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Abstract

Micro gas turbines (MGTs) have been pivotal in sectors such as electric-

ity generation, military applications, and commercial uses over the past

five decades. With increasing global concerns about climate change, there

is a pressing need to reduce emissions, including CO2 and NOx, from

power generation mechanisms like aircraft engines. In alignment with

the ACARE (Advisory Council for Aviation Research and Innovation in

Europe) goals, there is a mandate to reduce NOx emissions by 75% per

passage kilometre for aircraft engines by 2050, using the year 2000 as the

baseline. MGTs, representing scaled models of larger gas turbines, offer

a cost-effective platform for aerodynamic exploration and technological

advancements in gas turbines at large.

This study utilised both numerical and experimental methodologies to ex-

plore the aerodynamics within MGT blade passages, specifically using the

Wren44 and Wren100 models supplied by Turbine Power Solutions Ltd.

The research was aimed at developing and comparing different reverse-

engineering (RE) strategies to enhance the aerodynamic efficiency of the

main gas flow paths of the micro turbomachinery. Two unique RE strate-

gies based on laser-scanning and iterative CFD techniques were evaluated.

The discrete (”what the part really is”) approach proved superior for de-

tailed aerodynamics analysis, while the parametric (”what the part could

be”) was more suited for rapid design modifications, capturing overall

blade performance with fewer parameters.

The entire MGT gas path was simulated using the renowned CFX soft-

ware suite, employing both RANS and LES modelling techniques. The

fidelity of these models was rigorously verified and validated against em-

pirical data from jet engine tests and wind tunnel cascade experiments.

The baseline performance of the MGT under various RPMs is documented



with an error margin of 4.45%, as derived from thrust sensor specifications.

Subsequent design enhancements and parametric evaluations offered in-

valuable insights into the intricate physics governing flow dynamics within

turbomachinery. For the Wren100 stator, modifications including reduc-

ing one vane, halving trailing edge thickness, and increasing the aspect

ratio by 11% resulted in a thrust increase from 24.25N to 29.95N and an

improvement in rotor isentropic efficiency from 80.1% to 81.1%. Addition-

ally, halving the tip clearance of the rotor, coupled with the redesigned

stator, potentially further enhanced isentropic efficiency to 83.4% while

maintaining higher thrust levels.

The investigation into varying surface roughness levels through wind tun-

nel cascade experiments and LESWALE model simulations extended from

normal (120,000RPM) to peak (160,000RPM) operational conditions for

the Wren100 MGT. These studies culminated in actionable recommenda-

tions for optimal surface roughness maintenance. It was observed that

surface roughness could eliminate laminar separation bubbles on the suc-

tion side near the leading edge of the Wren100 stator under different

operational conditions, potentially delaying transition onset and enhanc-

ing turbulence intensity in the main flow, thereby reducing secondary

losses. For the MGT rotor blade tip, increased surface roughness not only

reduced the size of separation bubbles but also delayed their onset, po-

tentially lower secondary effects like tip leakage flows and corner vortices.

This research stands as a pioneering analysis into the different blade char-

acteristics and the effects of surface roughness on boundary layer evolution

in MGTs under relatively low Reynolds number conditions, emphasising

the importance of tailored roughness maintenance alongside other param-

eters to maximise thrust and aerodynamic efficiency.
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Nomenclature
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Chapter 1

Introduction

1.1 Micro Gas Turbine Development Overview

In the realm of turbomachinery, the Micro Gas Turbine (MGT) represents a relatively

recent innovation. Over the past two decades, its significance and application have

grown markedly. Originating as a solution for civilian needs, its versatility has since

been recognised in defence sectors as well. This widespread adaptability is captured

in Figure 1.1, which delineates various contemporary uses of these compact turbines.

Figure 1.1: Micro Gas Turbine Typical Applications[1, 2, 3]

Compared to their full-sized counterparts turbomachines, the MGTs stand out due to

their distinct attributes: they typically lack blade cooling and exhibit comparatively

higher aerodynamic losses. By definition, an MGT can be characterised as a turbo-

machine with a power output ranging from roughly 15 to 300 kW [4]. With years

of dedicated technical advancements and accumulating expertise, a variety of MGT

models have come to the fore. Presently, several commercial versions of MGTs are

available, with companies like Turbine Power Solutions Ltd. leading the way in in-

novation. Notably, under moderate pressure ratios, contemporary MGTs can achieve
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impressively high rotational speeds, approximately spanning from 50,000 to 160,000

RPM [5].

Table 1.1 shows some examples of modern MGTs and their specifications.

Turbine Developer
Turbine
Type

Max.
Pressure
Ratio (Pr)

Max.
RPM
(×103)

Max.
Thrust
(N)

Wren44
Wren
Power

Single
Stage
Axial

2.9 195 44

Wren100
Wren
Power

Single
Stage
Axial

2.3 160 100

Mercury
HP

AMT
Single
Stage
Axial

2.8 151.9 88

B100F BF
Single
Stage
Axial

3.0 125 120

P100-RX Jetcat
Single
Stage
Axial

2.9 154 100

Hawk-100 Hawk
Single
Stage
Axial

3.8 175 110

Table 1.1: Specifications of Modern MGTs With Similar Thrust Capability [5, 6, 7,
8, 9]

Table 1.1 highlights that MGTs generally operate at low-pressure ratios while achiev-

ing high rotational speeds. A prime example of contemporary MGTs is the Wren

series turbines, developed by Wren Power Systems Ltd. These turbines employ a

myriad of existing technologies, with operational principles outlined as follows.

1. Air Intake: Initially, the airflow is directed through an intake component,

which guides the air towards the compressor.

2. Compression: Within the compressor, the air undergoes compression, leading

to a notable increase in both pressure and temperature.
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3. Combustion: The high-pressure air then exits the compressor and mixes with

atomised fuel within the combustion chamber. Concurrently, the ignitor gener-

ates electrical sparks or other ignition mechanisms, instigating the deflagration

process. This process transforms the chemical energy stored in the fuel into

heat, substantially increasing the air temperature.

4. Turbine Conversion: The high-enthalpy air then flows into the turbine, where

its energy is harnessed and converted into shaft power.

5. Power Output: Finally, this shaft power is further transformed into kinetic

energy in the turbine stator-rotor stages. This kinetic energy serves dual pur-

poses: driving the compressor and providing the thrust or power output.

Figure 1.2: The Core Components of Wren Series Engines (CAD Drawing)

In Figure 1.2, the fundamental components of the Wren series engine are delineated.

Among these, the Wren44 serves as the foundational model, boasting a peak thrust of

44N. In contrast, its successor, the Wren100, is an enhanced version with an elevated

maximum thrust capacity of 100N.

