradient downstream of the leading edge, leading

to peak suction, has a relaminarising effect on newly developed, fully turbulent, boundary

layer. The potential for relaminarisation is highest at negative incidence, where the bound-

ary layer is least susceptible to transition at the leading edge, and decreases as incidence

and blade loading increases.

Elevated levels of high frequency perturbations are seen in the raw quasi wall shear stress

traces of films located between the stagnation point and the peak of the velocity over-speed.

The turbulent intermittency routine identifies these fluctuation with a turbulent boundary

layer, which would be impossible to sustain in such a strong favorable pressure gradient

and with such small values of Reθ [66]. This could be misleading if insufficient attention

is paid to looking at the raw traces on which the intermittency routine bases its decisions.

These findings tie in with those of Chapter 7 which reveal how freestream turbulence is

amplified and distorted in the leading edge region of the blade row and demonstrates how

such turbulence is penetrating though the thin laminar boundary layer onto the blades

surface.
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At negative incidence the blade has a lower level of pressure loss with an increased Reynolds

number where as at positive incidence the opposite trend is observed. A sharp rise in loss

is seen as the inlet flow angle of the cascade is increased past the blade’s design point (α1 =

450) and transition shifts forwards to the leading edge separation bubble. The point where

the initial point of transition jumps to the blade’s leading edge could be called a critical

value of incidence for this blade profile at a particular Reynolds number and freestream

turbulence intensity. When the inlet flow angle is increased to a point nearing blade stall, the

loss at both Reynolds numbers begin to converge. At this point a fully turbulent boundary

layer is present over the entire surface of the blade.

These findings confirm that boundary layer relaminarisation is possible with a sufficiently

strong favorable pressure gradient over a significant surface length and is most likely to

occur at a low Reynolds number and negative incidence. Separation bubbles form at the

leading edge of both surfaces, this initiates rapid transition, increasing the turbulent wetted

area on the blade and local loss generated inside the bubble. The bubble also leads to an

increase in the momentum thickness at the leading edge and, as the momentum thickness

at the trailing edge is proportional to that at the leading edge, this can have a large impact

on blade pressure loss (Section 2.7).



Chapter 6

Comparison Between MISES and

Experimental Predictions of Cascade

Performance

6.1 Introduction

How well the MISES flow solver, developed by Mark Drela and Harold Youngren [17] at

MIT in the 1980’s, and other preliminary design codes predict the performance of compres-

sor blades in cascade is of key importance to the turbomachinery industry today. Especially

with the increased reliance on "blind" optimisation routines during early stages of the de-

sign process.

MISES is a collection of programs used for the analysis and design of cascade blade rows. It

is a 2D/quasi-3D coupled viscous/inviscid Euler method, which solves the viscous bound-

ary layer and inviscid freestream flow regimes simultaneously. A block diagram of the

MISES system and all its components is shown in Figure 6.1, which is a modified version

of the MSES code that utilises a modified Abu-Ghannam and Shaw criterion for the pre-
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Figure 6.1: Block diagram of the MISES system [? ]

diction of transition onset and includes both linear-stability (natural) and bypass transition

correlations. A user defined inlet turbulence level is thus required [1].

An investigation was carried out using MISES at all the conditions tested experimentally

(Section 5.2), allowing for a direct comparison to be be made between the two sets of results.

Inlet and exit pitchwise three-hole probe traverses were carried out to determine the in-

flow and outflow conditions of the compressor cascade, which were used in MISES’ input

files. Of particular importance were the inlet and outlet flow angles and the pressure loss

coefficient of the stator blade. The time-mean static pressure distribution and velocity distri-

bution of the stator blade were made using a series of static pressure tappings and hot-film

data was interpreted to determine the location of boundary layer separation and transition

locations.

This chapter explores the differences between predicted and experimental loss loops. Mea-

surements obtained in Chapter 5 are compared against post-processed results from output

files produced in MISES. These comparisons are then used to identify how well MISES pre-

dicts flow patterns around a CD stator blade with a circular arc leading edge in cascade

and what leads to its inaccuracies.
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6.2 Comparison Between Experimental Results and MISES

It is evident that the MISES predicted and experimental loss loops, are both Reynolds num-

ber and incidence dependent. Figure 6.2 clearly indicates the Reynolds number dependency

predicated by MISES differs significantly from that found experimentally at positive inci-

dence, but not at negative incidence. The following section will explain the mechanisms

behind the similarities and differences between the two loss loops.

Three main areas of the loss loops will be discussed: negative incidence, design incidence

and positive incidence at two Reynolds number: Rec = 260, 000 and Rec = 400, 000. The

general trends will also be compared with unsteady data published by Henderson [30]

measured inside the 1.5 stage low-speed axial compressor at the University of Tasmania,

which has a stator blade row with an identical mid-span blade profile to the blade tested

during this project.

Figure 6.3 compares predicted and experimental static pressure distributions at a range

of inlet flow angles for both tested Reynolds numbers. It is clear that the overall static

pressure distribution and thus blade loading, including that in the leading edge region, is

well predicted by MISES. Differences in the leading edge spike height could be accounted

for by a lack of static pressure tapping resolution

(a) Experiment (b) MISES

Figure 6.2: Loss loop plots showing the change in blade pressure loss with increasing inlet

flow angle

6.2.1 Negative Incidence α1 = 42.6o − 45o

At large values of negative incidence and low Reynolds numbers, the suction surface bound-

ary layer of a compressor blade is expected to remain laminar until downstream of peak
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(a) Rec = 260, 000 (b) Rec = 400, 000

Figure 6.3: Comparison of Cp distributions between MISES and experimental results over a

range of inlet flow angles

suction where transition then occurres inside a separation bubble that forms in the adverse

pressure gradient on the blades surface. As either the value of incidence or Reynolds num-

ber is increased, the likelihood of the boundary layer undergoing separated flow transition

downstream of peak suction reduces and transition becomes more likely to occur close to

peak suction by a natural or bypass mechanism ([97], [34]).

At negative incidence the experimental loss loops and those predicted by MISES show an

increase in loss with Reynolds number. On the suction surface, MISES predicts that transi-

tion occurs in the adverse pressure gradient downstream of peak suction or just upstream of

this location where the favorable pressure gradient begins to relax. MISES does not predict

the formation of a separation bubble on either the suction or pressure surface downstream

of the leading edge region under any of the test conditions at negative incidence. It does

however predict a perturbation in the Cp distribution directly downstream of the point of

transition onset. This could easily be confused with the formation of a separation bubble,

as in the adverse pressure gradient it appears to depict a plateau in static pressure, which

is a well known characteristic of a separated flow region but the wall shear stress does not

reach zero - MISES’ condition for separation onset.

Downstream of the point of separation the wall shear stress (τw) will be greater than zero in

the re-circulating flow region of the bubble. It is thus apparent that the perturbation repre-

sents a change in the shape of the boundary layer as a result of transition. At Rec = 400, 000

the perturbation in Cp moved upstream of peak suction into the favorable pressure gradi-

ent, where boundary layer separation is not possible - confirming the previous explanation.
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Experimental Cp distributions also show a perturbation in Cp downstream of peak suction

at Rec = 260, 000 at the lowest value of incidence. This perturbation occurs a significant

distance downstream of peak suction between S∗ = 0.45− 0.55 which could be the forma-

tion of a small laminar separation bubble, however this evidence is not conclusive. If this

were the case it would lead to an increase in pressure loss at lower Reynolds numbers due

to high entropy production rate associated with separated flow regions.

Intermittency distributions are interpreted to obtain transition locations on the suction sur-

face which are expected to be very similar between experiment and MISES at both Reynolds

numbers. The main exception being at Rec = 400, 000, which showed an elevated level of

intermittency before the boundary layer finally transitions to a fully turbulent state near

peak suction. The final transition location is not expected to differ significantly at negative

incidence with Reynolds number. This should cause little change in the turbulent wetted

area seen on the blades suction surface. As a result similar levels of loss will be attributed

to the suction surface with varying Reynolds numbers (Figure 6.5(a))

Predictions from MISES (Figure 6.7) and experimental flow visualisation (Figures 6.4) shows

that a separation bubble forms in the leading edge region of the pressure surface over the

entire range of inlet flow angles and Reynolds numbers tested. The size of the bubble is

strongly Reynolds number dependent, decreasing in length with increasing Rec - a well

documented trend previously discussed in Chapter 5.

Experimental and computational predictions of the flow development on the pressure sur-

face at low inlet flow angles are very similar at both tested Reynolds numbers. The only

significant difference comes from the extent of the separated flow region at the leading edge

which, as previously mentioned, produces the greatest amount of loss per unit length out

of commonly encountered boundary layer flow characteristics [13].

From the above mentioned trends the majority of the elevated level of loss seen at Rec =

260, 000 compared to Rec = 400, 000 at negative incidence is attributed to an increase in

size of the separation bubble at the leading edge combined with the increased potential of

a separation bubble forming downstream of peak suction at low Reynolds numbers. This

is confirmed when individual surface loss plots are generated (Figure 6.5) which show a

relatively large increase in loss with a decrease in Reynolds number on the blades pressure

surface compared to the suction surface.
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(a) Rec = 260, 000 and α1 ≈ 42.6o (b) Rec = 400, 000 and α1 ≈ 42.6o

(c) Rec = 260, 000 and α1 ≈ 48.5o

Figure 6.4: Surface flow visualisation images of a pressure surface leading edge separation

bubble

6.2.2 Design Incidence α1 = 45o

At and around the CD stators design operating point, both experimental and computational

results show that the overall blade pressure loss curves become independent of Reynolds

number. Figures 6.5 and 6.6 both show that loss generated on the pressure and suction

surfaces are also independent of Reynolds number. This is not unexpected as at design

incidence, blade performance, stability and efficiency should be least sensitive to changes

in flow conditions.

Increases in loss attributed to the increase in size of the pressure surface separation bubble

at low Reynolds numbers are balanced by the an increase in the overall intermittency levels

on the suction surface leading to peak suction at Rec = 400, 000. There is no evidence of

separated flow on the suction surface at design incidence and the turbulent wetted areas on
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(a) Change in suction surface loss with Reynolds num-

ber at negative incidence

(b) Change in pressure surface loss with Reynolds

number at negative incidence

Figure 6.5: Plots showing the distribution of loss generated by the pressure and suction

surfaces at Rec = 260, 000 and Rec = 400, 000 for values of negative incidence

the pressure surface is almost identical at both Reynolds numbers.

This is the region where both Reynolds number cases show that the pressure loss is most

sensitive to changes in inlet flow angle. The increased sensitivity is caused by the formation

of a leading edge separation bubble, which results in the location of transition jumping

to the leading edge of the blade - increasing the turbulent wetted area and enhancing the

importance of boundary layer relaminarisation. When a separation bubble forms and tran-

sition jumps to the leading edge, MISES predicts a discrete discontinuity in the loss loop as

the code is incapable of calculating relaminarisation and a step increase in turbulent wetted

area is predicted.

6.2.3 Positive Incidence α1 = 45− 48.5o

At positive incidence significant differences are observed when comparing the loss loops

predicted by MISES and that shown from experimental findings. MISES’ predictions show

the low Reynolds number case of Rec = 260, 000 has significantly higher levels of loss

(Figure 6.2(b)). Additional MISES simulations show this trend continues as the Reynolds

number continues to decrease below Rec = 260, 000. The opposite trend is seen in the

experimental loss loops (Figure 6.2(a)), which shows an increase in blade pressure loss with

Reynolds number.

Figure 6.6 indicated that on the suction surface an increase in Reynolds number corresponds

to an increase in loss generated for inlet flow angles between α1 = 45o and 47.75. The in-

crease in loss is linked with an increase in turbulent intermittency over the early portion of
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the suction surface. Under these conditions transition occurs inside the leading edge sepa-

ration bubble followed by relaminarisation of the boundary layer as it accelerated towards

peak suction. Chapter 5 showed that boundary layer relaminarisation was more effective

at lower Reynolds numbers, leading to a decrease in the production of loss in favorable

pressure gradient on the suction surface.

At inlet flow angles greater than α1 = 47.4o a trailing edge separation forms at both tested

Reynolds number. The separated flow region is slightly more prominent at Rec = 260, 000,

which should lead to a increase in blade loss generated at the lower Reynolds number.

However this is not the case as a result of a difference in turbulent wetted area over the

front portion of the blade due to the increased amount of relaminarisation at low Reynolds

number (Section 5.5.2).

(a) Change in suction surface loss with Reynolds num-

ber at positive incidence

(b) Change in pressure surface loss with Reynolds

number at negative incidence

Figure 6.6: Plots showing the distribution of loss generated by the pressure and suction

surfaces at Rec = 260, 000 and Rec = 400, 000 for values of positive incidence

Both data sets predict a separation bubble forming in the decelerating portion of the suction

surface leading edge spike at both Reynolds numbers tested for the incidence range of

α1 = 45.8o - 48.5o. Evidence also points to the bubble length being Reynolds number

dependent - decreasing in size with increasing Reynolds number as was seen at negative

incidence on the pressure surface (Figure 6.8).

A leading edge separation bubble is also seen on the pressure surface at positive incidence

for both Rec = 260, 000 and Rec = 400, 000 in both sets of results. As a result transition

occurs at the leading edge and the turbulent wetted area on the pressure surface will be

essentially independent of Reynolds number and will vary only as the separation bubble

changes length.

As incidence is increased, the length of the separation bubble on the pressure surface de-

creases as the velocity overspeed peak value reduces in size (Figure 6.4(c) and 6.4(a)). As
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a result of this global reduction in bubble size, differences in bubble length as a result of

changes in Reynolds number, and associated losses, will reduce and should play a less

dominant role in the differences between loss loops at high incidence. This trend is not

supported by Figure 6.6 which shows a greater difference in loss on the pressure surface at

positive incidence as previously mentioned, however the difference in loss increases with

Reynolds number - supporting the differences identified in the overall loss loops.

MISES predicts that the pressure surface separation bubble has an almost constant length

with an increase in inlet flow angle and the Reynolds number dependency of the bubble

length also remains almost constant as a result. These differences will lead to MISES over

predicting the amount of loss generated on the pressure surface at positive incidence and

will indicate a larger component of loss from the pressure surface at a lower Reynolds

numbers - both of which lead to MISES predicting a larger value of loss at Rec = 260, 000

compared to Rec = 400, 000 at positive incidence.

(a) Suction surface (b) Pressure Surface

Figure 6.7: Suction and pressure surface separation and reattachment locations predicted

by MISES.

One key difference between the experimental findings and MISES predictions at positive

incidence is the location of the point of final transition.

MISES predicts that once a separation bubble forms at the blades leading edge, transition is

triggered within the bubble, and a fully turbulent boundary layer then exists over the entire

remainder of the blades surface. The formation of a separation bubble and subsequent

jump forward in transition location from near peak suction to S∗ ' 0.05 is seen to occur

at α1 = 45o for Rec = 400, 000 and at α1 = 45.8o for Rec = 260, 000. This dramatic shift in

transition location corresponds to the discontinuity in the blade pressure loss seen in Figure

6.2(b).
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The experimental results show that although a separation bubble is seen to form first at α1 =

45.8o for both Reynolds numbers causing the boundary layer to undergo rapid transition.

Following this the boundary layer is seen to relaminarise as it accelerates towards peak

suction before finally undergoing transition in the relaxed or adverse pressure gradient

(Section 5.5.2). From this point a fully turbulent boundary layer is sustained to the trailing

edge of the blade.

For inlet flow angles of 45.8o and Rec = 260, 000 the level of turbulent intermittency reduces

to a value of approximately 0.5 within the first 10% of surface length following the leading

edge separation where the value of turbulent intermittency approaches unity. The predic-

tion of such a relaminarisation phenomena is not possible within MISES. As a result, the

presence of a leading edge separation bubble will lead to the prediction of a fully turbulent

boundary layer over the entire surface downstream of the leading edge velocity overspeed.

A significant difference in turbulent wetted area between the two data sets is the result with

MISES displaying a greater coverage of fully turbulent flow that will inevitably lead to an

increased predicted loss production on the suction surface.