1.2 Aerodynamic Loss in Micro Gas Turbine

Micro Gas Turbines (MGTs) have been observed to generally exhibit lower efficiency

when juxtaposed with their larger gas turbine counterparts. The main causes for this

differential in efficiency are summarised as follows.
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1. Aspect Ratio Concerns: One primary consideration is the aspect ratio.

MGTs characteristically have a smaller aspect ratio compared to larger tur-

bomachines, predominantly in the 0.5-1.5 range. Due to this distinction, sec-

ondary flows in MGTs can capture a major fraction of the blade span. This,

in turn, affects the overall aerodynamic performance, as secondary flows can

induce loss mechanisms not as prevalent in larger turbines.

2. Challenges with Tip Clearance: As engineers miniaturise turbines to the

scale of MGTs, there emerges a pronounced difficulty in sustaining minimal tip

clearance. Factors contributing to this include the inherently viscous working

environment and the reduced blade height. As portrayed in Figure 1.3, the

magnified tip clearance in MGTs can result in significant performance dete-

rioration. This is primarily attributed to escalated leakage losses, where the

clearance allows a greater volume of working fluid to bypass the turbine’s main

flow path, causing efficiency penalties.

Figure 1.3: Turbo-machine Tip Leakage Flow Schematic Diagram [10]

3. Reynolds Number Discrepancies: Historically, studies have illuminated

that MGTs predominantly operate under a relatively low Reynolds number

spectrum, specifically from 4× 104 to 5× 105. This stands in contrast to larger

turbines that operate at Reynolds numbers generally spanning from 4.2 × 105

to 8.2 × 105 [13]. It is an established fact in turbomachinery that, at reduced

Reynolds numbers, transitional boundary layers become more prominent. These

layers, which form a considerable portion of the blade surface boundary layer,

are notorious for inducing significant aerodynamic losses. The complexity inher-

ent to these transitional regions has led to the development of many correlations
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that are semi-empirical in nature. Thus, it is of paramount importance to con-

duct experimental validations to accurately assess the aerodynamic performance

of MGT blades under these conditions.

In summation, the mechanisms contributing to inefficiencies within MGTs starkly

differ from those observed in larger turbomachines. To pave the way for advancements

in the aerodynamic performance of MGTs, it is essential to delve deeply into the

nuanced interplay between blade design attributes and the prevailing flow conditions,

particularly focusing on how they orchestrate the various loss categories.

1.3 Flow Over Rough Surfaces of Turbine Blades

It is widely acknowledged that the presence of rough surfaces can profoundly influence

the dynamics of the boundary layer flow, primarily by heightening flow instability

proximal to the wall. As depicted in Figure 1.4, surface roughness can disrupt the

cohesive viscous sublayer, catalyzing an accelerated transition from a laminar to a

turbulent flow regime.

Figure 1.4: Boundary Layer Flow Over (a) Smooth and (b) Rough Surfaces
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When this phenomenon is extrapolated to the realm of turbomachinery, the research

by Taylor in 1990 illuminates that in-service turbine blades of considerable dimensions

can exhibit appreciable roughness. Empirical data demonstrated that the roughness

height on the suction side, proximate to the leading edge of the F-100 blade, peaked

at 79 µm [12]. Now, when juxtaposing blades of varying scales but manufactured

through analogous techniques, this consistent roughness height can potentially wield

a disproportionately adverse influence on the aerodynamic performance of micro gas

turbines relative to their larger counterparts. In the comprehensive study conducted

by Alqallaf, a detailed examination of the impact of surface roughness on the aerody-

namics within the turbine section is meticulously showcased. This research highlights

how variations in surface roughness, significantly alter the flow dynamics across tur-

bine blades. As shown in Figure 1.5, the visualisations clearly demonstrate that in-

creased roughness leads to heightened turbulence and disrupted flow patterns. These

changes are crucial as they affect the overall efficiency of the turbine by increasing

the wall shear stress and potentially leading to higher energy dissipation and de-

creased aerodynamic performance. The findings are pivotal for understanding how

even minor alterations in blade surface conditions can profoundly influence turbine

aerodynamics, emphasising the need for precise control over surface finish in turbine

design and maintenance [11].

However, it is imperative to recognise, as elaborated in Section 1.2, that the Reynolds

numbers typical for MGTs are considerably attenuated compared to conventional

turbo-machines. Given the propensity of MGTs to manifest relatively pronounced

boundary layers, there exists an ambiguity regarding the tangible influence of surface

roughness on the comprehensive performance metrics of the engine. Consequently,

a pivotal objective of this research endeavour is to demystify the intricate interplay

between surface roughness and the flow dynamics characteristic of MGTs.

1.4 Reverse-Engineering of Turbomachinery Parts

Over the years, extensive research efforts have been dedicated to refining the de-

sign of turbomachinery components. Often, such endeavours necessitate engineers to

reverse-engineer existing 3D CAD models. While traditional design methodologies

embark on a functional requirement and progress towards the final product, reverse

engineering (RE) adopts an inverse approach. It begins with an extant product and
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Figure 1.5: Impact of Surface Roughness on Turbine Blade SS Wall Shear Stress
(Rough 5: ks = 150µm) [11]

meticulously retraces its developmental path to reconstruct its geometry [92]. Vari-

ous techniques, both contact-based and non-contact, are at the disposal of engineers

to recapture the product geometry. Each method strives for a singular objective: to

replicate the geometry with utmost fidelity. However, it is paramount to judiciously

select an RE method that strikes a balance between achieving impeccable geometric

accuracy and optimising resource expenditure in terms of time and cost.

For the RE of intricate geometries, such as micro turbine blades, the choice of digi-

tising technique be it contact or non-contact is pivotal [93, 94]. Interestingly, the

RE procedures for both contact and non-contact methods exhibit considerable simi-

larities, with the primary divergence rooted in the data cloud acquisition approach.

A noteworthy study by Mahboubkhah et al. (2016) elucidated that technical spec-

ifications proclaimed by digitising equipment manufacturers do not always mirror

real-world accuracy [95]. This underscores the indispensable nature of experimental

validation for RE models. To that end, in this research, both Computational Fluid

Dynamics (CFD) simulations and empirical data based on the jet engine and wind

tunnel cascade tests were harnessed to critically assess the veracity of RE models.
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1.5 Impact of the COVID-19 Pandemic on the Re-

search Project

The unprecedented onset of the COVID-19 pandemic significantly impacted the pro-

gression and methodology of this PhD project. The following paragraphs outline the

key challenges and adaptations made to ensure the continuation and eventual success

of the research.

Initially, the project faced significant delays in receiving parts for the Wren100 MGT

from Turbine Solutions Ltd., crucial for the planned investigations. This situation

necessitated a shift in focus to the Wren44 stator vanes for reverse engineering (RE)

and Computational Fluid Dynamics (CFD) studies during the first one and a half

years. Although similar, the Wren44 components were not fully representative of the

Wren100 MGT, introducing certain limitations to the initial phase of the research.

The pandemic also imposed restrictions on the operational capacity of the Wren100

engine testing rig. Limited to a maximum of 120,000 RPM for the first two years,

this constraint significantly affected the experimental scope and depth of data that

could be gathered. Furthermore, the impact of the pandemic on campus operations

severely restricted access to vital facilities such as the propulsion lab, tribology lab,

and wind tunnel lab. The transition to remote work and the inability to access these

labs hindered hands-on experimentation and delayed critical stages of the project.

Another significant challenge was the delayed availability of the wind tunnel facilities,

which only became accessible in the third year of the project. The necessity for 3D

printing and the use of iForge equipment for creating wind tunnel cascades added

to these delays, as these resources were not available during the pandemic-induced

lockdowns.

Finally, personal health was also impacted, as contracting COVID-19 necessitated a

period of bed rest, directly affecting work efficiency and progress. Despite these chal-

lenges, the project adapted and advanced. The use of Wren44 components provided

valuable preliminary insights, and virtual meetings, though less ideal than in-person

interactions, maintained continuous communication with the supervisor and fellow

researchers. This adaptability, resilience, and commitment to the research objectives
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enabled the successful achievement of most of the goals of this PhD project, despite

the extraordinary circumstances imposed by the COVID-19 pandemic.

1.6 Thesis Overview

In this section, a concise overview of each chapter in the thesis is provided:

Chapter 1 provides an overview of MGTs, setting the context for the research by

highlighting the intricacies of their aerodynamic behaviours and the ensuing motiva-

tions for a detailed analysis.

Chapter 2 presents a comprehensive literature review. It covers MGT performance

metrics, loss classifications and their underlying principles, prevailing reverse-engineering

approaches, and computational strategies for analysing turbine blade aerodynamics.

Chapter 3 outlines the experimental methodologies and equipment employed through-

out the research. It also introduces a novel approach to estimating engine test errors

via iterative CFD methods.

Chapter 4 details the development and comparison of varied MGT blade reverse-

engineering techniques. It also showcases the reverse-engineered components in prepa-

ration for performance assessments in Chapter 5.

Chapter 5 explores the different computational parameters and models vital for the

performance analysis and redesign of the MGT stator and rotor. It presents a thor-

ough CFD verification and validation process anchored in jet engine tests and wind

tunnel cascade data, with recommendations for selecting reverse-engineered models

stemming from two distinct strategies (discrete or parametric).

Chapter 6 provides a comprehensive analysis of the aerodynamic performance of the

Wren100 stator and rotor and their interplay. It also includes potential design rec-

ommendations aimed at improving the MGT stator and rotor efficacy and thrust.

Chapter 7 undertakes a meticulous study of the influence of varying surface rough-

ness levels on the aerodynamic performance of the MGT, supplemented with potential
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maintenance recommendations for the MGT stator and rotor.

Chapter 8 incorporates the design enhancements proposed in Chapter 6, offering a

comparative analysis of parametric studies and the redesigned performance of the

MGT stator and rotor. It also details the manufacture of the redesigned components

of the Wren100 MGT in anticipation of future engine tests.

Chapter 9 encapsulates the conclusions drawn from the accumulated research and

forwards recommendations for future inquiries geared towards a more profound com-

prehension of the intricate aerodynamics within MGT blade passages.
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Chapter 2

Literature Review

2.1 Introduction

As previously noted, the development and optimisation of micro gas turbines (MGTs)

are faced with various challenges, including limitations in size, intricate flow condi-

tions, and the absence of three-dimensional computer-aided design (CAD) data. This

chapter provides an outline of existing literature on reverse-engineering of MGT com-

ponents, recent research on enhancing the prediction and optimisation of turbine

blade performance, as well as a comprehensive review of prior studies on the influ-

ence of surface roughness on gas turbine performance to enhance comprehension of

flow dynamics within MGT blade passages.

2.2 Micro Turbomachinery Blades Fundamentals

2.2.1 Turbine Blade Characteristics

Turbine blades generally comprise two fundamental components, namely, the stator

(NGV) and the rotor. The stator is designed to accelerate the flow in the abso-

lute frame, thereby enhancing the tangential momentum, while the rotor serves the

purpose of accelerating the flow in the relative frame, thereby generating power and

thrust. Presently, gas turbines typically utilise solid or hollow blades, the latter

of which facilitate the passage of cooling air within the blade to ensure that the

metal temperature is within acceptable levels. The use of hollow blades made of

Nickel-based superalloys has become widespread in Turbofan gas turbines with a

high thrust-to-weight ratio since the 1990s, leading to a substantial increase in engine

performance[14]. In the case of modern high-performance turbines, air-cooled blades

are preferred due to the extremely high operating temperature. For example, the
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Rolls-Royce Spey Gas Turbine employs triple-pass air cooling blades that have been

specially treated to enhance their resistance to oxidation and high temperatures[15].

In this project, studies were only concerned with micro gas turbines, which normally

do not have cooling passages due to the tiny blade sizes. Thus, the selection of an

appropriate blade shape and its characteristics is of utmost importance in providing

an efficient power supply.

Figure 2.1: Axial Flow Turbine Velocity Triangles [17]

Drawn in a frame of reference that is attached to the rotating blades, the velocity tri-

angles (as shown in Figure 2.1) are useful graphical representations and design tools

to analyse fluid motions within the MGT passages. Studies have shown that many

important parameters such as the blade design, inlet angle, and rotational speed can

be optimised through the analysis of velocity triangles. For turbine velocity trian-

gles, there are three main types of angles, which are the blade angle, relative velocity

angle and exit angle. The detailed descriptions of those angles are listed in Table

2.1. The blade angle is the geometric orientation of the blade fixed in the turbine

design, whereas the flow angle represents the actual angle at which the working fluid

approaches or leaves the blade under dynamic conditions. Deviations between these

angles often occur due to the dynamic response to the operation conditions of the

turbine that leads to the pressure and velocity changes around the blade. Adjusting

the blade angle to maintain optimal design incidence reduces the probability of flow
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separation and enhances performance, particularly in variable-speed gas turbine en-

gines [18, 19].

Angle Type Description

Blade Angle
Between the inlet velocity vector and the blade
velocity vector

Relative Velocity Angle
Between the inlet velocity vector and the relative
velocity vector

Exit Angle
Between the blade velocity vector and the outlet
velocity vector

Table 2.1: Angles in Turbine Velocity Triangles [17]

Based on the different velocity triangles, there are two main categories of turbine

blades, which are Impulse and Reaction turbines. According to textbook definitions,

for the Impulse type of blading, all the pressure drop in the turbine comes from the

momentum effect in the nozzle. Therefore, the reaction (Λ) is zero, meaning the gas

angle β remain constant after the impulse blade (β2 ≃ β3). For the reaction turbine,

the pressure change in the turbine would come from both the nozzle and the rotor

[21]. During the design of blade profiles, it is significant to understand that the ve-

locity triangles in Figure 2.1 represent the gas angles, not the turbine blade angles.