Due to the spacing of the hot-film sensors it is not possible to obtain a very accurate mea-

surement of the length of the separation bubble that forms in the leading edge of the suction

surface from quasi-wall shear stress measurements. Figure 6.9 shows that there is a clear

step down in τq when moving from α1 = 45o to α1 = 45.8o. It also shows that the separation

bubble is seen to form in the same region as that predicted by MISES (Figure 6.7(b)). MISES

predicts the point of separation to occur very close to S∗ = 0.0275, which lines up almost ex-

actly with a hot-film sensor and the lowest value of τq seen on the surface. Comparing plots

of C f from MISES and τq from the experimental results, strong similarities are observed in

the trends predicted around the separated flow region.

Unfortunately the reattachment location at both Reynolds numbers is predicted to lie be-

tween the two sensors located at S∗ = 0.0373 and S∗ = 0.0456. To support results from

the hot-film sensors the Cp distributions can also be used to determine the location where

the boundary layer separates and reattaches to the surface (Figures 6.8 and 6.7. This clearly

shows that both MISES and experiment show that bubble length is Reynolds number de-

pendent as was the case on the pressure surface.

At α1 = 48.5o experimental results show a bubble length of S∗ ' 0.012 and S∗ ' 0.008 for

Rec = 260, 00 and Rec = 400, 000 respectively. On the other hand MISES predicts bubble

lengths of S∗ ' 0.012 and S∗ ' 0.017 for Rec = 260, 000 and Rec = 400, 000 respectively.

The leading edge separation bubble should give rise to a larger increase in blade pressure

loss at a lower Reynolds number in MISES’ predictions compared to the experiment which

shows a smaller increase in bubble size.
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(a) MISES (b) Experiment

Figure 6.8: Cp distributions from MISES predictions and experimental results at α1 = 49.5o

Between α1 = 45.8o − 47.75o experimental results show that blade pressure loss is higher

with increased Reynolds number, which is the opposite trend to that predicted by MISES.

It is believed that the extent of the blades turbulent wetted area is larger for Rec = 400, 000

compared to Rec = 260, 000.

At α1 = 48.5o the loss loops at both Reynolds numbers are seen to converge on a single

value, which is to be expected as the boundary layers on both surfaces are seen to transition

to a fully turbulent state very close to the leading edge stagnation point, before the leading

edge spike. At such elevated inlet flow angles the blade pressure loss is seen to be increasing

dramatically as a result of the formation and increase in size of a trailing edge separation.

6.3 Proportion of Individual Surface Loss Generation

The contribution of each surface to the total blade pressure loss is an important parameter to

look at when identifying which surface has the most profound effect on blade performance.

Experiment results show that at α1 = 42.6o and α1 = 48.5o there is approximately a 55% :

45% split between the amount of loss generated by the suction surface and pressure surface

respectively. Wheeler [98] reported MISES showing that approximately 70% is generated

by the blades suction surface and only 30% by the pressure surface. These findings are

considerably different from one another and may have led users of MISES to concentrate

design efforts on the suction surface and not the pressure surface, particularly in the leading

edge region where both surfaces have the potential to form leading edge velocity overspeeds
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Figure 6.9: Time averaged quasi wall shear stress in region where leading edge separation

bubbles are seen to form

resulting in the formation of a separation bubble and transition at the leading edge. Velocity

overspeeds can be removed with appropriate leading edge designs [22].

6.4 Effect of periodic unsteadiness on blade pressure loss loops

There is a fundamental difference in the shape of the loss loop seen in Henderson’s experi-

mental work, those predicted by MISES and results obtained from the compressor cascade

used in this thesis. The differences seen are believed to stem from the fact that Henderson’s

work was done in a 1.5 stage axial compressor where unsteady wake passing events were

shown to have a significant impact on boundary layer transition, separation and develop-

ment.

The characteristic difference in shape is seen near the stator blades design point (α1 = 45o)

where MISES and the experimental work in this thesis show that an increase in inlet flow

angle leads to a leading edge separation bubble which, in turn, leads to a sharp increase

in blade pressure loss. This is not seen in the experimental data obtained by Henderson

as wake passing events interfere with the formation of the leading edge separation bubble

and transition processes on the blade. The compressor at UTAS has a reduced frequency of

ωs = 1.88 which results in an overlap of the one wake passing event with the calmed region

following the previous wake. As a result the transition onset location will continuously
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Figure 6.10: Block diagram of the MISES system

be moving and the leading edge separation will be seen to form between wake passing

events and collapse as the wake passes over the leading edge. This then removes the chance

of a discrete point forming where the initial transition location ’jumps’ from a point near

peak suction to the leading edge and as a result there is no sharp increase in loss as design

incidence is passed.

6.5 Conclusions

This chapter shows that MISES makes a good attempt at predicting a number of very spe-

cific and complex flow phenomena such as the leading edge velocity over-speed, leading

edge separation bubbles on the suction and pressure surfaces as well as trailing edge sepa-

rations at high values of inlet flow angle - especially considering the minimal computational

resources it requires.

Due to the previously mentioned lack of static pressure tapping resolution on the blade

(Section 5.4) the experimental and computational Cp distributions will show some differ-

ences. The leading edge velocity over-speed is well represented by MISES and both data

sets show the same trend in this region and around peak suction.

The Reynolds number dependency of the separation bubbles predicted by MISES displays

the same trend as in the experimental results however the change in bubble size with in-
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Figure 6.11: Loss loop plot from MISES and time averaged unsteady experimental data

obtained by Henderson [30] showing the change in blade pressure loss with increasing inlet

flow angle

creasing incidence is under-estimated with an almost constant bubble size predicted on

both surfaces. The pressure surface bubble was seen to significantly decrease in length with

an increase in inlet flow angle and the opposite trend was seen on the suction surface when

a bubble formed at values of inlet flow angle above α1 = 45o. This leads to an effective

overestimate of bubble length at low Reynolds numbers by MISES leading to an increase in

the proportion of blade pressure loss.

MISES is not capable of predicting boundary layer relaminarisation, which is clearly present

on the suction surface leading to peak suction, particularly at low to moderate values of

inlet flow angle and low Reynolds numbers. As a result MISES over predicts the turbulent

wetted area on the blades surface when transition occurs in the leading edge region.

Overall MISES is a very useful tool to obtain a gauge on blade profile performance but its

short falls must be taken into account. When increasing inlet flow angle from negative to

positive incidence both experimental and predicted trends are very similar. It does not,

however, predict the distribution of loss at some inlet flow angles over a range of Reynolds

number accurately which may become problematic in future designs stages.



Chapter 7

Effects Of Changing The Stator

Reduced Frequency Of A Compressor

Cascade At Design Conditions

7.1 Introduction

Studies on high lift low pressure turbines have shown, by introducing periodic wake in-

duced unsteadiness, a blade that performed poorly under steady flow conditions could

produce up to 15% more lift and less loss than the datum steady flow test case. A large

separation bubble formed downstream of peak suction in steady conditions, which was

periodically suppressed by wake passing events, significantly reducing losses generated

within the boundary layer [78, 11, 42].

Volino [92] studied the effect of changing the wake passing frequency with high and low

free-stream turbulence conditions at two Reynolds numbers. At low wake passing frequen-

cies the boundary separated between wakes as was observed under steady flow conditions.

At an increased Reynolds number and freestream turbulence level, a lower reduced fre-
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quency was required to largely suppress the separation. This supports previous studies

that showed increasing Reynolds number and freestream turbulence level reduces the like-

lihood of a boundary layer separating and increases the likelihood of it reattaching once

separated.

Howell [41] investigated the effect of varying reduced frequencies with an ultra high lift

LP turbine blade profile in cascade. Results showed that as the reduced frequency and

Reynolds number were increased a significant decrease in loss was seen. Five reduced

frequencies were tested ranging from ωs = 0− 1, 1 over a range of Reynolds numbers from

Rec = 70, 000 to Rec = 210, 000 and the profile loss was seen to decrease by up to a factor of

approximately 2.5.

Figure 7.1: Effect of Reynolds number and reduced frequency on LP turbine blade profile

loss [41]

The decrease in loss is linked with the size of a separation bubble that formed in the decel-

erating portion of the suction surface downstream of peak suction.

The effect of reduced frequency increase on loss was seen to decrease as the Reynolds

number was increased because this leads to a decrease in the size of the separation bubble

that re-formed in between wake passing events. As a wake event passed through the bubble

which formed between wake passing events, the bubble collapsed and the resulting loss per

unit area decreased. It was also shown that an optimum value of reduced frequency exists

for a particular operating condition. Howell [41] showed that if this is exceeded the benefits

gained from suppressing separated flow regions become outweighed by the increase in the

proportion of the blade surface covered by wake generated turbulent flow (Figure 7.1). A
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similar effect was seen when artificially generated turbulent spots were convected through

a separated shear layer.

Varying the rotor wake passing frequency strongly influences boundary layer development

and transition between wake passing events when one wake induced transitional strip over-

laps the calmed region following the previous transitional strip. By removing a blade from

the upstream rotor blade row Halstead et al. [27] showed that once the calmed region passed

a laminar separation bubble formed inducing transition upstream of the transition location

observed in the calmed zone.

A number of authors have shown that steady CFD predictions match well with unsteady

experimental results in rotating compressors [30] and [22]. The difference in loss was ex-

pected to be due to the detrimental effect of the wake being balanced by the calmed region

that follows the wake event over the blade surface and through the periodic suppression of

separation bubbles at off design operating points - particularly in the leading edge region.

In these experimental programs, the frequency of wake passing events at a given operating

point was not changed. The current study aims to identify the effect of varying the stator

blade’s reduced frequency at a fixed flow coefficient and to identify how this change in-

fluences boundary layer development and blade pressure loss. In many numerical models

transition is ignored and a fully turbulent boundary layer is defined from the blade leading

edge resulting in an increased turbulent wetted area compared to the flow over a real blade.

This increases rate of loss generation over portions of the blades suction surface that would

be transitional in nature, resulting in an increase in blade pressure loss.

The pitchwise averaged inlet flow angle tested in this investigation is α1 = 45.5o (positive

incidence i = 0.5o) and based on results from Chapter 5, and from MISES predictions,

a small separation bubble is expected to form at the leading edge of the suction surface

under steady flow conditions. A separation bubble will also form on the pressure surface.

The introduction of unsteady wakes will influence the inlet flow angle to the compressor

cascade. Figure 7.2 displays how a wake passing event alters the velocity triangle of the

flow at the inlet of the blade row. The result is a periodic increase in inlet flow angle such

that α1w > α1.

Wheeler [98] reported that wake passing events also lead to a local migration of the leading

edge streamline and that this can lead to a local increase in incidence of up to 15o (Figure

7.3). This local and periodic change in incidence is believed to make the separation bubble

pulsate. The bubble initially grows as the wake approaches the leading edge where its

potential field increases the inlet flow angle, the bubble is then suppressed as the wake

passes over the leading edge region until it convected downstream where the bubble re-
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forms to a similar size as that seen in a steady flow environment.

In the absence of a boundary layer separation the periodic passing of a wake increases

the local time varying and time averaged incidence on to the blades in cascade. Wakes

convect over the blades as a highly unsteady anisotropic turbulent strip [84] and as the

wake encounters the blade’s leading edge it is chopped, before circulation within a blade

passages stretches and deforms it. Due to the velocity differential between the suction

and pressure surfaces the wake segments move at different velocities on their respective

surfaces.

Gostelow and Thomas [25] identified that the adverse pressure gradient imposed on a flat

plate caused strong amplification of instabilities upstream of a separated flow region. These

instabilities developed into turbulent spots inside the shear layer of a separation bubble,

which eventually turned into a fully three-dimensional turbulent boundary layer.

Figure 7.2: Effect of passing wakes on the inlet flow angle α1 of a stator blade row

The ability of turbulent wake passing events to favorably influence the performance of tur-

bomachinery blades is highly dependent on the size and location of separated flow regions.

Away from the point of stall, compressors with blade geometries representative of that seen

in real engines rarely see large separated flow regions under steady flow conditions, par-

ticularly near the design operating point, unlike highly loaded turbine blades. The largest

reported on this blade occurred at the leading edge of the pressure surface at negative inci-

dence and a low Reynolds number. As a result the likely gains in performance are expected

to be lower that that seen in turbines without radical changes in blade profiles.
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Figure 7.3: Effect of passing wakes on the leading edge stagnation streamline of a compres-

sor stator blade row

7.2 Scope Of Investigation

Initial testing was intended to repeat the test conditions carried out by Henderson [30] in

the research compressor at the University of Tasmania. As described in Section 3.2.3 three

stator reduced frequencies were tested: ωs = 0.47, 0.94 and 1.88 at an inlet flow angle of

α1 = 45.5o, Reynolds number based on blade chord of Rec = 230, 000 and a freestream

turbulent intensity of 4.0%. These values of reduced frequencies were chosen to cover a

range centered around ωs = 0.84 - the value for a stator blade in an embedded stage of a

large three-spool turbofan engine and was provided by Rolls Royce Pty. A value of ωs = 1

was identified as a target for compressor designers [40].

Figures 7.4(a) - 7.4(c) show the difference in wake passing period with an increase in stator

reduced frequency. Lines are superimposed onto the plots to identify how long a particle

would take to convect over the blade’s surface at the freestream velocity. This gives a

clear indication of how increasing reduced frequency increases the number of wake passing

events present on the surface at any one time.

A range of measurements will be used to look at the blade’s performance such as; time

averaged surface static pressure measurements, inlet and exit 3-hole probe traverses and

instantaneous, ensemble averaged and time averaged hot-film data for the calculation of

turbulent intermittency and quasi wall shear stress.

Figures 7.5 and 7.6 show the distribution of inlet and exit flows through the cascade over

the range of reduced frequencies tested showing a good level of periodicity.

The range of tests in the unsteady data set was limited by a number of uncontrollable
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(a) ωs = 1.88

(b) ωs = 0.94

(c) ωs = 0.47

Figure 7.4: Ensemble averaged quasi wall shear stress traces for a stator reduced frequency

of ωs = 0.47, 0.97 and 1.88
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Figure 7.5: Distribution of inlet flow angle of the cascade with varying stator reduced

frequency

Figure 7.6: Distribution of exit velocity coefficient of the cascade with varying stator reduced

frequency
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factors. Strict time constraints were in place and as a result the unsteady experimental

program was limited to testing at a single inlet flow angle.

7.3 Expected Steady Flow Performance at α1 = 45.60 and Rec =

230, 000

To create a baseline case, results from steady tests discussed in Chapter 5 are used to ensure

consistency with results obtained when operating the cascade in an unsteady operating

condition. In between wake passing events following the calmed zone region, trends in

boundary layer development and blade pressure loss should return to values close to those

observed under steady conditions, particularly at low reduced frequencies, where there is

a large gap between the calmed region of one wake, and the wake induced turbulent strip

generated by the following rotor blade or rotating bar [92].

Chapters 5 and 6 identified that at α1 = 45.8o and Rec = 260, 000 the suction surface bound-

ary layer formed a small separation bubble in the decelerating portion of the velocity over-

speed. Within the bubble, rapid transition occurred, increasing the turbulent intermittency

to a value of γ = 1, which is indicative of a fully turbulent boundary layer. Downstream

of the spike the newly turbulent boundary layer was relaminarised in the suction surface’s

favorable pressure gradient where the turbulent intermittency decreased to a value of ap-

proximately γ = 0.5. The favorable pressure gradient then relaxed prior to peak suction

where final transition occurred and a fully turbulent boundary layer was then maintained

to the trailing edge.

On the pressure surface, under the same conditions, the boundary layer separated at the

leading edge and underwent transition within the separation bubble. As there is no signifi-

cant favorable pressure gradient on the pressure surface, the boundary layer remained in a

fully turbulent state until the trailing edge of the blade.

During unsteady testing, the Reynolds number was set at Rec = 230, 000 - lower than both

steady test cases in Chapter 5. Decreasing the Reynolds number increases a boundary

layer’s likelihood of separation at a given inlet flow angle and a separation bubble will

form at a lower value of incidence. In steady test cases an inlet flow angle of α1 = 45.8o was

used, which compared to the unsteady test value of α1 = 45.5o should lead to an increased

likelihood of a leading edge separation forming. Combining the differences in Reynolds

number and inlet flow angle should lead to a very similar trend in the boundary layer

development and loss generation. Comparing Figure 5.17 to Figure 7.14 confirms this and
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at a reduced frequency of 0 there was a difference in blade pressure loss of 4ω = 0.0001

compared to the steady case with Rec = 260, 000 and α1 = 45.8o.