The design and optimisation of turbine blades involve many blade parameters. Figure

2.2 shows the cascade of turbomachinery blades with the notation of some essential

design parameters.

As shown in Figure 2.2, the stagger angle (ξ) is the angle between the reference

direction (the line perpendicular to the cascade front) and the chord line. Based on

the parameters, several useful blade characteristics could be calculated. The first one

is the blade solidity (σ), which is the ratio of the chord (c) and the pitch (s) as shown

in Equation 2.1.

σ =
c

s
(2.1)

Blade solidity is a crucial parameter in determining the pressure drop and mass flow

rate across the turbine stage. In practice, the space-chord ratio (s/c) can also be

used instead of the solidity. Higher solidity usually means a large blade chord length

relative to its circumference or more blade number. Studies have shown that a higher

pressure drop that leads to higher power output could be achieved by increasing the
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Figure 2.2: Turbomachinery Blades Cascade With Parameters Notations

blade solidity. However, high solidity would often result in too many blades, which

could cause higher profile loss due to increased surface area and higher manufacturing

and maintenance costs. In addition to impacting the loss and power output of the

turbine, blade solidity can also influence the stability of the turbine. A high blade

solidity can result in increased vibrational forces, which can cause mechanical stress

on the turbine components and reduce its lifespan [17, 20].

Secondly, as the blade outlet angle and the flow outlet angles are expressed by β′
2 and

β2, the deviation (δ) can be calculated to represent the difference between the blade

exit angle and the flow exit angle:

δ = β2 − β′
2 (2.2)

As the deviation (δ) arises due to the viscous and inviscid effects; therefore it is nearly

impossible for the flow to follow the blade angle precisely, meaning the flow will leave
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the trailing edge at a slightly different angle to the blade exit angle. Thus, for the

designed turbine blade to achieve the desired aerodynamics, the designer will need

to assume a velocity distribution and a proper computational method to determine

different blade characteristics. In addition, it is known that the Reynolds number

and the flow boundary layer are interrelated with the deviation. As the Reynolds

number decreases, the boundary layer would grow thicker and the deviation would

be larger, which could lead to lower turbine stability and efficiency. To justify the

computational results and gain a further understanding of unsteady flow phenomena,

the design will also be backed up by cascade results.

The third important blade characteristic is the aspect ratio (AR), which refers to the

blade height to its chord and can be calculated with Equation 2.3.

AR =
h

c
(2.3)

Generally, it is known the higher aspect ratio leads to a lower secondary loss, which

is a term used to describe the reduction in efficiency due to losses in the blade wake,

such as turbulence and mixing. Reducing secondary loss normally results in higher

power outputs and efficiency. However, increased mechanical stress and manufactur-

ing difficulty can be caused by high aspect ratio blades due to their higher vibrational

force and deflection. Thus, the value of the optimal aspect ratio is a trade-off between

aerodynamic performance and other design considerations and must be carefully de-

cided based on numerical or experimental analysis. Several pieces of previous research

have studied the impact of different aspect ratios on the aerodynamic performance

of turbomachinery blade channels. Choi et al. compared the effect of three different

aspect ratios of 1:0.5, 1:1 and 1:2, and they discovered the 1.1 aspect ratio would have

the highest aerodynamic performance ratio [16]. Pullan et al. conducted the exper-

imental and numerical study with three low aspect ratio NGVs, in which extremely

strong secondary flows were discovered that resulted in high secondary loss. More

details about turbine blade loss are explained in Section 2.3.

2.2.1.1 Micro Gas Turbine Performance Parameters

In contemporary turbomachinery research, the aerodynamic design of blade pro-

files has been shown to significantly influence turbine performance. For effective

design outcomes, a comprehensive understanding of specific performance parame-

ters is paramount prior to delving into intricate details about blade aerodynamics

[17]. Utilising velocity triangles for a single axial turbine stage, and integrating the
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nomenclature presented in Figure 2.1, there are three primary dimensionless variables

instrumental for microturbine design: the stage loading coefficient (ψ), the reaction

(Λ), and the flow coefficient (φ).

The stage loading coefficient (ψ) acts as a representative dimensionless quantity, eluci-

dating the work potential of an individual stage within a turbine system. A judicious

choice of ψ during the preliminary design phase of a turbomachine is pivotal, as it

influences both efficiency and power output. Currently, the consensus in the field

dictates that this coefficient can be ascertained using Equation 2.4, considering the

angles outlined in Figure 2.1 [17].

ψ =
2Cp∆T0s

U2
=

2Ca

U
(tanβ2 + tanβ3) (2.4)

For enhancing the turbine power output and efficiency, optimisation of the stage

loading coefficient is possible through various methodologies. Notably, considera-

tions include blade design, inlet conditions (temperature and pressure), the number

of stages, and overall turbine dimensions.

Another vital performance metric is the degree of reaction (Λ). Rather than focusing

on pressure drops, this dimensionless parameter predominantly considers the reduc-

tion in static temperature or enthalpy.

Λ =
Ca

2U
(tanβ3 − tanβ2) (2.5)

The reaction (Λ) plays a decisive role in turbine performance, quantifying the fraction

of stage expansion occurring within the turbine rotor. A heightened reaction implies a

larger segment of the working flow energy being transformed into mechanical energy.

Analogous to the stage loading coefficient, prudent selection of the reaction is crucial

during the preliminary stages of turbine design. Factors influencing this include inlet

conditions, blade design, and turbine dimensions [22]. Empirical investigations, such

as the study by Lee et al. on a 10-stage steam turbine, revealed robust correlations

between the stage reaction and resultant efficiency [23].

In addition to these parameters, understanding the intricacies of physical expansions,

specifically pressure and temperature drops, is of paramount importance. These ex-

pansions play a pivotal role in defining the thermodynamic performance of turbines.

A pressure drop across the turbine stage signifies the conversion of potential energy
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(in the form of pressure) into kinetic energy, which is then harnessed as useful work.

Conversely, a temperature drop represents the isentropic expansion of the working

fluid, leading to an associated decrease in its enthalpy. Both these phenomena, intri-

cately linked with the fundamental principles of energy conservation, directly influence

the efficiency and output power of a turbine. Furthermore, they serve as vital bench-

marks when evaluating the aerodynamic and thermodynamic efficacy of blade profiles

and other design parameters. An optimal balance between pressure and temperature

drops, achieved through meticulous design and operational practices, ensures max-

imised turbine performance while mitigating potential inefficiencies and mechanical

stresses.