A small separation bubble was thus expected to form at the leading edge at an inlet flow an-

gle of α1 = 45.5o and Rec = 230, 000, triggering rapid transition of the boundary layer before

the favorable pressure gradient of the suction surface relaminarised it from approximately

γ = 1− 0.5.

The formation of a separation bubble and leading edge transition is supported by results

from MISES, which predicts that a leading edge separation bubble forms at the leading

edge of both surfaces under both sets of steady conditions mentioned above. The separation

bubble is slightly smaller for the Rec = 230, 000.

Based on findings from Chapter 5 boundary layer relaminarisation will be slightly more

effective at Rec = 230, 000 compared to Rec = 260, 000.

Between wake passing events, after the calmed zone, the ensemble averaged distribution

of intermittency is expected to resemble that of the equivalent steady flow case, which is

confirmed in Figure 7.13.

7.4 Effect of Reduced Frequency on Leading Edge Velocity Spike

The leading edge velocity over-speed has a large influence over blade performance and loss

generation (Section 5 and 2.7). Figure 7.7 shows that the suction surface spike height (point

of maximum velocity in the spike) grows with an increase in stator reduced frequency. The

opposite trend is seen on the pressure surface where the maximum value within the spike

decreases with an increase in reduced frequency. The increase and decrease on the suction

and pressure surfaces are small relative to the overall spike height.

Changes in time-averaged spike height are due to a combination of the local increase in time

varying incidence at the leading edge (Figure 7.3) and an increase in the overall inlet flow

angle to the cascade caused by a transfer of momentum to the inlet flow from the rotating

bars as they moved in a downward direction parallel to the cascades leading edge plane.

Both effects lead to an increase in incidence (Figure 7.2).

Figure 7.3 shows how the passing of a wake can increase the local time varying inlet flow

angle of a blade row [98]. During this fluctuation the inlet flow angle will increase past the

design point where, under steady conditions, a leading edge separation bubble would form

based on observations in Chapter 5.
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Figure 7.7: Time averaged effect of passing wakes on the leading edge velocity over-speed

to the compressor cascade stator blade row

The overall shape of the static pressure distribution and thus blade loading is essentially

independent of reduced frequency (Figure 7.8).

7.5 Leading Edge Boundary Layer Development

The influence of wake passing events on boundary layer development in compressors is

critical as it periodically influences the location of transition, the formation/suppression of

separations and the blade’s turbulent wetted area.

Calculated values of turbulent intermittency and hot-film traces of quasi-wall shear stress

(QWSS) were used to evaluate the state of the transitional boundary layer over the front

portion of the blades suction surface. The intermittency routine developed by Solomon and

Walker [83] and described in Section 4.6 was used in this investigation to determine the

ensemble averaged transitional behavior of the cascade operating under unsteady condi-

tions. The code bases its calculation on time records of voltage from the hot-film gauges,

which are converted into a trace of quasi-wall shear stress using (τq =
(

E2−E2
o

E2
0

)3
). Raw

traces are also useful in providing confidence in the code through qualitative analysis and

for identifying, by inspection, how the boundary layer develops over the blades surface.
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Figure 7.8: Time averaged Cp distribution over the range of stator reduced frequencies

tested in the compressor cascade

It is important to view raw traces of quasi wall shear stress to evaluate the development of

boundary layers over the blade surface. Raw and ensemble averaged traces are presented

here to identify different trends as the boundary layer develops through the leading edge

velocity spike and onto the suction surface. All quasi-wall shear stress traces are displayed

as an AC component only. The AC coupling was achieved by removing the mean of each

trace from the raw signal (Equation 7.1. Signals are spaced along the Y-axis based on either

S∗ or a constant factor of 5xS∗ to avoid the overlapping of signals.

τqac = τq − τq (7.1)

During the following discussion the relaminarisation of a boundary layer is defined to be

a reduction in its turbulent intermittency and not the transformation of a fully turbulent

boundary layer to a laminar one.

Plots of quasi-wall shear stress traces are divided into four areas highlighted on the sec-

ondary Y-axis. These correspond to: 1.) the initial portion of the pressure surface velocity

overspeed, 2.) the strong favorable pressure gradient of the suction surface velocity over-

speed, 3.) the extreme adverse pressure gradient of the suction surface velocity overspeed,



7·125

4.) favorable pressure gradient leading to peak suction on the suction surface. This has been

done for ease of explanation in characteristically different regions of flow.

Comparing plots in Figure 7.4 with Figures 7.11(a)-7.11(c) and 7.12(a)-7.12(c) displays that

each value of reduced frequency tested has a different number of wake passing events over

a given period of time (t). The wake passing period decreases with an increase in reduced

frequency. Referring to Figure 7.4 it is evident that following a wake passing event a calmed

or region of relaxed flow exists before the ensemble average of the flow returns to its steady

state value. This simplifies the actual time varying picture as can be seen in Figures 7.11(a)-

7.11(c) and 7.12. Raw traces show a far less uniform distribution of quasi wall shear stress.

Turbulent strips are still clearly evident as a steep increase in quasi wall shear followed by

turbulent fluctuations.

Turbulent strips from wake passing events and turbulent bursts show a steep elevation in

quasi-wall shear stress followed high frequency fluctuations. The quasi-wall shear stress

then decreases gradually creating the calmed zone following the turbulent patch. Differ-

ences in the gradient of quasi-wall shear stress before and after a turbulent patch can clearly

be seen in Figures 7.4 and 7.11(a)-7.11(c)

Figure 7.9 highlights come of the important characteristics of a wake passing event as it con-

vects over the leading edge and early portion of the suction surface which will be discussed

in detailed in the following passages.

.

The distributions of time averaged QWSS (Figure 7.10) shows that a boundary layer separa-

tion does not form continuously in the adverse pressure gradient of the leading edge spike

on the suction surface. Figure 6.9 shows that under steady conditions the average value of

QWSS dropped to near zero in the separated region - this trend is not present in Figure

7.10. Given that the boundary layer would separate under steady conditions the presence

of wake induced turbulent strips periodically suppresses the formation of the separation

bubble at the leading edge, increasing the time average value of QWSS in the separated

flow region. This trend is expected based on literature previously discussed.

.

Increasing the reduced frequency changes not only the proportion of the blade’s surface

covered by wake induced turbulent strips at any given time, but also the calmed, laminar-

like, region that follows each strip. The impact of this and its influence on boundary layer

development is visible when comparing Figures 7.11(a)-7.11(c), which show raw traces of

quasi-wall shear stress through the reattachment zone of the separation bubble near the end
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Figure 7.9: Plot of ensemble averaged QWSS with important wake characteristics high-

lighted

of the leading edge adverse pressure gradient and onto the very early portion of the suction

surface. This region is where the most rapid amplification of turbulent fluctuations occur

both inside and outside of wake passing events as shown in Figures 7.11(a)-7.11(c).

Upstream of this location in the extreme adverse pressure gradient of the spike, raw traces

show a dramatic reduction in perturbations in quasi-wall shear stress between wake passing

events indicative of stagnant flow, within a separated flow region, forming between wakes.

A small increase in QWSS, indicative of a turbulent burst can still be seen in the trace as the

wake passes through the separated region.

Dashed lines are overlaid on Figures 7.11(a)-7.11(c) and 7.12(a)-7.12(c) are approximate

celerities of the wake centreline, which are to be used as a guide indicating the path of

wake induced strips over the surface.

At a reduced frequency of ωs = 1.88 Figure 7.11(a) shows clearly visible wake induced

turbulent strips, which have a significantly higher level of quasi-wall shear stress than the

flow in between wakes. The turbulent bursts increase in amplitude and width as the wake

convects over the surface through the adverse pressure gradient. Perturbations are also

present between wakes, which appear to be puff-like turbulent events [31] and grow in a

similar vein to the wake induced strips, however they are small in comparison.
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Figure 7.10: Distribution of time averaged quasi-wall shear stress over the range of reduced

frequencies tested

As the stator reduced frequency is decreased to ωs = 0.94 and 0.47, Figures 7.11(b) and

7.11(c) show that by the end of the adverse pressure gradient in the leading edge overspeed,

identifying wake passing events from turbulent bursts developing between them became

increasingly difficult.

At a reduced frequency of ωs = 0.94 a very similar amplification in quasi-wall shear stress

during a wake passing event was observed as at ωs = 1.88. In between wake passing events

however, turbulent bursts are more prevalent and appear to be amplified more vigorously.

By 5xS∗ = 0.36 in Figure 7.11(b) turbulent bursts developed away from wake passing events

become comparable not only in appearance but also in size to wake induced turbulent

strips.

At ωs = 0.47 wake induced turbulent strips are almost indistinguishable from turbulent

bursts between wake events on the trace located at 5xS∗ = 0.36 (Figure 7.11(c)). The number

of perturbations present near the separated flow region increases and each of these are

heavily amplified in the adverse pressure gradient following. By the start of the favorable

pressure gradient of the suction surface the boundary layer appears to be made up of a

large number of turbulent events, most of which are similar in magnitude and appearance

- including the wake induced turbulent strips. There is also evidence of adjacent turbulent

bursts merging in a larger turbulent patch of flow.

Some typical cases are highlighted in Figure 7.11(c) where it is impossible, given a sin-

gle trace, to identify wake induced turbulence from that developed between wake passing

events.
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(a)

(b)

(c)

Figure 7.11: Close up of raw traces of quasi wall shear stress for a stator reduced frequency

of ωs = 0.47, 0.97 and 1.88 in (a.), (b.) and (c.) respectively in the adverse pressure gradient

of the leading edge spike (Section 3 - Figure 7.9)
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This demonstrates that by reducing stator reduced frequency and increasing the wake pass-

ing period, the boundary layer in the leading edge spike and early portion of the suction

surface is more susceptible to transition and the development of turbulent bursts in between

wake passing events. This is a likely result of the decrease in the proportion of calmed flow

between wake passing events. It also highlights how powerful the calmed region is at

suppressing the development of turbulence within a boundary layer.

Further downstream the boundary layer accelerates (Section 4) towards peak suction in

the favorable pressure gradient on the suction surface. This region has previously been

shown to significantly relaminarise a turbulent boundary layer at a similar operating point

in steady flow (Chapter 5) and a similar trend was observed during unsteady operation.

Ensemble averaged plots of quasi-wall shear stress and intermittency in Figures 7.4 and

7.13 show this clearly and the damping of specific turbulent events can also be seen in

Figures 7.12(a)-7.12(c).

Figure 7.13 displays the contour plot of ensemble averaged turbulent intermittency, which

immediately demonstrates the transitional nature of the leading edge boundary layer under

the influence of unsteady wake passing events. A strip of elevated turbulent intermittency

(γ = 1) was formed in the decelerating portion of the spike in the region where a laminar

separation bubble formed under steady flow conditions. This turbulent strip is followed by

significant relaminarisation on the suction surface where γ reduced from a value close to

unity to approximately 0.5 (Figure 7.13). This is consistent with predictions made in Section

7.3 and through comparisons with traces of quasi-wall shear stress provides confidence in

the turbulent intermittency routine.

Wake passing events captured in each ensemble are consistent and spaced equally in time

(Figure 7.4 and 7.13). A wake induced turbulent strip is visible from the leading edge to the

end of the hot-film sensor array on both surfaces and have a higher level of intermittency

than the surrounding flow.

In the two regions of accelerating flow on the suction surface (regions 2 and 4) between

the stagnation point and the peak of the velocity spike, and downstream of the velocity

spike leading to peak suction there is a narrowing of the wake induced turbulent strip. The

opposite is observed in regions of decelerating flow (3) with the turbulent strips widening

in this region [31]. The wake passing event is thinnest at the peak of the velocity overspeed

following the extreme favorable pressure gradient and is widest at the end of the adverse

pressure gradient of the velocity overspeed. These trends are also highlighted in Figure 7.9.

The favorable pressure gradient of the suction surfaces changes significantly between the

end of the velocity overspeed and peak suction. Of particular note is the region between
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(a)

(b)

(c)

Figure 7.12: Close up of raw traces of quasi wall shear stress for a stator reduced frequency

of ωs = 0.47, 0.97 and 1.88 in (a.), (b.) and (c.) respectively through the favorable pressure

gradient on the suction surface leading to peak suction (Section 4 - Figure 7.9). Turbulent

events damped by the favorable pressure gradient are highlighted
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Figure 7.13: Ensemble average distribution of turbulent intermittency in the leading edge

region at α1 = 45.5o, Rec = 230, 000 and R f = 0.94 in the compressor cascade

S∗ = 0.06 − 0.08 where Figures 7.7 and 7.8 show a steep increase in pressure gradient.

Downstream of S∗ = 0.08 the pressure gradient relaxes, which results in not only a mild in-

crease in intermittency but a widening of the wake induced turbulent strips. This relaxation

is also shown in Figure 7.10 where a decrease in time average QWSS is observed. This is

connected with an increase in boundary layer thickness in an accelerating boundary layer.

The intermittency level of the wake induced turbulent strip is also influenced by pressure

gradients and follows the same trend as the flow between wake passing events. It is appar-

ent from Figures 7.4, 7.13 and 7.11(a)-7.11(c) that pressure gradients have a greater influence

over the relaminarisation of flow between wake passing events with a significantly greater

reduction in intermittency observed even though, at the end of the velocity overspeed, both

regions of flow have similar levels of intermittency. This ties in with the stabilising and
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destabilising effect of favorable and adverse pressure gradients respectively, and suggests

that a newly turbulent or advanced transitional boundary layer is more susceptible to re-

laminarisation compared to a well established turbulent strip such as that from a wake

passing event.

The turbulent intermittency at particular blade surface locations varies with time in between

wake passing events. Referring to Figure 7.13 at a surface location between S∗ = 0.05− 0.06,

the plots of ensemble average intermittency show that following a wake passing event

(wakes travel from top to bottom) there is a more gradual decrease in intermittency fol-

lowing the wake - evidence of a calmed region following each wake passing event as seen

by Henderson and Walker [31], Gostelow and Thomas [25]. This supports previous discus-

sions that focussed on traces of QWSS.

7.6 Effect of Stator Reduced Frequency on Blade Pressure Loss

Blade pressure loss is an important measure of blade performance especially when making

comparisons between different machine operating points. Figure 7.14 shows how the nom-

inal time average blade pressure loss varies with an increase in stator reduced frequency

from ωs = 0− 1.88 at a fixed flow coefficient of φ = 0.675.

At a reduced frequency of 0 (steady flow case) the experimentally determined blade pres-

sure loss is 0.001 or 0.5% higher than the closest test case (α1 = 45.8o, Rec = 260, 000)

described in Chapter 5.

Increasing the stator reduced frequency to ωs = 0.4 results in a slight increase in the ex-

perimentally determined blade pressure loss of 0.0002. In the closest steady test case from

Chapter 5 an equivalent increase in loss would require an increase in inlet flow angle of

approximately 0.47o. Doubling the reduced frequency to R f = 0.94 lead to a sharp rise in

loss of 0.0005. The same value of loss under steady conditions was observed at an inlet flow

angle of approximately α1 = 47o and Rec = 260, 000. Further increasing reduced frequency

to ωs = 1.88 blade pressure loss continues to increase, however by a lesser amount of 0.0003

to a final value of 0.0233.

Increasing the stator reduced frequency from R f = 0− 1.88 brought about an overall in-

crease in loss of 4% or 4ω = 0.001 from the steady state baseline case.

Comparing this to the loss loop data from Chapter 5, it is the equivalent to a blade operating

at an inlet flow angle of α1 = 47.5o and a Reynolds number of Rec = 260, 000. Under these
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Figure 7.14: Effect of reduced frequency on blade pressure loss of a compressor stator blade

row

conditions a separation bubble clearly formed on both blade surfaces initiating transition

just downstream from the leading edge in the adverse pressure gradient of the spike. The

pressure surface remained in a fully turbulent state to the trailing edge whilst the suction

surface displayed a large turbulent patch after the leading edge spike before relaminarising

to a value of approximately γ = 0.65 in the favorable pressure gradient leading to peak suc-

tion. As the favorable pressure gradient relaxed transition to fully turbulent flow occurred

in the peak suction region. A trailing edge separation did not occur.

The overall loss loop shown in Figure 7.14 provides information about the overall per-

formance of the blade only and the experimental uncertainty is large compared with the

changes identified. Figure 7.15 helps identify how the overall blade pressure loss is dis-

tributed between the pressure and suction surfaces, which is important when identifying

the main mechanisms behind loss generation under varying operating conditions - such as

interpreting the influence an increase in the frequency of wake passing events has on the

performance of the stator. The relative uncertainly in the surface specific loss generation is

small.

From Figure 7.15, a definite trend is present on both surfaces. The influence of increasing

the stator reduced frequency has an opposite effect on each surfaces of a CD stator with a
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circular arc leading edge.

Figure 7.15: Breakdown of loss generated by the suction and pressure surfaces of the blade

7.6.1 Pressure Surface Loss

When moving from a steady to unsteady flow environment with a stator reduced frequency

of ωs = 0.44 the loss generated by the pressure surface remains almost constant.

Downstream of the leading edge the pressure surface boundary layer is fully turbulent and

remains in that state to the trailing edge.

Wakes travelling along the pressure surface appear as a positive jet, transporting fluid into

the boundary layer which thickens it, increasing local loss generation. A calmed region

follows the wake passing event as is convects over the surface which displays a similar

velocity profile to a turbulent boundary layer, but with a loss production rate comparable to

that of a laminar boundary layer (Section 2.4.1). It is possible that the benefits of the calmed

region could, in a fully turbulent boundary layer, lead to a decrease in loss compared to

the steady flow condition as there is no increase in turbulent wetted area caused by the

presence of a wake.

Wake passing events and turbulent spots are known to suppress the formation of separation

bubbles: a leading edge separation bubble was present under the current test conditions in
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steady flow. The periodic suppression of the leading edge bubble reduced the local rate of

loss generation compared to that under steady flow conditions.

As the reduced frequency is increased from ωs = 0.44 to 0.9 and 1.88 there is an almost

linear decrease in blade pressure loss generated by the pressure surface. The increase in

reduced frequency decreases the amount of time the leading edge separation bubble has

to re-form in between being suppressed by wake passing events and thus decreases the

ensemble average loss generation in this region.

Also as mentioned in Section 7.4 a slight increase in reduced frequency leads to an increase

in time averaged inlet flow angle, which corresponds to a decrease in the pressure surface

spike height and a reduction in the leading edge bubble length.

7.6.2 Suction Surface Loss

On the suction surface pressure loss follows an almost identical, but opposite trend to that

seen on the pressure surface when introducing periodic unsteadiness at a stator reduced

frequency of ωs = 0.44.

At a reduced frequency of ωs = 0.44 a wake induced turbulent strip is present on the

surface 44% of the time resulting in the blade having no influence from a wake passing

event for 66% of the time - during which the blade resumes a similar characteristic to that

seen in steady operation.

On the suction surface the wake is seen as a negative jet and has a thickening effect on the

boundary layer and boundary layer fluid is transported away from the surface.

A separation is expected to form, in between wake passing events, where the flow resumes

a steady flow-like intermittency distribution 7.3. During a wake passing event the separa-

tion bubble is suppressed, as the wake convects through the leading edge region, resulting

in a local reduction in leading edge momentum thickness - corresponding to a decrease in

blade pressure loss (Section 2.7). The potential decrease in loss is offset as the turbulent

wake leads to an increase in the time averaged turbulent wetted area on the suction surface.

This increases the loss produced over the front half of the blade, which, between wake pass-

ing events was transitional and caused relaminarisation to occur in the favorable pressure

gradient. The turbulent patch is followed by the same calmed region mentioned previously.

Increasing the reduced frequency increases the amount of time the blade is influenced by a

wake passing event.
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As ωs is increased to 0.9 and 1.88 the loss produced by the suction surface increases in an

almost linear fashion. At a reduced frequency of ωs = 1.88 the blade is in contact with 1.88

wakes at any one time. The increase in loss is as a result of the increase in turbulent wetted

area on the blades surface caused by wake passing events that have no capacity to suppress

separations on the surface and thus reduce blade loss.

If the inlet flow angle was increased such that under steady operation a leading edge sepa-

ration bubble formed on the blade, causing transition to occur at the leading edge, then the

influence of wakes could be beneficial and reduce the pressure loss on the suction surface

as was seen previously to occur on the pressure surface. The same result could be achieved

at large values of negative incidence where a separation bubble forms downstream of peak

suction.

7.7 Conclusions

This investigation has demonstrated that at near design conditions increasing stator re-

duced frequency increases blade pressure loss. The pressure and suction surfaces react

very differently to the change in reduced frequency.

On the suction surface, quasi-wall shear stress traces show an increase in turbulent activity

between wake passing events with a decrease in reduced frequency. This is coupled with

a reduction in wake induced turbulent wetted area due to an increase in wake passing

period at a fixed machine operating point. The clear increase in blade pressure loss on

the suction surface shown in Figure 7.15 suggests that an increase in the turbulent wetted

area from wake induced turbulent strips has a more significant impact than the enhanced

intermittency between wake events. Over the front portion of the blade steady flow is

transitional and relaminarising in the favorable pressure gradient leading to peak suction.

An increase in reduced frequency increases the overall turbulent wetted area of the blade -

elevating blade pressure loss.

Increasing the stator reduced frequency past ωs = 0.47 increases the amount of loss gener-

ated by the suction surface whilst decreasing the loss generated on the pressure surface.

Wake-induced turbulent strips suppress the leading edge separation bubble present under

steady flow conditions and between wake passing events following the calmed region be-

hind the wake. However the influence of this is likely to be minimal as the separation

bubble on the suction surface at Rec = 230, 000 and α1 = 45.5o under steady conditions is

small. Figure 7.10 supports this and shows an average value of QWSS above that seen in
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the separated flow regions in Chapter 5.

The pressure surface demonstrates a clear reduction in loss with an increased reduced fre-

quency. Downstream of the leading edge separation bubble, which is much larger than

than that seen on the suction surface, a fully turbulent boundary layer covers the blade’s

surface to the trailing edge. The increased periodic suppression of the leading edge sep-

aration bubble is expected to contribute to the decrease in pressure surface loss with an

increase in reduced frequency. As the boundary layer is fully turbulent, a decrease in local

loss production will be seen in the calmed zone following a wake passing event. The blade

surface covered by the calmed zone increases with reduced frequency, however the blade’s

turbulent wetted area does not.

It is expected that trends seen at near design incidence would change considerably under

off design conditions, particularly at positive incidence where a large separation bubble

forms under steady conditions leading to a large increase in local loss generation. Under

such conditions an increase in stator reduced frequency should reduce the increase in loss

with reduced frequency and at large values of inlet flow angle could create a reversed trend

similar to that seen on very high lift turbine blades.



Chapter 8

Turbulence Distortion and

Amplification In The Leading Edge

Region of An Axial Compressor Blade

In Cascade

8.1 Introduction

Free stream turbulence can be characterised as small scale, time dependent, high-frequency,

random velocity fluctuations superimposed on a time independent mean flow. Turbulence

has a large effect on laminar-turbulent transition and the development of boundary lay-

ers in axial-flow compressors. Boundary layers on the leading edge of compressor blades

are sensitive to changes in a machine’s operating point and flow conditions, and have a

significant impact on losses generated.

Computational fluid dynamics (CFD) has been a key tool in the aerodynamic design of

compressor blading in gas turbine engines for decades and is being relied on more and
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more in optimisation routines every day. Performance predictions during the design process

are critically dependent on the simulated boundary layer development. Boundary layer

physics such as transition, relaminarisation, separation and reattachment heavily impact

performance and are rarely modeled at all.

Many of the key determining factors required in CFD can either be measured directly or

modeled accurately using modern computational methods, except for free-stream and wake

turbulence which is seldom known in many practical situations [14]. This leads the CFD

user into making many, often crude, assumptions and the use of empirical turbulence mod-

els.

In the leading edge region of a compressor blade, the boundary layer is extremely thin,

laminar, and highly receptive to free-stream turbulence, especially when laminar separation

bubbles form. A number of detailed studies have shown the importance of the leading edge

region and how sensitive it is to small changes in geometry and flow parameters, [31, 23].

Changes in levels of free-stream turbulence intensity have a significant impact on boundary

layer development and thus on blade performance, which in turn can have a significant

impact on engine performance [53, 95, 24, 88]. Free-stream turbulence also has a large affect

on the mixing out of non-uniformities in enthalpy, entropy and temperature.

It is possible to modify low speed research facilities to better represent flow inside a mul-

tistage machine by installing upstream turbulence generating grids, fitting boundary layer

trips to the hub and casing and by installing grids downstream of a stator row to replicate

the potential flow field of a downstream stage.

Place et al. [65] showed that out of the previously mentioned changes elevating the free-

stream turbulence by means of an upstream turbulence generating grid had the largest

impact on performance leading to a 1.8% rise in stage efficiency.

Camp and Shin [6] conducted an experimental investigation into the turbulent flow field

inside embedded stages of three different low-speed four stage compressors. They showed

that the turbulence intensity at the inlet to stator varied from 3.6 - 7.0% and the turbulence

length scale location varied from 3.6 - 7.1 % of mean blade chord. This work clearly shows

that the environment inside the axial research compressor is highly unsteady and it is ex-

pected that these levels would further increase inside real engines.

The price of computing power is decreasing dramatically and the amount of computing

power used early in the design process stages is ever increasing, which has lead to a vast



8·140

reduction in numerical errors. However CFD users are still subjected to large errors in their

computations when incorrect models are selected within a particular solver.

Hobson [36, 37] showed, experimentally, that at medium to high incidence angles the free-

stream turbulence intensity (Tu) increased by an order of magnitude just ahead of and in

the leading edge region of a compressor cascade. This phenomena was attributed, not to

streamwise diffusion but to the high levels of shear as the flow undergoes strong accelera-

tion around the leading edge.

In regions of adverse pressure gradient Soranna et al. [84] showed, using PIV measurements,

that the compressed streamwise component of velocity fluctuation is enhanced and the

surface normal components, are stretched and suppressed. The opposite trend was seen

in regions of accelerating flow, which is consistent with rapid distortion theory (RDT).

It was also shown that in an area either side of peak suction where conditions are local

non-equilibrium the wake turbulence was reduced by a rapid change in orientation of the

compressive and extensive strains. This leads to the turbulence production rate becoming

negative, which in turn leads to a decrease in turbulent kinetic energy.

The above findings clearly show that the turbulence field in any blade row is going to be

highly anisotropic and non-homogeneous. Sarkar and Voke [71] indicated that the surface

normal fluctuations are more effective than the streamwise fluctuations in initiating bypass

transition and it is clear that if the performance of a blade is to be predicted accurately

the above mentioned phenomena must be modeled correctly. However a number of tur-

bulence models currently used in turbomachinery design processes assume isotropic and

homogeneous (frozen) turbulence, which will not lead to physically accurate results in all

scenarios.

This chapter investigates how three unmodified and widely accepted turbulence models

predict the flow leading up to, and around, the leading edge of a compressor blade. The

modelling is performed using ANSYS CFX and particular attention is focused on the pre-

diction of the free-stream turbulence field. The turbulence models selected for this study are

aimed to cover a range of scenarios from initial design calculations through to calculations

aimed at investigating detailed flow phenomena. Currently a frozen turbulence assumption

is used inside the MISES solver [17], which is used extensively in turbomachinery blade de-

sign and both the k− ω SST and RSM models available in ANSYS are used extensively by

industry and academia.

This chapter begins with a brief description of the CFD and experimental set-ups and the

turbulence models used. The results and discussion section presents a detailed comparison

of the different test cases. Final conclusions are then drawn as to the applicability of dif-
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ferent turbulence models to predict the turbulent flow field in the leading edge region of a

compressor blade without tuning or modification of the model codes as would be the case

for inexperienced CFD users.

8.2 Numerical Approach

The large scale, low speed, 2D compressor cascade in the Whittle Laboratory at the Uni-

versity of Cambridge was used in this investigation to provide experimental validation and

comparison with the CFD results. Section 3.2 gives details of the compressor cascade. A

CFD model was created and used in this work based on the cascade and Table 8.1 shows

some of its key parameters.

Table 8.1: Compressor Cascade Details

Chord [mm] 285

Cascade Span [mm] 610

Cascade Pitch [mm] 281

Reynolds Number (chord) 2.6 × 105

Inlet Flow Angle [deg] 49

The model domain consisted of a single blade element with periodic boundary conditions

above and below. The full span of the cascade was modeled (0.61m) with symmetry bound-

ary conditions applied to each side plane. The inlet boundary was located a distance of

1.13c axially upstream from the leading edge and 1.13c downstream from the trailing edge.

These lengths were based on the location of the turbulence grid upstream of the leading

edge and this was then matched at the exit of the cascade.

The turbulence intensity and length scale at the inlet plane of the model, which was located

the same distance upstream of the instrumented blades leading edge as the turbulence

grid in the real cascade (Section 3.2.4) were chosen to be 8.2% and 0.016m respectively.

These figures were based on calculations made to determine the decay of turbulence based

on correlations from Roache [68] and the actual dimensions of the turbulence generating

screen in the experimental rig. A simulated turbulence intensity of 4.5% was achieved at

the inlet plane to the instrumented blade.

An O-mesh was chosen for the grid type due to its simplicity when applied to 2D geome-

tries. O-meshes are also an essential requirement for accurate modelling of the near wall

flow region. ANSYS ICEM was used to create the computational mesh, and this consisted
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Figure 8.1: Computational mesh created in ANSYS ICEM with 1.3× 106 elements

of 13× 106 elements for the single passage (Figure 8.1). This is a very fine grid for a single

passage simulation, however as free-stream turbulence was an important parameter, a fine

grid was required throughout the three dimensional domain and not just in the boundary

layer. A y+ of less than 1 was maintained around the blades surface.

8.2.1 Reynolds-Averaged-Navier-Stokes (RANS) Modelling

Reynolds Averaged Navier Stokes based CFD significantly reduces computational require-

ments compared to LES or DNS, however it is at the expense of more detailed analysis

of turbulent flow and excludes multiple length scales present in any turbulent flow field.

Regardless of the specific RANS turbulence model only a single point in the wave number

- energy spectrum can be computed creating a fundamentally non-physical foundation for

the prediction of any turbulent flow field.

There are two main categories of RANS turbulence models: eddy viscosity models and

Reynolds Stress Models (RSM). Models of both types use a set of equations to compute

the Reynolds stresses. Both model types will be used in this investigation and the specific

formulations are outlined in Sections 8.2.2 and 8.2.3. It is important to define the RANS

equation and highlight where the Reynolds stress terms originate from.

The RANS equations are time averaged equations of motion for a fluid and are based on the



8·143

principal of Reynolds decomposition where the time-dependent velocity fluctuations (tur-

bulence) are separated from the mean flow velocity and then time averaged. This decom-

position creates a number of unknowns which are called the Reynolds Stresses. Reynolds

stresses are functions of velocity fluctuations and require turbulence models which produce

a closed system of equations.

It is then possible to describe a turbulent velocity as:

u = u(x, y, z) + u′(x, y, z, t)

with

u′ = 0

.

For two or three dimensional flow the other components of velocity are defined in a similar

fashion and the RANS equation in the x direction can be written as:

ρ

[
∂

∂x
(u2) +

∂

∂y
(uv) +

∂

∂z
(uw)

]
= −∂p

∂x
+ µ

[
∂2x
∂x2 +

∂2x
∂y2 +

∂2x
∂z2

]
−[

∂

∂x
(ρu′u′) +

∂

∂y
(ρu′v′) +

∂

∂z
(ρu′w′)

] (8.1)

This is the traditional form of the equation and was chosen as the terms grouped in the

last bracket are the derivatives of the Reynolds Stresses and are the source of turbulent

disturbances in an otherwise steady flow equation.