Last but not least, the Smith chart, drawing from the flow coefficient and stage loading

coefficient, has frequently been employed as an initial design instrument to critically

assess and design gas turbine performance.

Figure 2.3: Smith Chart For Turbine Stage Efficiency [24, 25]

As shown in Figure 2.3, the Smith chart provides a graphical representation of the tur-

bine complex admittance. By mapping the flow coefficient against the stage loading
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coefficient, the Smith chart allows engineers to quickly gauge performance charac-

teristics and make informed decisions about modifications or optimisations needed

for enhancing turbine efficiency. This tool is particularly beneficial in analysing the

influence of diverse design parameters on gas turbine performance. Critical parame-

ters include blade characteristics, such as height, pitch, and angle. Another integral

application of the Smith chart is its capability to visually convey the implications of

flow angle deviations. Such deviations can potentially result in diminished thrust and

efficiency, underscoring the importance of precision in design considerations.

2.3 Micro Turbomachinery Blade Loss Categories

As previously noted, the small scale of Micro Gas Turbines (MGTs) often means they

lack features commonly found in larger counterparts, such as internal or film-cooled

blades. In contrast, conventional-sized gas turbines frequently employ film cooling to

enhance operational efficiency. This technique involves injecting a protective sheath

of cooler air between the blade surface and the high-temperature external flow. While

film cooling is invaluable in maintaining blade integrity and extending component life

under elevated temperature conditions, it is not devoid of challenges. Specifically, the

introduction of this cooler layer can lead to the development of a thicker boundary

layer on the blade surface, subsequently inducing aerodynamic losses. The experi-

mental research by Day et al. elucidates this phenomenon, illustrating the correlation

between film cooling and efficiency losses. Their findings, specifically pertaining to the

efficiency loss experienced in a nozzle guide vane due to film cooling, are graphically

represented in Figure 2.4.

Ito et al. have extensively documented the impact of film cooling on the mid-span

total pressure loss, particularly when cylindrical holes are employed on the pressure

side (PS) and suction side (SS) of an airfoil cascade [27]. With this in perspec-

tive, non-air-cooled micro turbines stand to benefit significantly by sidestepping these

cooling-related losses. In the absence of factors related to blade cooling, the cumu-

lative efficiency degradation for MGTs can be systematically segmented into three

principal components: profile loss, secondary loss, and tip leakage loss. Each of these

components has its distinct implications on the overall turbine performance and has

been the subject of myriad research endeavours. The succeeding subsections delve

into existing studies that shed light on these disparate turbine blade loss mechanisms.
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Figure 2.4: NGV Mid-span Efficiency Loss: Cooled Vs. Uncooled [26]

2.3.1 Profile Loss

Across the spectrum of modern turbomachinery, spanning various scales and appli-

cations, profile loss stands out as a pivotal determinant of performance. It acts as a

critical metric guiding the design and optimisation of stator vanes and rotor blades.

Due to the existence of high-velocity regions and flow diffusion near the suction side

of turbine blades, the strong adverse pressure gradient is likely to cause the flow

boundary layer separation, which could lead to high profile loss and significant re-

duction of the turbine efficiency [28]. As shown in Figure 2.5, the pressure coefficient

distribution diagram shows the typical flow separation within turbine blades due to

the low Reynolds number, which could lead to an increased aerodynamic loss [29].

MGTs are particularly susceptible to the repercussions of high profile loss. One no-

table consequence of such losses is the heightened propensity for the accumulation of

dust, debris, and other particulate contaminants on the turbine blades. This accu-

mulation can lower the overall turbine efficiency, leading to tangible reductions in its
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Figure 2.5: Schematic Diagram of a Separation Bubble & Pressure Distribution [29]

overall power output [30].

Extensive research has been conducted to decipher the intricate relationship between

profile loss and gas turbine performance. In a seminal experimental study spanning

Reynolds number flows from 80,000 to 200,000, LaGraff and Ashpis noted an effi-

ciency decrement of approximately 2% attributable to augmented profile losses. Such

losses were traced back to flow separations occurring on the suction side of the turbine

blade [31, 32]. Profile loss multifaceted nature stems from its sensitivity to a plethora

of factors, including blade shape, surface roughness, Reynolds number, inlet turbu-

lence intensity, and upstream wakes, among others [33]. For transonic turbines, blade

shape, specifically the trailing edge configuration, commands paramount significance.

As elucidated by Rossiter, Pullan, and Melzer, trailing edge losses can account for

nearly a third of total profile losses. Through Large Eddy Simulations (LES), their

research spotlighted the inherent connection between trailing edge loss, base pressure,

and trailing edge wedge angle. A mere alteration in the trailing edge wedge angle,

from 8 to 14 degrees, was documented to slash aerodynamic losses by a substantial
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29% [34].

Addressing and reducing profile losses in modern turbines presents a formidable tech-

nical challenge. Despite strides in understanding, the complicated flow dynamics

within blade passages remain shrouded in mystery. Moreover, mitigation efforts oc-

casionally demand design trade-offs, with solutions for profile loss occasionally ex-

acerbating other types of losses. Given that profile loss is intrinsically linked with

separation bubble-related losses, researchers have concentrated their efforts on demys-

tifying the flow dynamics within turbine passages and devising loss control strategies.

Pioneering computational studies employing high-fidelity numerical methods, such as

Large Eddy Simulations LES and Direct Numerical Simulations (DNS), by Rao et al.

and Michelassi et al. revealed that upstream periodically passing wakes, alongside

unsteady flow behaviourslike free stream turbulence within blade passagescould be

instrumental in curtailing losses like profile loss [35, 36]. These insights were also

corroborated experimentally by the work of Opoka and Hodson on the T106 LP tur-

bine blade cascade. Their findings underscored efficiency enhancements to the tune

of 0.25%, achieved by optimising the upstream wake and downstream potential flow

fields, subsequently leading to diminished suction side boundary layer losses [37].

2.3.1.1 Flow Transition Within Turbo-machines

The role of the boundary layer in shaping blade profile loss cannot be overempha-

sised. Specifically, the state of the boundary layer proximate to the suction side of

a turbine blade profoundly impacts profile loss. The progression of flow transition

can precipitate alterations in pressure distribution and augment skin friction drag,

making the investigation of transitional dynamics crucial in turbine blade design and

optimisation endeavours.

Different Transition Mechanisms

Conventionally, flow transition is characterised as the metamorphosis from laminar to

turbulent flow over a finite span. Historically, turbomachinery research often oversim-

plified the intricacies of this transition. By predominantly employing fully turbulent

models, these early studies rendered the transition process as a sudden event, ne-

glecting the nuanced transitional phases in between. Yet, with the advancement of

computational capabilities and deeper insights into fluid dynamics, there has been

a paradigm shift. A noteworthy example is the modular Reynolds-averaged Navier-

Stokes (RANS) methodology. This approach was architected specifically to model the
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laminar-turbulent transition in turbomachinery flows, signifying a concerted effort to

more accurately encapsulate the gradations of the transition process [49]. As delin-

eated in Figure 2.6, turbines can manifest a triad of typical transition mechanisms.