A more appropriate and common rearrangement of Equation 8.1 may be:

ρ

[
∂

∂x
(u2) +

∂

∂y
(uv) +

∂

∂z
(uw)

]
= −∂p

∂x
+[

∂

∂x

(
µ

∂u
∂x
− ρu′2

)
+

∂

∂y

(
µ

∂u
∂y
− ρu′v′

)
+

∂

∂z

(
µ

∂u
∂z
− ρu′w′

)] (8.2)

With this arrangement, terms involving time-dependent fluctuations or Reynolds Stresses

take on a form that better represents their designation as pseudo stresses, since: µ ∂u
∂x is

the viscous normal stress in laminar flow and −ρu′2 the normal stress due to turbulent

fluctuations.



8·144

8.2.2 Reynolds Stress Model (RSM)

Reynolds Stress Models (RSM) discard the isotropic eddy viscosity approach and solve

transport equations to directly compute the individual Reynolds stresses throughout a flow

field. The Reynolds stress transport equation accounts for the anisotropy of the Reynolds

stress tensor. It is often referred to as a Second Order Closure and is considered a high

order and elaborate turbulence model used in detailed CFD studies and can be expressed

as.

Du′iu
′
j

Dt
= Pij + Dij + Rij − εij (8.3)

The left hand side is the material derivative of the Reynolds stress component. The right

hand side terms Pij, Dij, Rij and εij correspond to the production, diffusion, redistribution

and dissipation terms, respectively.

RSM models are claimed to give superior performance than more simple two equation mod-

els in a number of situations such as in flows where streamline curvature or the curvature

of solid bodies is important, flow affected by buoyancy, and flows near stagnation points

and rotational flows. A number of RSM models are available and the SSG Reynolds Stress

model developed by Speziale et al. [86] is considered to give superior accuracy compared to

the LLR version developed by Launder et al. [48] in most flows, and this was used in this

investigation.

From the exact form of Pij the following kinetic energy production term can be derived.

Pk,exact = −u′u′
∂U
∂x
− v′v′

∂V
∂y
− ¯u′v′S (8.4)

8.2.3 k-ω SST Model

A wide range of two equation turbulence models are often used in CFD analysis. The

majority are based on solving convection-diffusion transport equations for k and ε (the rate

of dissipation of kinetic energy) or k and ω (the frequency of turbulence ω = ε
k ). In both

cases k is the turbulent kinetic energy. The eddy viscosity is expressed as

µt = ρCµ
k2

ε
(8.5)
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or

µt = ρCµ
k
ω

(8.6)

for a k− ε or k− ω model respectively. The turbulent velocity is calculated as u = k
1
2 and

the length scale is proportional to k
1
2

ω .

The k− ω based Shear Stress Transport (SST) turbulence model is a blend of the k− ε and

k− ω models [56]. The SST (Shear Stress Transport) model does not directly compute the

transport of turbulent shear stresses as turbulent kinetic energy k and turbulent frequency

ω are being convected in the flow. Bradshaw’s assumption is used to account for their

transport effects. The SST model uses of the k − ω formulation in the inner parts of the

boundary layer and this makes the model directly useable all the way down to the wall

through the viscous sub-layer. It then switches to a k− ε model in the free-stream and as

a result avoids the common k − ω problem where the model is too sensitive to inlet free-

stream turbulence properties. The k − ω SST model has been reported to behave well in

non-equilibrium boundary layers compared with the popular k− ε and k− ω models and

predicts boundary layer separation better than most other two equation models.

Bredberg [5] agues that turbulence affects the dissipation, diffusion and mixing processes

in a similar way to viscosity and as a result it is reasonable to model Reynolds stresses in a

way closely related to the viscous term.

Dυ =
∂

∂xj

[
ν

(
∂Ui

∂xj
+

∂Uj

∂xi

)]
(8.7)

The Reynolds stress term produced by Reynolds-averaging is

DR =
∂Rij

∂xj
=

∂

∂xj

(
−u′iu

′
j

)
(8.8)

which created the possibility to model for the Reynolds stress using

u′iu
′
j = αijkl(x, y, z, t)

(
∂Uk

∂xl
+

∂Ul

∂xk

)
(8.9)

In Equation 8.2.3 αijkl is a fourth order tensor, which has the capability to contain spatial

and temporal variations as well as anisotropic eddy viscosity. The directional component
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is lost in the eddy viscosity model concept and as a result turbulence is predicted to be

isotropic and results in

u′iu
′
j = νijkl(x, y, z)

(
∂Ui

∂xj
+

∂Uj

∂xi

)
(8.10)

The spatial variation is modeled using an algebraic relation and the temporal variation is in

most cases dropped.

8.2.4 Solution Method

A second order accurate descritisation scheme was used and all solutions were converged

to a RMS residual level of 10−6; two orders of magnitude below the default level set in

ANSYS.

8.3 Experimental Measurements

A series of experimental tests were performed in the leading edge region of the cascade

to allow for direct comparison with CFD results. 2D Particle Image Velocimetry (PIV)

was used in the suction surface leading edge region of the cascade’s instrumented blade.

The laser sheet was fired in the blade-blade plane at 50% span, whilst the camera was

aimed along the blade in a spanwise direction. The PIV interrogation window measured

52× 36.25mm and covered the first 7.5% of blade chord.

The instrumented blade was painted black to reduce surface reflections into the camera

lens, however some were still present, which had an influence over the systems ability to

capture the boundary layer and near wall region.

Section 3.2.4 discusses the turbulence generating grid designed to produce isotropic turbu-

lence with a turbulent intensity in the plane of the leading edge of the instrumented blade

of 4% with a turbulent length scale of 36mm - typical for a rig of this size and equivalent

to that found in industrial machines [6]. This was confirmed using the PIV system in Fig-

ure 8.10 and a hot-wire probe. The isotropic nature of turbulence entering the cascade is

demonstrated in Figure 8.17(b).

The PIV results give both instantaneous and time averaged information about the velocity

flow field as well as key properties such as 2D turbulence intensity and Reynolds stresses.
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Each time averaged image consisted of 960 image pairs, which was deemed to be sufficient

in order to obtain reasonable statistics on the turbulent flow field. Figure 8.2 shows that the

variation of Tu at different locations within the measurement window does not decrease

obviously with an increase in the number of images used to average results. This suggests

that the variability seen in the measurements is inherent in the flow field and is caused by

its highly disordered and unsteady nature (Figure 8.5).

(a) Sensitivity of Tu to changes in the number of image

pairs at various locations in the measurement window

(b) Locations where the sensitivity analysis was car-

ried out in the contour plot of Tu

Figure 8.2: Sensitivity analysis of experimental PIV results

By over-seeding the flow with smoke, instantaneous images of the turbulent free-stream

flow field could be taken using the PIV camera (Figures 8.5). This form of flow visualisation

is extremely effective at providing a qualitative picture of the flow field. The images clearly

demonstrate the enormous complexity of the flow field in the leading edge region of a

compressor cascade with elevated free-stream turbulence. Photographs contained in Figure

8.5 were not taken as a series of consecutive images, but represent independent events.

Upstream and downstream of the blades three hole probe traverses were performed on the

cascade to check flow periodicity and two dimensionality. These tests showed that the total

pressure varied by less than 1.3% based on freestream velocity and that the inlet flow angle

varied by less than 0.5o over the pitch centered about the instrumented blade. Static pressure

distributions were also used to confirm the inlet flow angle through comparison with CFD

results. These measurements were used to set inflow conditions in the CFD analysis.

It should be noted that in all the experimental plots the x and y axes are aligned approx-

imately parallel and normal respectively to the blade suction surface immediately down-

stream of the leading edge circle. Velocity component U is aligned parallel to the x axis and

V to the y axis for reference. All plots focus on a field of view that is very small compared to

the size of the complete blade passage and the field of view in the CFD results was matched

as well could be achieved. Turbulent fluctuations are expressed as |u′| and |v′|, which are
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the time averaged absolute values of the fluctuating components of the mean velocity.

A customised colour map was created in CFX to match that available in MATLAB, where

the PIV results were processed, however a perfect match was not possible so a direct colour

by colour comparison cannot be made without taking into account the corresponding scales

on each plot. Colour map ranges are consistent between experimental and computational

plots and were mainly based around experimental results. This leads to clipping in the

near wall region of some computation contour plots but this was done to allow for better

comparison away from the blade surface.

8.4 Results and Discussion

8.4.1 Time Averaged Velocity Flow Field

As the flow approaches the leading edge stagnation zone it decelerates sharply before un-

dergoing rapid acceleration as it is deflected around the circular arc of the blade’s leading

edge. Where the circular arc meets the main body of the suction surface a discontinuity in

surface curvature is present, which causes a velocity over-speed or spike. Following this

spike in velocity is a short region of extreme adverse pressure gradient, which can often

cause the laminar boundary layer to separate from the blade’s surface. Downstream of

the leading edge spike the flow continues to accelerate gradually until the point of peak

suction. This favorable pressure gradient assists in maintaining a stable and thin boundary

layer. The PIV contour plot clearly shows the important features of the velocity distributions

which are described in greater detail in Section 5

Comparison between trends in Figures 8.3 and 8.4 provides an initial validation of the PIV

measurements, and shows that the velocity distribution is well predicted by the simplest

of CFD models. Any of the models tested in this thesis could be used for the purpose of

validating the experimental velocity distribution under conditions near the blade’s design

point where large separations are not present. Plots of velocity components (Figure 8.4)

also validate that the components are aligned and have consistent signs.

Components of the velocity field in the leading edge region demonstrate in more detail how

the flow is influenced by the blade row (Figures 8.4). The u component of velocity which

aligns closely with the portion of the suction surface directly downstream of the leading

edge and thus the blade’s camber line in this region is heavily influenced by the blades

presence compared to the v component of velocity. PIV results and RSM predictions agree
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(a) Computed speed contour plot for the SSG-RSM

model (m/s)

(b) Experimental PIV speed contour plot (m/s)

(c) Cp distribution of blade calculated using the computational models; Mises,

k-ω SST and SSG-RSM

Figure 8.3: Experimental and computation predictions of velocity and static pressure used

as an initial validation of PIV measurements

closely, displaying very similar trends as the flow is accelerated through the leading edge

of the blade row.

8.4.2 Raw Instantaneous Turbulence Field

Flow visualisation is an excellent way of obtaining a physical appreciation of a flow field,

especially when dealing with one that is highly turbulent and rapidly changing. The im-

ages contained herein display the immense complexity of the turbulent flow field in the

leading edge of a compressor blade row with elevated inlet free stream turbulence under

the simplest of conditions - in a linear cascade environment without periodic wake passing
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(a) Experimental contour plots of the u directional

component of velocity (m/s)

(b) Experimental contour plots of the v directional

component of velocity (m/s)

(c) RSM model contour plot predictions of the

u directional component of velocity (m/s)

(d) RSM model contour plot predictions of the

v directional component of velocity (m/s)

Figure 8.4: Experimental and CFD components of the time averaged velocity field (m/s)

events. This puts the seemingly impossible job turbulence modelers face into perspective

when they face the task of designing codes to accurately model such flows.

Swirling and eddying flow is clearly visible by the distribution of smoke particles in Figures

8.5(a) - 8.5(h). The flow structures highlighted in the right hand column of the images in

Figure 8.5 is to act as a visual aid only. From a general overview of the images there are

a multitude of familiar ’eddy-like’ flow structures covering a range of characteristic sizes:

some are comparable in size to the leading edge diameter (∅ = 10.6mm), and some are

many times smaller than this, but all appear smaller than the mean turbulent length scale,

which was calculated to be 36mm based on results using a hot-wire probe and an autocor-

relation technique. It is possible that large scale eddies are present but cannot be seen in

the current field of view. This fits with the conventional way of visualising turbulence as a

cascade of large eddies which break up into small eddies creating a flow of kinetic energy

from large to small scales where it is then dissipated.
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(a) Image 1 of 2 (b) Image 2 of 2

(c) Image 1 of 2 (d) Image 2 of 2

(e) Image 1 of 2 (f) Image 2 of 2

(g) Image 1 of 2 (h) Image 2 of 2

Figure 8.5: Instantaneous flow visualisation pictures of the leading edge turbulent flow field

in the compressor cascade
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The maximum boundary layer thickness (δ) in the leading edge region, based on the Blas-

sius solution for a laminar boundary layer on a flat plate, is less than δ = 0.5mm for the

range of test conditions used in this thesis. Many of the structures are orders of magni-

tude larger than δ, which suggests they have the potential to influence and create velocity

perturbations deep within the boundary layer. Evidence of freestream perturbations pen-

etrating the extremely thin laminar boundary layer between the leading edge stagnation

point of the peak of the velocity spike can be seen in Figure 8.6. The traces contain typical

high frequency turbulent like fluctuations which are interpreted as being in fully turbulent

flow by the intermittency routine used in this project. With such small values of Reθ in this

region a fully turbulent boundary layer could not be sustained and the turbulent like high

frequency perturbations were expected to be introduced from turbulence in the freestream

flow. This is particularly important at the leading edge of a blade where boundary layers

are highly receptive.

Figure 8.6: Raw traces of τw in the leading edge region

Turbulent like traces in this region occur only at high inlet flow angles where the leading

edge spike imposes extreme pressure gradients and large shear strains. At lower values

of incidence, pressure gradients and shear strains were high, however turbulent like traces

were not visible and a typical laminar trace was produced as expected.

Based on the characteristic length of the turbulent flow field it is expected that larger struc-

tures are present, which cannot be seen in the current field of view. Large scale eddies,

many times the size of the leading edge, could potentially play an important role by influ-

encing the local inlet flow angle to the cascade in a similar way to a wake passing event
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(Section 7).

The image pairs in Figure 8.5 have been split into three regions of interest: close to the

leading edge circular arc, adjacent to the blade’s suction surface downstream of the leading

edge, and away from the blade in the bulk free-stream flow. These are shown in Figure

8.5(a) and are marked as region 1, 2 and 3 respectively.

In the region close to the leading edge of the blade, (1), the smoke particles have a smooth,

ordered and elongated appearance compared to that of the bulk flow away from the blade.

Stretching of structures present in the freestream upstream of the blade row is clearly oc-

curring as the flow is accelerated and wrapped around the blades leading edge. The same

stretched shapes occur close to the blade surface, in region (2), downstream of the leading

edge where the flow is accelerated in the favorable pressure gradient of the suction surface

leading to peak suction. In the bulk freestream flow (3), defined to start approximately

2mm away from the blade surface there is a change in the general appearance of the flow

field. Structures no longer look ordered and smooth and the amount of stretching has

dramatically reduced leading to a more stereotypical looking turbulent flow field.

Comparing the qualitative flow visualisation images and quantitative contour plots of |u
′|
|v′|

(Figure 8.7) interesting trends can be identified. The regions marked in Figure 8.7 are in

very similar locations to those discussed previously and shown in Figure 8.5(a). In regions

1 and 2 where the flow visualisation displays ordered and elongated structures Figure 8.7

shows elevated levels of turbulent anisotropy ( |u
′|
|v′|

) compared to the bulk flow in region 3

which has a value closer to unity. As a result it is apparent that from inspection the highest

levels of turbulent anisotropy are present in regions close to the blade surface where strong,

rapidly changing pressure gradients are present.

8.4.3 Time Averaged Turbulent Flow Field

Time averaged experimental results assist in the investigation of important detailed trends

in the turbulent freestream flow field which numerical codes need to predict accurately if

boundary layer development and transition processes are to be modeled correctly. These

include the variation of turbulence intensity Tu, amplification of Reynolds stresses and the

development of turbulent anisotropy in the near wall region, all of which will influence the

extremely thin laminar boundary layer in this region.

Figure ?? shows the predicted variation of turbulent intensity along a computed streamline

taken from the inlet boundary of the model, around the blade’s leading edge. The level

of turbulent intensity decays substantially to a level of approximately 4.5%, as the flow
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Figure 8.7: Time average PIV contour plot of |u′|/|v′| covering the same region as the

instantaneous raw images in Figure 8.5(a) - Figure 8.5(h)

moves through the inlet of the flow domain towards the leading edge plane of the blade

row (Figure 8.3(c)). As the flow approaches the blades stagnation point, the turbulent

intensity rises rapidly, which can be accounted for in two ways: firstly as the leading edge

is approached the flow decelerates, decreasing the denominator of the Tu equation and;

secondly as the flow enters the leading edge region, it is subjected to high levels of shear

strain which can lead to an increase in the magnitude of the fluctuating component of the

mean velocity thus increasing the Tu equations numerator. It is quite possible to have an

increase in turbulence intensity in the presence of a decaying level of turbulent velocity

fluctuations given sufficient deceleration of the mean flow velocity. As the flow moves

around the leading edge it is accelerated giving rise to a decrease in turbulent intensity,

however the level of turbulent fluctuations may be increasing in magnitude as elevated

shear strain rate is associated with the rapid acceleration.

The SSG-RSM and k−ω SST models give good agreement in terms of turbulence intensity

(Figures 8.9(a) and 8.9(b)). The PIV results have been used to validate the trends observed

in both predicted plots (Figure 8.10).

The k − ω SST model predicts a larger amplification of Tu close to the leading edge and

maintains a higher level over the early portion of the suction surface (Figure 8.8). Both

models predict a freestream value of just over 4% in the blade passage away from the

blade surface, showing very close agreement with that measured using a hot-wire probe -

validating that both models accurately calculate the decay rate of turbulence in the inlet of

the cascade.
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Figure 8.8: Distribution of Tu along a streamline in the leading edge region using the k-ω

SST and RSM turbulence models

Both models predict almost identical overall trends in the decay and amplification of turbu-

lence intensity, but differ visibly in two regions: near the stagnation point and in the near

blade region downstream of the leading edge (Figures 8.9(a) and 8.9(b)).

In addition, immediately upstream of the stagnation region the SSG RSM model predicts

a larger region of very high turbulence intensity compared to the k − ω SST model, with

similar peak values between the two models. The gradient of increasing Tu is significantly

greater in the SSG RSM model but the k − ω SST model shows an amplified level of Tu

extending further upstream of the leading edge. In the suction surface boundary layer,

downstream of the leading edge, the opposite trend is seen between the two turbulence

models with the k− ω SST model indicating a more pronounced region of elevated turbu-

lence intensity. The RSM model reaches the nominal value of Tu further upstream in the

blade passage and displays a slightly higher value throughout the freestream region.

When computed predictions are compared with the time averaged PIV contour plot (Figure

8.10) it is immediately clear that all three plots share many of the same trends. Upstream of

the leading edge as the blade is approached, the flow decelerates and Tu increases gradually

until it reaches close proximity to the stagnation point where the rate of change of velocity

increases rapidly and the level of shear strain rate also increases. In this region Tu rises

rapidly and reaches a peak value adjacent to the surface at the stagnation point. This spike
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(a) k-ω SST turbulence model (b) SSG RSM turbulence model

Figure 8.9: Time average contour plot of the average turbulence intensity, normalised by

speed, in the leading edge region calculated in CFX

in Tu is localised and as the flow accelerates through the leading edge spike onto the suction

surface, the value of Tu reduces to 4%, the nominal value of this investigation, which was

maintained throughout the bulk freestream flow field within the blade passage.

The stagnation point was not captured in the PIV camera’s field of view, and as a result the

large spike in Tu in this region was not captured. Away from this region the levels of Tu

align closely with those predicted using CFD.

Figure 8.10: Time average PIV contour plot of the average turbulent intensity, normalised

by flow speed, in the leading edge region.

To determine the origin of the increases in the overall turbulent intensity it is helpful to

break down the overall turbulent intensity into its components defined as:

Tuu =

√
(u′)2

U
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and

Tuvs =
√
(v′)2

U
.

This provides insight into how the individual fluctuating components are influenced by the

blade row and introduces the concept of anisotropy (Figures 8.11 and 8.12). It must be noted

that only the RSM model can evaluate the individual components of velocity fluctuations

without modification and levels of Tuu and Tuv are based on a numerator of |u′| and |v′|
respectively compared to the overall Tu, which uses the RMS of both |u′| and |v′| as the

numerator.

Significant differences are present between predicted and experimental plots of Tuu and

Tuv. Plots of time averaged velocity are extremely similar and as a result differences in the

fluctuating component of velocity must be driving the dissimilarities.

It is still not possible to determine whether changes in turbulent intensity are due to changes

in the fluctuating components of the mean velocity or from changes in the time averaged

velocity field, however Figures 8.15 and 8.16 along with Figures 8.4 aid us in the interpre-

tation of turbulent intensity. They display how the fluctuating components of the mean

velocity field and the mean velocity field itself are increased or decreased as the flow moves

around the leading edge.

(a) Directional component of TU - u (b) Direction component of TU - v

Figure 8.11: Experimental contour plots of the directional components of turbulent intensity

Comparisons made between plots of velocity highlight little notable difference between ex-

perimental and computational result with either model tested. As a result differences in the

components of Tu must be originating from the amplification of the fluctuating component

of the mean velocity by the blade row.
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(a) Direction component of TU - u (b) Direction component of TU - v

Figure 8.12: CFD predicted contour plots of the directional components of turbulent inten-

sity using the RSM turbulence model

Energy is transferred between the mean flow to the fluctuating components and the contour

plot of turbulent kinetic energy (Figure 8.13(c)) provides an indication of the amount of

turbulent energy field across the field of view. Turbulent kinetic energy is mainly produced

by fluid shear, friction and buoyancy, which is transferred down through the turbulent

energy cascade and is eventually dissipated by viscous forces at the Kolmogorov scale.

The well known turbulence production term (uiuj)
∂Ui
∂Uj

appears in equations for the mean

kinetic energy and mean fluctuating kinetic energy. However they have opposing signs,

therefore the effect shear strain has on the kinetic energy of the mean is opposite to that

which it has on the kinetic energy of the fluctuating component of the mean. When one

increases the other decreases and vice versa. Comparing Figures 8.14(a) - Figure 8.14(c) it

is evident that areas with the highest levels of shear strain and turbulent kinetic energy are

closely related.

High strain rates around the leading edge (Figure 8.14) cause an increase in Reynolds

stresses and anisotropic variations of turbulence properties. There is a strong correlation

between high levels of shear and an increase in the values of u′u′ and v′v′ and u′v′.

Figures 8.13(c), 8.13(a), and 8.13(b) indicate that the level of turbulent kinetic energy in the

bulk flow is very similar across all test cases, which becomes amplified in the near blade

region where high levels of shear strain are present. Comparing the surface location of the

region of high shear and that of elevated turbulent kinetic energy indicates increases in TKE

lag slightly behind the initial rise in shear strain.

In the freestream flow, the k−ω SST model predicts a slightly higher value of TKE, similar

to the PIV results, and in the near wall region it displays a larger region of elevated TKE

near the beginning of the suction surface.
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The above findings tie in well with both experimental and predicted plots of shear strain

with trends in both sets of plots being almost identical. High levels of negative shear are

present as the flow accelerates from stagnation to the velocity overspeed, which is increased

to zero at the peak of the spike, before becoming positive in the spike’s adverse pressure

gradient. The peak values of positive shear are slightly higher in the CFD predictions

compared with the experiment, but the peak value locations are extremely similar. In the

freestream region all plots asymptote to a shear strain of zero inside the blade passage.

Consistencies between the shear strain plots throughout the flow field and the turbulent

kinetic energy plots in the freestream flow highlight that any differences produced are

centered around the conversion of kinetic energy from the mean flow to its individual

fluctuating components.

(a) RSM predicted contour

plot of Turbulent Kinetic En-

ergy

(b) k − ω SST predicted con-

tour plot of Turbulent Kinetic

Energy

(c) Experimental time average

PIV contour plot of the shear

strain

Figure 8.13: Details of the experimental and CFD predicted contour plots of turbulent ki-

netic energy in the leading edge region of the compressor cascade

(a) RSM predicted contour

plot of shear strain

(b) k − ω SST predicted con-

tour plot of shear strain

(c) Experimental time average

PIV contour plot of the shear

strain

Figure 8.14: Details of the experimental and predicted contour plots of shear strain rate in

the leading edge region of a compressor cascade

Comparing predicted and experimental values of the velocity components of the Reynolds

stresses provide an insight in to how turbulent fluctuations are influenced by the blade row

and indicate where differences in the Tu plots originate, given the similarities previously

discussed between the plot of mean velocity.
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Figure 8.15 shows that the Reynolds stress component u′u′ is more heavily influenced by

the blade row compared to v′v′. The amplification of u′u′ localised to the near wall region

of the suction surface starting near the blend point between the leading edge and suction

surface.

The RSM terms u′u′ and v′v′ show a consistent value close to 0.5 in the bulk flow away from

the blade surface, which increases only in the presence of high shear strain in the near wall

regions, particularly close to the leading edge. Between the stagnation point and the start

of the velocity overspeed the flow accelerated predominantly in the v direction and u′u′ is

amplified more than v′v′. Downstream of this point the flow is wrapped around the leading

edge and is then accelerated primarily in the u direction. Through the velocity spike, the

Reynolds stress component v′v′ is most heavily amplified. Both of these trends support

Rapid Distortion Theory [44] and produce anisotropy of the turbulent flow field. There is

some overlap to this trend as no single component of velocity is accelerated or decelerated

independently in this region.

Combining fluctuating components of velocity |u′| and |v′| leads to the Reynolds stress

component u′v′. Figures 8.15(a) and 8.16(a) both indicate a consistent average value of u′v′

throughout the freestream flow. Close to the blades surface the RSM predicted a band of

elevated u′v′ around the surface with a peak value occurring at the same location as the

velocity overspeed. PIV results shows a peak value lying in the same location as the RSM

model, however the level is significantly smaller and this does not extend over the visible

portion of the blade, but is more localised to the region of peak shear strain. This difference

is exacerbated as the RSM takes into account and plots the boundary layer, which is not

visible in the PIV results.

It is clear that the major difference between experimental and computational results are

concentrated around the way in which individual component of velocity fluctuations are

predicted in regions of high shear close to the blade surface particularly at the leading edge.

Plots of overall turbulent intensity, turbulent kinetic energy, and u′v′ show close agreement

between computational and experimental results. These plots relate to the overall turbulent

flow field rather than its individual components.

The k−ω SST turbulence model assumes isotropic eddy viscosity throughout the flow do-

main, and being a two equation model is known to have poor accuracy in regions of rapidly

changing strain-rate. The RSM model, on the other hand, calculates the individual compo-

nents of the time averaged velocity fluctuations and is expected to determine anisotropy

more accurately within a complex turbulent flow field. Comparing these plots with Figure

8.17 indicates clear differences in how well the RSM model predicts the levels of anisotropy

when compared to PIV results.
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(a) Reynolds stress component

u′v′
(b) Reynolds stress component

u′u′
(c) Reynolds stress component

v′v′

Figure 8.15: Experimental contour plots of the Reynolds stress components u′v′, u′u′ and

v′v′

(a) Reynolds stress compo-

nent u′v′
(b) Reynolds stress compo-

nent u′u′
(c) Reynolds stress compo-

nent v′v′

Figure 8.16: Predicted contour plots of the Reynolds stress components u′v′, u′u′ and v′v′

using the RSM turbulence model

Time averaged PIV data in Figure 8.17(b) show that the time averaged velocity fluctuations

are anisotropic across the measurement window and that the level of anisotropy was en-

hanced in areas of high shear strain. The relative variation of the velocity fluctuations in the

flow field appears to be dominated in areas of high shear strains (Figure 8.14(c)). A clear

trend is present in Figure 8.17(a) where the fluctuating component normal to the direction

of the mean flow acceleration is amplified and the component parallel to it is damped. This

agrees with RDT but does not match the experimental results in Figure 8.17(b).

Figure 8.17(b) and 8.17(a) show isotropic turbulence (|u′|/|v′| = 1) entering the measure-

ment window. As the flow enters the blade row the isotropic turbulence field becomes

increasingly more anisotropic with proximity to the blade surface and regions of high shear

strain.

The RSM model predicts a gradual increase in the magnitude of |u′| relative to |v′| as the

stagnation point is approached. As the flow away from the surface accelerates around the

leading edge the size of |u′| relative to v′ reverses and along the suction surface of the blade

|v′| is larger than |u′|. In the near wall region and boundary layer region of the suction

surface |u′| becomes larger than |v′|.
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Figure 8.17(b) shows that as the stagnation point is approached |v′| is larger than |u′|. This

is reversed as the flow moves around the leading edge and accelerates along the suction

surface. In the near wall region of the suction surface |u′| is significantly large that |v′|.
When moving further into the blade passage |u′| still dominates however, there is a gradual

decrease in the level of anisotropy.

(a) Predicted |u′|/|v′| from the SSG-RSM model (b) Time average PIV contour plot of |u′|/|v′|

Figure 8.17: Details of the experimental and predicted contour plots of turbulent anisotropy

in the leading edge region of the compressor cascade

8.5 Conclusions

This chapter has shown that flow with free-stream turbulence travelling around the leading

edge of a compressor blade is complex and random. While both k − ω SST and RSM

models agree well with each other in their prediction of the turbulent intensity, including

the sharp rise as the flow approaches the leading edge, they do not agree closely with the

time averaged experimental results. In all cases models over-simplify the turbulent flow

field smoothing over potentially important details.

The overall picture of turbulence in the measurement window viewed in terms of turbulent

intensity and turbulent kinetic energy shows close agreement between both computational

models and also with experimental results. These parameters contain both fluctuating com-

ponents of the velocity field |u′| and |v′|. It isn’t until the turbulent flow field is split into its

components that significant differences are exposed and the basic k− ω SST model can no

longer be used. The overall level of turbulent intensity and kinetic energy of the turbulent

fluctuations is consistent however the relative magnitudes of the fluctuating components

within the flow field changed significantly depending on whether predicted or experimen-

tal results were observed.
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The blade row introduces significant levels of anisotropy to the initially isotropic turbulent

flow. The RSM model predicted a similar level of anisotropy as the experimental results,

however the trends across the contour plots vary considerably with the opposite relative

magnitudes of |u′| and |v′| predicted in the near wall region and blade passage. This

highlights the need for caution when using turbulence models to predict turbulent flow in

regions where there is the potential for significant amounts of energy transfer to and from

the fluctuating components of velocity such as with rapidly changing pressure gradients

and high levels of shear strain: even when the overall levels of turbulence are modelled

accurately.

In the boundary layer and near wall region it is difficult to make comparisons between the

computations and experimental results as this area of the flow field was not captured by

the PIV due to the extremely thin nature of the boundary layer in this region and issues

with laser surface reflections.

Recent studies [31, 99] have shown that the boundary layer at the leading edge is the princi-

pal receptivity site for transition processes on the suction surface of compressor blades and

the results from this study further emphasise the need for accurate modelling of free-stream

turbulence particularly when it has been indicated that the surface normal component of

velocity fluctuations have a greater influence over boundary layer transition compared to

the streamwise component [71].

It is possible to calibrate both turbulence models to improve their accuracy in particular

test cases, however this investigation was purely aimed at highlighting the potential short

falls of these models when used unmodified as would be the case with industrial users

operating under time constraints and computational restrictions.



Chapter 9

Conclusion

Flow phenomena around the leading edge of a controlled diffusion compressor blade with a

circular arc leading edge have been investigated under steady and unsteady conditions over

a range of machine operating points. The boundary layer and freestream were investigated

in the leading edge region using a range of experimental techniques.
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9.1 Effect of Changing Incidence and Reynolds Number on CD

Stator Blade Flow Characteristics in Steady Flow

Chapter 5 examined, in detail, the effect changing the Reynolds number and inlet flow an-

gle had on flow around a CD stator blade with a circular arc leading edge in a cascade. The

boundary layer development at the leading edge and early portion of the suction surface

becomes increasingly Reynolds number dependent in the presence of a leading edge sep-

aration bubble. This dependency is reflected in the trends of blade pressure loss with an

increase in inlet flow angle at both Rec = 260, 000 and Rec = 400, 000.

At negative incidence, blade pressure loss increased as the Reynolds number was decreased.