These mechanisms encompass:

• Natural Transition: This is an inherent process, often instigated by minute

perturbations in the flow or surface imperfections, which gradually escalate and

culminate in turbulence.

• Bypass Transition: This mode is typically expedited by high levels of external

turbulence, effectively ”bypassing” some of the intermediate phases inherent to

the natural transition process.

• Separation-Induced Transition: Here, an adverse pressure gradient forces

the flow to separate, with the separated laminar boundary layer undergoing a

rapid transition to turbulence before reattaching to the surface.

Figure 2.6: The Path from Laminar to Turbulence Transition [50]

The first transition mechanism is known as the natural transition, which is caused

by the ”Tollmien-Schlichting waves” and occurs typically when the turbulence inten-

sity level is relatively low. For the natural transition flows, the intermittency would
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be produced slowly, meaning the point of fully turbulent flow can be far from the

transition point. Linear instability waves can be found to grow inside the laminar

boundary layer and then nonlinear break down into turbulence. Nature transition

could be incurred by many small disturbances, including acoustic noise and surface

roughness. For turbine blades, nature transition usually happens near the trailing

edge region, where exists high adverse pressure gradients and local peak of skin fric-

tion coefficients [51, 52].

The second flow transition mechanism is called the bypass transition, which is a rapid

process and usually occurs when the turbulence intensity is high. Klebanoff first iden-

tified this mechanism during his experimental research on the free-stream turbulent

flow, in which he discovered that the turbulence spots or streaks could be developed

directly within the boundary layer caused by the free-stream disturbances, meaning

the first stage of the transition mechanism is bypassed [53]. Due to the high-intensity

level of turbulent flow, the transition process would be forced upstream, leading to a

bypass transition instead of a natural transition [54].

The third mechanism is the separation-induced transition. As the name suggests, lam-

inar separation bubbles (LSB) are caused by the separation of the laminar boundary

layer due to strong adverse pressure gradients or geometric discontinuities. The sep-

arated shear layer then becomes unstable and rolls up to vortices. Afterwards, the

vortices interact with the wall and reattach to generate a separation bubble. Finally,

the instability of the LSB would increase and break down into turbulence [54, 55]. Ac-

cording to the detailed research by Gaster, during the separation-induced transition

process, the bursting phenomenon could be observed, which shows a short separation

bubble transfer into a long separation bubble. Gaster also discovered that the flow

inside the bubble is mostly laminar with TollmienSchlichting instabilities under low

free-stream turbulence conditions [56]. For turbomachinery applications, LSB would

naturally be formed near the leading edge of the blade leads to the reduction in the

aerodynamic performance. Previous studies have shown that the size of LSB depends

on the Reynolds number, the free-stream turbulence intensity and the Reynolds num-

ber. Hatman and Wang conducted experimental research on the separation-induced

transition under constant free-stream turbulence intensity and adverse pressure gra-

dient, and they found that the size of LSB increases as the Reynolds number reduces.

Also, the research by Hatman and Wang shows that under extremely low Reynolds
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number flow, the boundary layer does not reattach due to massive separation, mean-

ing the LSB is open [57]. Thus, lowering the Reynolds number in turbomachinery

would generally lead to higher losses and lower efficiency. To study the separation-

induced transition on a highly loaded low-pressure turbine blade profile, Minot et al.

carried out RANS simulations based on the four-equations transitional turbulence

model. It was found that the use of correlation by Langtry et al. would generate

the best compromise between precision and trends for transition Reynolds numbers

[58]. Based on the spectral study of a low-pressure blade by Graveline, a method was

developed by Graveline and Sjolander to identify frequency peaks according to the

empirical relations between flow velocity, boundary layer thickness and the state of the

free shear layer on the peak frequency locations. The presence of Kelvin-Helmholtz

instability and Tollmien-Schlichting waves were also identified by the above method,

which the results suggest that both Reynolds number and turbulence intensity can

influence the waves and instabilities [59]. By adopting the LES turbulence model to

study the boundary layer transition mechanism, Segui et al. found that the Kelvin-

Helmholtz instability is the main cause of the transition mechanisms [60].

Flow Transition Triggering Factors

The transition process, a pivotal element in the study of turbomachinery, has a

complex nature, with multiple factors influencing its occurrence and progression.

Paramount among these factors are listed as follows [48].

• Incidence angle, which can induce local flow separation.

• Blade surface roughness, affecting the laminar flow stability.

• Free-stream turbulence, inducing disturbances in the flow.

• Surface curvature, altering the pressure distribution.

• Reynolds number, reflecting the flow inertial forces relative to viscous forces.

• Pressure gradient, which can accelerate or decelerate the flow.

Several past studies have delved into understanding this process; however, not all have

succeeded in rendering accurate predictions of boundary layer performance. The chal-

lenge arises predominantly because, in specific turbo-machines, the transitional region

length can be considerably large, demanding keen attention to achieve trustworthy

predictions regarding boundary layer behaviour [38]. The cascade study by Walker
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provides a notable insight into this area. For turbine blades subjected to a Reynolds

number of 2×105 with a turbulence intensity of 0.2%, the transition zone was found to

account for roughly 10% of the chord length. Notably, the experimental observations

by Turner and Hodson, made under a free-stream turbulence intensity of 0.5%, echoed

the findings by Walker [39, 40, 41]. Moreover, Walker proposed a model, aiming to

predict the length of the transitional zone, considering the continuous breakdown of

laminar instability waves. This model is expressed as:

LT = 5.6
Cr

ue

ν

ue

Re
3
2
δ∗ (2.6)

The complex phenomenon of laminar-turbulent transition, especially under varying

turbulence levels, has also been the subject of extensive literature. For instance, a

study highlighted the transition processes within turbine blades, specifically, when

the Free-Stream Turbulence Intensity (FSTI) exceeds the 0.51% range, [43]. An-

other experimental study shed light on transitions occurring amid high free-stream

turbulence in boundary layers affected by pressure gradients [44]. Furthermore, high

turbulence levels were observed to greatly influence boundary and shear layer stabil-

ity, often promoting premature transitions [45].

The interaction between pressure gradients and transitions has also garnered aca-

demic attention. A specific experimental study underscored how naturally occurring

transitions in boundary layers, combined with turbulence and pressure gradient ef-

fects, play a pivotal role, especially in supersonic boundary layers [46]. On the other

hand, a simulation-based investigation delved into modelling transitions in boundary

layers of roughened turbine blades, emphasising the impacts of both turbulence and

pressure gradients [47].