In contrast at positive incidence the opposite trend was observed with blade pressure loss

increasing with Reynolds number.

A separation bubble formed at the leading edge of the pressure surface under all test con-

ditions. The bubble length was dependent on Reynolds number and incidence. A grad-

ual decrease in bubble length was seen as the inlet flow angle was increased. Increasing

the Reynolds number from Rec = 260, 000 to Rec = 400, 000 saw a decrease in bubble

length which was more evident at negative incidence where the pressure surface bubble

was largest. The suction surface of the blade displays a similar trend, however a bubble

formed at values of positive incidence only (α1 ≥ 45o). Bubble length increased with in-

let flow angle and displayed the same Reynolds number dependency as that seen on the

pressure surface.

When a laminar separation bubble formed at the leading edge, it lead to rapid transition and

the formation of a turbulent boundary layer upon reattachment. On the pressure surface

this boundary layer remained turbulent downstream of the separation bubble’s reattach-

ment point to the trailing edge due to the lack of potentially stabilising pressure gradients.

On the suction surface the favorable pressure gradient leading to peak suction, had a re-

laminarising effect on the newly developed, fully turbulent, boundary layer. The potential

for relaminarisation is highest at negative incidence and low Reynolds numbers.

At negative incidence the blade experiences a lower level of pressure loss with an increased

Reynolds number, whereas at positive incidence the opposite trend is observed. A sharp

rise in loss occurred as the inlet flow angle of the cascade is increased past the blade’s design

point (α1 = 450). This is caused as the initial point of transition shifts forwards to the leading

edge separation bubble (S∗ = 0.02− 0.04). When the inlet flow angle is increased to a point

where the boundary layer separates at the trailing edge, near the blade’s point of stall, the

loss at both Reynolds numbers begin to converge. At this point a fully turbulent boundary
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layer is present over the entire surface of the blade and relaminarisation is minimal.

Where high resolution static pressure tappings are present on the blade’s suction surface,

the Cp distribution predicted by MISES is very similar to that shown by experiment. The

CD stator experiences an incidence dependent leading edge velocity over-speed on both

suction and pressure surfaces. At low inlet flow angles, considered to be those below the

design operating point and identified as negative incidence, a large velocity spike is seen

on the pressure surface of the blade and at high inlet flow angles, considered to be those

higher than the design operating point and identified as positive incidence, an overspeed is

seen on the suction surface.

The observed Reynolds number dependency of the separation bubbles is also predicted

by MISES which displays the same trend as seen in the experimental findings. Changes

in bubble length with increasing incidence is however, underestimated by MISES, which

predicts an almost constant bubble size on both surfaces. Experimental results show the

pressure surface bubble significantly decreases in length with an increase in incidence. The

opposite trend was observed on the suction surface when a leading edge bubble was present

α1 > 45o. This leads to an effective overestimate of bubble length at low Reynolds numbers

by MISES, leading to an increase in blade pressure loss.

MISES is not capable of predicting boundary layer relaminarisation, which is present on the

blade’s suction surface leading to peak suction. As a result MISES is also unable to predict

the increase in relaminarisation potential at low to moderate value of inlet flow angle and

low Reynolds numbers. As a result MISES over predicts the turbulent wetted area on the

blade’s surface when transition occurs in the leading edge region.

These findings confirm that partial boundary layer relaminarisation is possible, with a suf-

ficiently strong favorable pressure gradient over a significant surface length, and is most

likely to occur at a low Reynolds number and negative incidence. Separation bubbles form

at the leading edge of both surfaces, which initiate rapid transition, increasing the turbulent

wetted area on the blade and local loss inside the bubble. It also demonstrates that MISES

is a great tool to estimate blade profile performance but its limitations must be considered

when used. When increasing inlet flow angle from negative to positive incidence, both

experimental and predicted trends are very similar, however it does not predict the distri-

bution of loss at some inlet flow angles over a range of Reynolds number accurately. This

may become problematic in future designs stages.
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9.2 Effects of Changing the Stator Reduced Frequency of a Com-

pressor Cascade at Design Conditions

At a Reynolds number Res = 230, 000 and inlet flow angle α1 = 45.5o (0.5o positive inci-

dence), increasing stator reduced frequency increases blade pressure loss. The pressure and

suction surfaces react very differently to the change in reduced frequency. Breaking the

blade pressure loss into suction and pressure surface components reveals each surface was

influenced very differently by the increase in stator reduced frequency.

Increasing the stator reduced frequency past ωs = 0.47 increased the amount of loss gener-

ated by the suction surface whilst decreasing the amount generated on the pressure surface

in an almost linear trend.

Wake induced turbulent strips suppress the leading edge separation bubble present un-

der steady flow conditions and also in between wake passing events following the calmed

region behind the wake. However the influence of this is likely to be minimal as the separa-

tion bubble on the suction surface at Rec = 230, 000 and α1 = 45.5o under steady conditions

is small. Figure 7.10 supports this and show an average value of QWSS above that seen in

the separated flow regions in Chapter 5.

The pressure surface demonstrates a clear and almost linear reduction in loss with an in-

creased reduced frequency past ωs = 0.47. Downstream of the leading edge separation

bubble, which is much larger than than that seen on the suction surface, a fully turbulent

boundary layer covers the blade’s surface to the trailing edge. The increased periodic sup-

pression of the leading edge separation bubble is expected to contribute to the decrease in

pressure surface loss, the effect of which increases with reduced frequency. As the bound-

ary layer is fully turbulent, a decrease in local loss production will be seen in the calmed

zone following each wake passing event. The blade surface area covered by the calmed

zone increases with reduced frequency, however the blades turbulent wetted area does not

and thus a reduction in blade pressure loss was achieved.

It is expected that trends seen at near design incidence would change considerably under

off design conditions, particularly at positive incidence where a large separation bubble

forms under steady conditions at the leading edge of the suction surface producing a large

increase in local loss generation. A separation bubble could also form on the pressure

surface at positive incidence as shown in Chapter 5. Under such conditions an increase in

stator reduced frequency should reduce the increase in loss with reduced frequency and at

large values of inlet flow angle could create a reversed trend similar to that seen on very

high lift turbine blades.
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9.3 Turbulence Distortion and Amplification In The Leading Edge

Region of An Axial Compressor Blade In Cascade

Flow subjected to free-stream turbulence around the leading edge of a compressor blade

is visibly extremely complex, unsteady and random. The compressor blade row intro-

duces significant anisotropic variations in turbulence properties throughout the measure-

ment window near the suction surface where very high levels of shear strain are present

due to large pressure gradients.

Two turbulence models were used in RANS based numerical simulations: the k−ω SST and

the RMS model which both agree with each other in their prediction of turbulent intensity,

including the sharp rise as the flow approaches the leading edge. However they do not

agree closely with the time averaged experimental results. In all cases where turbulence

properties are investigated the computational models over-simplify the turbulent flow field

smoothing over potentially important details. The rapidly changing strain rate decreases the

ability of two-equation turbulence models to accurately predict detailed flow phenomena

in this region.

Chapter 5 showed elevated levels of high frequency perturbations in the raw quasi wall

shear stress traces of films located between the stagnation point and the peak of the velocity

over-speed. The turbulent intermittency routine identifies these fluctuation with a turbulent

boundary layer, which would be impossible to sustain in such a strong favorable pressure

gradient and with such small values of Reθ . This could be misleading if sufficient attention

is paid to looking at the raw traces on which the intermittency routine bases its decisions

on.

Identifying high frequency perturbations in the hot-film traces close to the leading edge

indicates that the effects of the freestream turbulent flow field may be penetrating into the

thin laminar boundary layer that forms in the stagnation region of the blade.

Recent studies [31, 99] have shown that the boundary layer at the leading edge is the princi-

pal receptivity site for transition processes on the suction surface of compressor blades and

the results from this study further emphasise the need for accurate modeling of free-stream

turbulence in this region of flow when freestream effects are being seen inside the boundary

layer.



Chapter 10

Recommendations

This project has provided information and answers to a number of questions relating to

the turbomachinery field surrounding the flow over and around the leading edge of a

controlled diffusion compressor with a circular arc leading edge. Along with providing

new information it has highlighted a number of areas that if further investigated would add

to the work contained within this thesis. This section provides a guide towards research

that could make a significant addition to the body of knowledge within this thesis, that

is currently unavailable in the literature. It does not highlight the only areas that require

future work but concentrates on those closely related to that contained within this thesis.
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10.1 Measurements Within Leading Edge Separation Bubbles

Following on from the steady flow measurements of leading edge separation bubbles made

in this thesis it is recommended that an investigation is undertaken to look at the unsteady

nature of these bubbles and how this varies with changes in flow conditions. A combination

of Laser Doppler Velocimetry (LDV) and single element hot-wires could be used. LDV

would be preferable as reverse flow can be captured, however this may be at the expense of

measurement resolution within the boundary layer.

Of particular interest is the transition process that occurs within the separated flow region

and following on from this how the boundary layer reattaches in a region with rapidly

changing and extreme pressure gradients.

10.2 Developing Transition Length and Relaminarisation Capabil-

ity Within MISES

For a simple and very fast running model, MISES does an excellent job at predicting the

flow around, and loss generated by, an airfoil in cascade. Under steady operation it has

one clear shortfall identified by this project - it is incapable of predicting the phenomena of

relaminarisation and the potential for a large portion of a blade’s surface to be covered with

a transitional boundary layer.

Adding this functionality would improve MISES’ ability to predict blade pressure loss and

boundary layer development at a range of flow conditions found in real engines and would

be applicable to both compressors and turbines.

10.3 Comparison between steady experimental findings and ad-

vanced turbulence modeling techniques with transition mod-

els

An extension of the study carried out in Chapters 5 and 6 should be performed using

commercial CFD software packages such as ANSYS CFX. Comparison should be made be-

tween the experimental findings of Chapter 5 and computation predictions using advanced

turbulence modelling techniques with and without transition models.
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A turbulent boundary layer is often assumed to form at the leading edge of a compressor

blade and remain in this state to the trailing edge. Chapter 5 has shown that is is not nec-

essarily the case and considerable portions of a compressor blade’s surface can be covered

in a laminar or transitional boundary layer.

The aim of this research should be to highlight potential shortfalls in current commercial

CFD packages with respect to transition modeling and loss predictions. Findings from this

work could be used to aid in the development of a transition modeling option in MISES.

10.4 The Effect of Stator Reduced Frequency on Blade Performance

Over A Range of Inlet Flow Angles and Reynolds Numbers

The formation and size of separation bubbles are Reynolds number and incidence depen-

dent. Wake passing events have been shown to heavily influence the development of sepa-

ration bubbles and boundary layers, particularly in the leading edge region of compressor

blades with circular arc leading edges. Tests during this investigation showed that at close

to design incidence the blade pressure loss varied significantly with an increase in stator

reduced frequency. Further tests should be conducted at positive and negative incidence,

where a large separation bubble forms at the blade’s leading edge on the suction surface

and pressure surface respectively.

10.5 High Resolution Leading Edge Freestream Turbulence Mea-

surements

It is recommended that the complexities of freestream turbulence in the leading edge region

of compressor blades identified in Chapter 7 be further investigated using measurement

techniques with a high frequency response such as with hot-wire probes. If an X-probe

was used the directional time resolve unsteady nature of the turbulent flow field could

be determined. Measurements could be made from within the boundary layer into the

freestream around the leading edge.

Ideally this would be carried out during steady and unsteady operation to observe if wake

events are influenced in a different manner to the freestream flow with background turbu-

lence.



Bibliography

[1] Abu-Ghannam B J and Shaw R (1980) Natural transition of boundary layers - the

effects of turbulence, pressure gradient, and flow history. Journal of Mechanical Engi-

neering Science, 22(5), pp. 213.

[2] Arena A V and Mueller T J (1980) Laminar separation, transition, and turbulent

reattachment near the leading edge of airfoils. AIAA Journal, 18(7), pp. 747.

[3] Bindon J P (1987) Pressure distributions in tip clearance region of an unshrouded

axial turbine as affecting the problem tip burnout. ASME Turbo Expo.

[4] Bradshaw P (1972) The understanding and prediction of turbulent flow. Aeronautical

Journal, pp. 403–418.

[5] Bredberg J (2001) On two-equation eddy-viscosity models. Technical report,

Chalmers University of Technology - Department of Thermo and Fluid Dynamics.

[6] Camp T R and Shin H W (1995) Turbulence intensity and length scale measurements

in multistage compressors. Journal of Turbomachinery, 117, pp. 38 .

[7] Collis D C and Williams M J (1959) Two-dimensional convection from heated wires.

Journal of Fluid Mechanics, 6, pp. 357.

[8] Comte-Bellot G and Corrsin S (1966) The use of a contraction to improve the isotropy

of grid generated turbulence. Journal of Fluid Mechanics, 25, pp. 657 .

[9] Cumpsty N A (1989) Compressor Aerodynamics. Longnam Scientific and Technical.

[10] Cumpsty N A, Dong Y and Li Y S (1995) Compressor blade boundary layers in the

presence of wakes. ASME Paper 95-GT-443.

[11] Curtis E M, Hodson H P, Banieghbal M R, Denton J D and Howell R J (1996)

Development of blade profiles for low pressure turbine applications. ASME Paper

96-GT-358.

[12] Dawes W N and Molinari M (2006) Review of evolution of compressor design process

and future perspectives. ProQuest Science Journal, 220, pp. 761.



10·173

[13] Denton J D (1993) Loss mechanisms in turbomachines. Journal of Turbomachinery, 115,

pp. 621 .

[14] Denton J D (2010) Some limitations of turbomachinery CFD. ASME Paper GT2010-

22540.

[15] Dong Y and Cumpsty N A (1990) Compressor blade boundary layers: Part 2 - Mea-

surements with incident wakes. Journal of Turbomachinery, 112, pp. 231.

[16] D’Ovidio A, Harkins J A and Gostelow J P (2001) Turbulent spots in strong adverse

pressure gradients. Part 2 - Spot propagation and spreading rates. ASME Paper 2001-

GT-406.

[17] Drela M and Youngren H (1998) A User’s Guise to MISES 2.53.

[18] Elazar Y and Shreeve R P (1990) Viscous flow in a controlled diffusion compressor

cascade with increasing incidence. Journal Of Turbomachinery, 112, pp. 256.

[19] Escudler M P, Abdel-Hameed A, Johnson M W and Sutcliffe C J (1998) Laminarisa-

tion and re-transition of a turbulent boundary layer subjected to favourable pressure

grandient. Experiments in Fluids, 25, pp. 491 .

[20] Gallimore S J (2008) Axial compressor design. Cambridge Turbomachinery Course

2008. Cambridge University Whittle Laboratory.

[21] Gibson W H (1970) Flow research on blading. Elsevier Science Ltd.

[22] Goodhand M N and Miller R J (2009) Compressor blade leading edge spikes: a new

performance criterion. ASME Paper GT2009-59205, pp. 1 – 10. ASME Turbo Expo.

[23] Goodhand M N and Miller R J (2010) The impact of real geometries on three-

dimensional separations in compressors. ASME Paper GT2010-22246.

[24] Gostelow J P, Blunden A R and Walker G J (1994) Effects of free stream turbulence

and adverse pressure gradient on boundary layer transition. Journal Of Turbomachin-

ery, 116, pp. 392.

[25] Gostelow J P and Thomas R L (2005) Response of a laminar separation bubble to an

impinging wake. Journal Of Turbomachinery, 127, pp. 35.

[26] Halstead D E, Wisler D C, Okiishi T H, Hodson H P, Walker G J, Shin H W et al.

(1997) Boundary layer development in axial flow compressors and turbines 1. Journal

Of Turbomachinery, 119, pp. 114.



10·174

[27] Halstead D E, Wisler D C, Okiishi T H, Walker G J, Hodson H P and Shin H W

(1997) Boundary layer development in axial flow compressors and turbines 4. Journal

Of Turbomachinery, 119, pp. 128.

[28] Hazaeika B K and Hirsch C (1997) Transition cver C4 Leading edge and measurement

of intermittency factor using PDF of hot-wire signal. Journal Of Turbomachinery, 119,

pp. 412.