Additionally, a comprehensive research effort elucidated the role of the laminar-

turbulent transition in dictating aerodynamics and heat transfer dynamics in both

contemporary and next-generation gas turbine engines. This research married both

theoretical and experimental approaches to offer a multifaceted perspective on tran-

sition phenomena in gas turbines [13].

In conclusion, the intricacy of the transition process, combined with multifactorial

influences and occasional disparities in experimental data, makes a universal analyti-

cal solution elusive. The contemporary approach often marries numerical simulations

with experimental and semi-empirical findings to navigate these challenges. This
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combination underscores the need for engineers to develop a profound grasp of the

diverse physical phenomena at play. The following subsection delves into turbine cas-

cades, a conventional experimental method adopted by engineers to probe into the

profile loss of the turbine blades.

2.3.1.2 Axial Turbine Profile Loss Prediction - Cascade Test

As reviewed earlier, gas turbine profile loss primarily results from diffusion and the

adverse pressure region near the blade suction side. One prevalent methodology to

forecast profile loss involves the execution of two-dimensional cascade tests, facili-

tated through experimental setups or numerical simulations. The primary goal of

these tests is data accumulation to ascertain the aerodynamic viability of the blade

profiles in question. Given this backdrop, grasping the intricacies of cascade perfor-

mance parameters becomes paramount.

In the context of the discussion in subchapter 2.2.1, a multitude of research efforts

has pinpointed that deviations (δ) manifest predominantly because of viscous and in-

viscid phenomena. This renders it an uphill task for the flow to meticulously adhere

to the blade angle, inevitably causing the flow to deviate from the blade exit angle

as it departs from the trailing edge. This understanding underscores the need for

designers to hypothesise a pertinent velocity distribution, and to harness an appro-

priate computational methodology to delineate the blade various characteristics. It is

quintessential that these computational findings are corroborated with cascade results

to ensure a holistic understanding of unsteady flow dynamics. Figure 2.7 captures

a visual representation of turbine cascade tests undertaken by earlier researchers,

emphasising the importance of understanding the deviation angle and its impact on

losses.

Past investigations indicate that the main culprits behind losses in blade cascades are

the boundary layers forming on both the suction and pressure sides of blades. These

layers tend to amalgamate at the blade trailing edge, resulting in a localised defect

in stagnation pressure known as blade wake. In a comprehensive review, Curtis et al.

distilled a vast array of experimental data concerning loss localisations. The succinct

breakdown of these findings can be observed in Figure 2.8.
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Figure 2.7: Photograph of the Cascade Tests Section [61]

Figure 2.8: Approximate Breakdown of Loss Locations [63]

A cursory glance at Figure 2.8 reveals that most of the loss is attributed to the suction

side. In alignment with earlier research, the reduction in stagnation pressure tends to

reduce in intensity as the flow moves further from the turbine blades. However, overall

losses amplify as the flow mixes out downstream of the trailing edge. Curtis pointed

out potential performance enhancements by reducing the thickness of the trailing

edge [63]. Moreover, when cascade tests operate under elevated Mach numbers, other

contributory loss factors, like shock waves, come into play. The design blueprints
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for both stator and rotor components can be informed by these cascade tests. Prior

research focusing on the two-dimensional cascade model has elucidated the presence of

three-dimensional flow patterns, primarily instigated by secondary flow from viscous

effects. This phenomenon is typically characterised by the axial velocity density ratio.

2.3.1.3 Performance Parameters of Turbine Cascades

This subsection elucidates various performance parameters employed to assess the

performance of turbine blade cascades. Among these parameters, the non-dimensional

total pressure loss and flow deflection have gained prominence as performance metrics

in turbine blade cascade studies. With a pre-defined Axial Velocity Density Ratio

(AVDR) set for the designed turbine blade cascade, essential flow conditions requisite

for cascade testing are tabulated in Table 2.2.

Table 2.2: Primary Input Data - Flow Conditions
Required Input Data Symbol

Flow Angle (Inlet) α1

Mach Number (Inlet) M1

Blade Reynolds Number Re

Once the primary input data is ascertained, the turbine blade design and performance

can be improved by evaluating or computing several parameters, notably the exit

flow angle (α2), stagnation pressure loss (Yp), and the energy loss coefficient (ζ).

These performance parameters are associated with similar functional relationships,

as represented by Equation 2.7:

α2 = fn(M1,α1, Re); Yp = fn(M1,α1, Re); ζ = fn(M1,α1, Re) (2.7)

The exit flow angle (α2) is a pivotal parameter as it reflects the quantum of work

transferred across the turbomachine stage. Another vital metric is the pressure loss

coefficient, an aggregate representation of work losses within the blade row due to

various aerodynamic intricacies such as boundary layers, flow separation, and shock

waves. For turbines, the total pressure loss coefficient can be ascertained based on

the blade’s reference exit conditions, detailed in Equation 2.8 [17].

Yp =
P01 − P02

P01 − P2

=
P01 − P02

0.5ρU2
2

(2.8)
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Equation 2.8 delineates the stagnation pressure loss coefficient, a metric that gains its

significance due to the ease of obtaining variables from cascade test datasets. Another

constructive approach to discern the loss coefficient is through the computation of the

energy or enthalpy loss coefficient, as expressed in Equation 2.9:

ζe =
h2 − h2s

h02 − h2

(2.9)

In this equation, h2s signifies the terminal isentropic enthalpy in the turbine system.

This enthalpy corresponds to isentropic expansion leading to the same static pressure

similar to the actual process. The research by Brown in 1972 posits that the energy

loss coefficient remains impervious to flow Mach numbers. While these blade row

loss coefficients serve as practical tools in cascade flow tests, multiple variables, such

as relative stagnation enthalpy and pressure, might undergo transformations without

noticeably impacting turbine efficiency [65]. Notably, at subsonic velocities, the en-

ergy loss coefficient closely mirrors the stagnation pressure loss coefficient. However,

as Mach numbers escalate, the two coefficients deviate, with Yp surpassing ζ. Within

the scope of this PhD research, the aerodynamic comportment of the Wren100 MGT

stator vanes and rotor blades will be critically examined, which are operating pre-

dominantly with relatively low Reynolds number flows at subsonic speeds. Hence,

the stagnation pressure loss coefficient will be the metric of choice for assessing blade

performance in cascade tests in this thesis.

2.3.2 Secondary Loss

Secondary losses in gas turbines arise from complex flow structures and interactions

within the turbomachinery. Their origin can be traced back to various factors, often a

confluence of elements such as tip leakage, endwall effects, and vortex shedding. The

implications of these losses are far-reaching, with the potential to critically reduce

the overall efficiency and aerodynamic performance of gas turbines. Recognising the

importance of secondary losses, significant research endeavours have been channelled

towards their precise prediction, understanding, and subsequent mitigation. The

following subsections present a meticulous review of key findings, breakthroughs, and

methodologies developed over the years in addressing secondary losses in gas turbines.