[29] He L (2008) Unsteady flow and aero-mechanics. Cambridge Turbomachinery Course

2008. Cambridge university whittle laboratory edition.

[30] Henderson A D (2006) Unsteady flow and transition phenomena in an axial flow com-

pressor. Ph.D. thesis, University of Tasmania, University of Tasmania, Regent Street,

Sandy Bay, Tasmania, 7005.

[31] Henderson A D and Walker G J (2010) Observations of transition phenomena on

a controlled diffusion compressor stator with a circular arc leading edge. Journal of

Turbomachinery, 132, pp. 1 .

[32] Henderson A D, Walker G J and Hughes J D (2008) Unsteady transition phenomena

at a compressor blade leading edge. Journal Of Turbomachinery, 130, pp. 1.

[33] Hilgenfeld L and Pfitzner M (2004) Unsteady boundary layer development due to

wake passing effects on a highly loaded linear compressor cascade. Journal Of Turbo-

machinery, 126, pp. 493.

[34] Hobson G V, Hansen D J, Schnorenberg D G and Grove D V (2001) Effect of

Reynolds number on separation bubbles on compressor blades in cascade. AIAA

Journal of Propulsion and Power, 17, pp. 154.

[35] Hobson G V, Hansen D J, Scnorenberg D G and Grove D V (2001) Effects of

Reynolds number on separation bubbles on compressor blades in cascade. Journal

Of Propulsion and Power, 17, pp. 154.

[36] Hobson G V and Shreeve R P (1993) Inlet turbulence distortion and viscous flow

development in a controlled - diffusion compressor as very high incidence. Journal Of

Propulsion and Power, 9, pp. 397 .

[37] Hobson G V, Wakefield B E and Roberts W B (1999) Turbulence amplification with

incidence at the leading edge of a compressor cascade. Journal of Rotating Machines, 2,

pp. 89 .

[38] Hobson G V and Weber S (2000) Prediction of a laminar separation bubble over a

controlled - diffusion compressor blade.



10·175

[39] Hodson H P, Huntsman I and Steele A B (1994) An investigation of boundary layer

developments in a multi-stage LP turbine. Journal of Turbomachinery, 116, pp. 375.

[40] Howard M (2010) Private communication.

[41] Howell R J (1999) Wake-separation bubble interaction in low Reynolds number turboma-

chinery. Ph.D. thesis, Whittle Laboratory, Cambridge University.

[42] Howell R J, Ramesh O N, Hodson H P and Schulte V (2000) High life and aft loaded

profiles for low pressure turbines. ASME 2000-GT-261.

[43] Hughes J D and Walker G J (2001) Natural transition phenomena on an axial com-

pressor blade. Journal Of Turbomachinery, 123, pp. 392.

[44] Hunt J and Kevlahan N (1993) Rapid distrotion theory and the structure of turbu-

lence. New approaches and concepts in turbulence.

[45] Kendall J M (1991) Studies on laminar boundary-layer receptivity to freestream tur-

bulence near a leading edge. Boundary Layer Stability and Transition to Turbulence, 114,

pp. 23.

[46] Klebanoff P S (1971) Contributions on the mechanics of boundary-layer transition.

Technical report, Bulletin of the American Physical Society.

[47] Knapp C F and Roache P J (1968) A combined visual and hot-wire anemometer

investigation of boundary-layer transition. AIAA Journal, 6(9), pp. 29.

[48] Launder B, Reese G and Rodi W (1975) Progress in the developments of reynolds-

stress turbulence closure. Journal of Fluid Mechanics, 68, pp. 537 .

[49] Lieblein S (1965) Experimental flow in 2D cascades. Technical Report SP 36, NACA.

[50] Lieblein S and Roudebush W H (1956) Theoretical loss relations for low-speed two-

dimensional cascade. Technical Report TN 3662, NACA.

[51] Lui Y, Zaki T A and Durbin P A (2008) Boundary-layer transition by interaction of

discrete and continuous modes. Journal of Fluid Mechanics, 604, pp. 199.

[52] Mailach R and Vogeler K (2004) Aerodynamic blade row interaction in an axial com-

pressor - part 1: unsteady boundary layer development. Journal Of Turbomachinery,

126, pp. 35.

[53] Mayle R (1991) The role of laminar - turbulent transition in gas turbine engines.

Journal Of Turbomachinery, 113, pp. 509.

[54] Mayle R (1992) Unsteady multimode transition in gas turbine engines.



10·176

[55] Mayle R E and Schulz A (1997) The path to predicting bypass transition. Journal Of

Turbomachinery, 119, pp. 405.

[56] Menter F R (1994) Two-equation eddy-viscosity turbulence models for engineering

applications. AIAA Journal, 32, pp. 1598.

[57] Morkovin M V (1968) On the man faces of transition. Symposium on Viscous Drag

Reduction.

[58] Narasimha R and Shreenivasan K R (1979) Relaminarisation of fluid flows. Advances

In Applied Mechanics, 19, pp. 221.

[59] Orth U (1993) Unsteady boundary layer transition in flow periodically disturbed by

wakes. Journal Of Turbomachinery, 115, pp. 707.

[60] Ottavy X, Vilmin S, Hodson H P and Galimore S (2004) The effects of wake-passing

unsteadiness over a highly loaded compressor-like flat plate. Journal Of Turbomachin-

ery, 126, pp. 14.

[61] Parker R and Watson J F (1972) Interaction effects between blade rows in turboma-

chines. Proceesing of the Institute of Mechanical Engineers, 186, pp. 331.

[62] Paxson D E and Mayle R (1991) Laminar boundary layer interaction with an unsteady

passing wake. Journal Of Turbomachinery, 113, pp. 419.

[63] Perkins S C T and Henderson A D (2012) Separation and relaminarisation at the

circular arc leading edge of a controlled diffusion compressor stator. Proceeding of

ASME Turbo Expo 2012, GT2012-69384.

[64] Perkins S C T, Henderson A D, Walker G J and Sargison J E (2010) Preduction

of free-stream turbulence variation at the leading edge of an axial compresor blade.

Australian Fluid Mechanics Conference.

[65] Place J M M, Howard M A and Cumpsty N A (1996) Simulating the multi-stage

environment for single-stage compressor experiments. Journal of Turbomachinery, 33,

pp. 706.

[66] Preston J H (1957) The minimum Reynolds number for a turbulent boundry layer

and the selection of a transition device. Journal of Fluid Mechanics, 3, pp. 373.

[67] Rhoden H G (1952) Effects of Reynolds number on the flow of air through a cascade

af compressor blades. Report 2919, Aeronautifcal Research Council R and M.

[68] Roache P J (1987) The Generation of nearly isotropic turbulence by means of grids.

Journal of Heat and Fluid Flow, 8, pp. 82 .



10·177

[69] Roberts W B (1995) Advanced turbofan blade refurbishment technique. Journal of

Turbomachinery, 117, pp. 666 .

[70] Sanger N L and Shreeve R P (1986) Comparison of Calculated Experimental Cascade

Performance for Controlled-Diffusion Compressor Stator Blading. Journal of Turboma-

chinery, 108, pp. 42 .

[71] Sarkar S and Voke P R (2006) Large - Eddy Simluation of Unsteady Surface Pres-

sure Over a Low - Pressure Turbine Blade due to Interaction of Passing Wakes and

Inflexional Boundary Layer. Journal of Turbomachinery, 128, pp. 221 .

[72] Savill A M (2002) By-pass transition using conventional closures. Closure Strategies

for Turbulent and Transitional Flows, pp. 493 – 521. Cambrdige University Press.

[73] Savill A M (2002) New stratergies in modelling by-pass transition. Closure Stratergies

for Turbulent and Transitional Flows. Cambrdige University Press.

[74] Schaubauer and Klebanoff P S (1956) Contributions on the Mechanics of Boundary

Layer Transition. NACA, Report 1289.

[75] Schlichting H (1979) Boundary Layer Theory. Series In Mechanics Engineering. Mc-

Graw and Hill, 6th edition.

[76] Schlichting H and Das A (1969) On the influence of turbulence level on the aerody-

namic losses of axial turbomachines.

[77] Schobeiri M T, Read K and Lewalle J (2003) Effect of unsteady wake passing fre-

quency on boundary layer transition, experimental investigation, and wavelet analy-

sis. Journal of Fluids Engineering, 125, pp. 251.

[78] Schulte V and Hodson H P (1994) Wake-separation bubble interaction in low pressure

turbines. AIAA/SAE/ASME/ASEE 30th Joint Propulsion Conference, 30.

[79] Schulte V and Hodson H P (1996) Unsteady wake-induced boundary layer transition

in low pressure turbines. Journal of Turbomachinery, 120, pp. 28.

[80] Smith A M O (1956) Transition, Pressure Gradient and Stability Theory.

[81] Solomon W J (1996) Unsteady Boundary Layer Transition On Axial Compressor Blades.

Ph.D. thesis, University of Tasmania.

[82] Solomon W J and Walker G J (1995) Observations of wake-induced transition on an

axial compressor blade. ASME Turbo Expo.

[83] Solomon W J and Walker G J (2000) Indcidence effects on wake-indiced transition

on an axial compressor blade. AIAA Journal of Propulsion and Power, 16, pp. 397.



10·178

[84] Soranna F, Chow Y, Uzol O and Katz J (2006) The Effect of Inlet Guide Vanes Wake

Impingement on the Flow Structure and Turbulence Around a Rotor Blade. Journal of

Turbomachinery, 128, pp. 82 .

[85] Speidel L (1957) Influence on the laminar boundary layer by periodic disturbance of

the flow. Z Flugwiss Weetraumsforsch, 5, pp. 270.

[86] Speziale C, Sarkar S and Gatski T (1991) Modelling the pressure-strain correlation

of turbulence: an invariant dynamical systems approach. Journal of Fluid Mechanics,

277, pp. 245.

[87] Stieger R D, Hollis D and Hodson H P (2004) Unsteady surface pressures due to

wake-induced transition in a laminar separation bubble on a low-pressure turbine

cascade. Journal Of Turbomachinery, 126, pp. 544.

[88] Tain L and Cumpsty N A (2000) Compressor blade leading edges in subsonic com-

pressible flow. ProQuest Science Journal, 214, pp. 221.

[89] Tani I (1964) Low speed flows involving separation bubble. Progress in Aero. Sci..

[90] Thomas R L and Gostelow J P (2005) The pervasive effect of the calmed region.

ASME Paper GT2005-69125.

[91] Thwaites B (1949) Approximate calculation of the laminar bounday layer. Aeronautical

Quarterly, 1, p. 245.

[92] Volino R J (2010) Effect of unsteady wakes on boundary layer separation on a very

high lift low pressure turbine airfoil. Proceedings of ASME Turbo Expo 2010.

[93] Walker G J (1968) The prediction of boundary layer development on axial flow tur-

bomachine blades. Conference on Hydraulics and Fluid Mechanics, pp. 97–104.

[94] Walker G J (1972) An investigation of the boundary layer behavior on the blading of a single

stage axial-flow compressor.. Ph.D. thesis, University of Tasmania.

[95] Walker G J (1993) The role of laminar - turbulent transition in gas turbine engines: a

discussion. Journal Of Turbomachinery, 115, pp. 207.

[96] Walker G J, Hughes J D, Kohler I and Solomon W J (1998) The Influence of wake-

wake interactions on loss fluctuations of a downstream axial compressor blade row.

Journal of Turbomachinery, 120, pp. 695.

[97] Walraevens R E and Cumpsty N A (1995) Leading edge separation bubbles on tur-

bomachinery blades. Journal Of Turbomachinery, 117, pp. 115.



10·179

[98] Wheeler A P S (2007) The effect of unsteady flows on compressor performance. Ph.D. thesis,

Whittle Laboratory, University of Cambridge.

[99] Wheeler A P S, Miller R J and Hodson H P (2007) The effects of wake induced

structures on compressor boundary layers. Journal Of Turbomachinery, 129, pp. 705.

[100] Wheeler A P S, Sofia A and Miller R J (2007) The effect of leading-edge geometry on

wake interactions in compressors.

[101] White F M (1974) Viscous fluid flow. Series In Mechanics Engineering. McGraw and

Hill.

[102] Wisler D C (1985) Loss reduction in axial-flow compressors through low speed model

testing. Journal of Turbomachinery, 107, pp. 354.

[103] Wisler D C, Halstead D E and Beacher B F (1999) Improving compressor and turbine

performance through cost-effective low-speed testing. ISOBE, pp. 99–7073.

[104] Wu X and Durbin P A (2000) Boundary layer transition induced by periodic wakes.

Journal of Turbomachinery, 122, pp. 442 .

[105] Zaki T A and Durbin P A (2005) Mode interaction and bypass route to transition.

Journal of Fluid Mechanics, 531, pp. 85.

[106] Zhong S, Chong T P and Hodson H P (2003) A comparison of streading angles of

turbulent wedges in velocity and thermal boundary layers. Journal of Fluid Mechanics,

125, pp. 267.

[107] Zohar Y and Ho C M (1996) Dissipation scale and control of turbulence in a plane

mixing layer. Journal of Fluid Mechanics, 320, pp. 139.


	Introduction
	Supporting Publications

	Background And Literature Review
	The Modes Of Boundary Layer Transition
	Effect Of Leading Edge Shape On Boundary Layer Development
	Circular Arc Leading Edges
	Unsteady Flow Phenomena
	Turbulence Amplification And Distortion Through Blade Rows
	Predicting Boundary Layer Development And Free-Stream Turbulence
	Loss Generation In Turbomachinery
	Conclusions

	Experimental Facilities and Intrumentation
	Experimental Facilities
	2D Cascade Description
	Compressor Cascade Setup
	Final Flow Periodicity And Two-Dimensionality
	Instrumentation

	Experimental Approach
	Introduction
	Flow Environment Inside High and Low Speed Machines
	Experimental Measurements
	Blade Surface Pressure Measurements
	Time-Averaged Stator Blade Pressure Loss
	Presentation of Hot-film Measurements
	Blade Surface Trajectories
	Surface Oil Dye Flow Visualisation
	Presentation of Particle Image Velocimetry (PIV) Results

	Effect of Changing Incidence and Reynolds Number on CD Stator Blade Flow Characteristics in Steady Flow
	Introduction
	Scope Of Investigation
	General Trends In The Static Pressure Coefficient Distribution.
	The Leading Edge Velocity Spike
	Distribution of Turbulent Intermittency and Boundary Layer Development
	Boundary Layer History And Its Effect On Reynolds Number Dependency In The Leading Edge Region 
	Influence of Reynolds Number And Inlet Flow Angle On Blade Pressure Loss
	Conclusions

	Comparison Between MISES and Experimental Predictions of Cascade Performance
	Introduction
	Comparison Between Experimental Results and MISES
	Proportion of Individual Surface Loss Generation
	Effect of periodic unsteadiness on blade pressure loss loops
	Conclusions

	Effects Of Changing The Stator Reduced Frequency Of A Compressor Cascade At Design Conditions
	Introduction
	Scope Of Investigation
	Expected Steady Flow Performance at 1 = 45.60 and Rec = 230,000
	Effect of Reduced Frequency on Leading Edge Velocity Spike
	Leading Edge Boundary Layer Development
	Effect of Stator Reduced Frequency on Blade Pressure Loss
	Conclusions

	Turbulence Distortion and Amplification In The Leading Edge Region of An Axial Compressor Blade In Cascade
	Introduction
	Numerical Approach
	Experimental Measurements
	Results and Discussion
	Conclusions

	Conclusion
	Effect of Changing Incidence and Reynolds Number on CD Stator Blade Flow Characteristics in Steady Flow
	Effects of Changing the Stator Reduced Frequency of a Compressor Cascade at Design Conditions 
	Turbulence Distortion and Amplification In The Leading Edge Region of An Axial Compressor Blade In Cascade

	Recommendations
	Measurements Within Leading Edge Separation Bubbles
	Developing Transition Length and Relaminarisation Capability Within MISES
	Comparison between steady experimental findings and advanced turbulence modeling techniques with transition models
	The Effect of Stator Reduced Frequency on Blade Performance Over A Range of Inlet Flow Angles and Reynolds Numbers
	High Resolution Leading Edge Freestream Turbulence Measurements