2.3.2.1 Tip Leakage

It is widely known that the mechanically necessary gap between the rotor blade tip

and the stationary casing would lead to leakage flows that increase the secondary loss.
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Due to the gap, the flow at the tip does not follow the intended path, which could

result in boundary layer interaction and power output reduction, as shown in Figure

2.9.

Figure 2.9: Tip Gap Vortex & Blade Passage Vortex Schematic Diagram [64]

According to studies by Denton, it was indicated that the tip leakage loss could ac-

count for approximately 1/3 of the total aerodynamic loss [65]. Other vortexes, such

as the passage vortex, could interact strongly with the tip leakage vortex. As the

flow turning angle and tip clearance increase, the interaction between the leakage and

tip-side passage vortex grows stronger [66]. Bringhenti and Barbosa also researched

the influence of tip gaps based on a turbine tip clearance model. With higher tip

clearance, they discovered an increase in fuel consumption and performance deterio-

ration [67]. Lampart carried out the numerical study to describe the mechanisms of

the formation of tip leakages over shrouded and unshrouded rotor blades, in which

loss diagrams were presented for two types of leakages in different inlet and outlet

flow angles [68].

There have been many researches on minimising the loss caused by tip leakage in

gas turbines through active or passive flow control approaches. Wei et al. tried to

apply axisymmetric-casing contouring to a two-stage unshrouded HP turbine casing,

as shown in Figure 2.10, in which the overall efficiency was improved by 0.14%. It
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was also found the new design reduces the generation of entropy near the rotor tip

region caused by the complex vortex structure [69].

Figure 2.10: Blade Casing: Contoured Vs. Original [69]

Key and Arts experimentally compared the tip gap leakage flow characteristics for

flat squealer tip geometries with different Reynolds and Mach number conditions. It

was found that the squealer tip is relatively insensitive to the change of Reynolds

number would lead to the flow velocity drop within the tip gap compared to the flat

tip [70].

By carrying out numerical studies based on different turbulence models, Kirshnababu

et al. also discovered that it is advantageous for a gas turbine with the cavity tip

as shown in Figure 2.11, which the squealer tip has better aerodynamic and heat

transfer performance [71].

2.3.2.2 Endwall

Endwall loss in turbo-machineries is normally caused by the interaction between the

endwall boundary layer and the passage vortices formed at the LE and TE of the

turbine blade [73]. By conducting cascade experiments in axial turbines, Langston
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Figure 2.11: Stagnation Pressure Loss Contour Plots Near Blade Tip (a) flat tip, (b)
cavity tip, (c) SSS tip with H/C of 1.6% [71]

et al. and Gregory-Smith et al. visualised the complex flow pattern on the endwall,

in which the existence of counter vortex on the suction side (SS) and the endwall

corner displaced the separation line by a small distance [74, 75]. Adrian et al. further

elucidated the vortex structures by employing an eigenvalue method based on RANS

simulations, as depicted in Figure 2.12. The formation of the horseshoe vortex (HSV)

arises from the inlet boundary layer. The suction side (SS) leg of the vortex remains in

close proximity to the blade surface, while the pressure side (PS) leg migrates toward

the adjacent blade. Downstream of the suction side, flow separation is instigated

by the incoming pressure side leg, subsequently separates and forms into the main

passage vortex [76].

To gain a detailed understanding of the endwall loss mechanisms, Denton and Pullan

carried out a validated CFD study to identify the sources of endwall loss in axial tur-

bines. It was discovered that the endwall flow for the stator and rotor are completely

different. They stated that the optimisation of endwall loss should include the whole

turbine stage, instead of one blade row. Although extremely difficult, it was also

shown that the endwall loss could be potentially reduced by several approaches, such
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Figure 2.12: Endwall Flow Visualisation CFD [76]

as localised blade twisting and thicking, stacking and endwall profiling [77]. Harrison

conducted cascade tests to investigate the effect of blade stacking. It was found that

the blade stacking could reduce the strength of secondary flows, which would lead to

the drop of downstream flow unsteadiness and mixing loss [78]. Benner et al. exam-

ined the influence of the leading edge (LE) geometry on secondary loss in a turbine

cascade, illustrating the minor impact of the LE geometry. It was found the loading

distribution could largely affect the passage vortex, which result in a change in loss

behaviour and downstream flow field [79].

2.3.3 Trailing Edge Loss

Trailing edge loss in gas turbines and micro gas turbines has been an important

topic of research for several decades. According to Denton, trailing edge loss could
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contribute one-third of the total loss in transonic turbine blades, and the reduction

of such losses is critical for improving turbine efficiency, reducing fuel consumption,

and minimising environmental impacts. By carrying out theoretical and inviscid

predictions, it was shown by Denton that the turbine blades featuring a suction surface

curvature downstream of the throat exhibit reduced trailing edge loss in comparison

to blades that possess a straight suction surface configuration [80].

Figure 2.13: Trailing Edge Vortex Shedding Visualisation (Ma=0.85) [61]

Figure 2.14: Low Reynolds Number (Re=5500) NACA0018 Trailing Edge Vortex
Shedding Visualisation [62]

It was also explained by Denton that the trailing edge could be treated as a strong

function of the base pressure, meaning low base pressure would lead to higher loss if

the vortex shedding was not present [65]. Sieverding et al. experimentally visualised

the trailing edge vortex shedding with a high-speed Schlieren camera as shown in Fig-

ure 2.13, which non-uniform and unsteady flow with low base pressure (Cpb ≈ −0.3)

was discovered [61]. While this diagram occurs at a Mach number (0.85) higher

than the normal operational speed of the MGTs in focus for this study, it serves

as a valuable extreme-case scenario (eg. peak RPM) that helps describe the flow

behaviour which could potentially occur. Additionally, recent studies have enhanced
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the understanding of these phenomena at extremely low Reynolds numbers, providing

clearer visualisations of vortex shedding using advanced flow visualisation techniques,

as shown in Figure 2.14, which they discovered the effects of low base pressure on

vortex behaviour [62].

Numerous investigations have been undertaken to enhance gas turbine efficiency

through the optimisation of trailing edge loss. This typically encompasses modifi-

cations to parameters such as surface curvature, trailing edge geometry, boundary

layer thickness and state at the trailing edge, trailing edge thickness, and trailing

edge wedge angle. Rossiter et al. studied the impact of trailing edge wedge angle

based on the LES approach, in which a higher wedge angle (from 8deg to 14deg) was

found to be beneficial to the turbine performance (29% reduction of total loss) [81].

Melzer and Pullan experimentally assessed square, round and elliptical geometries

of the turbine blade trailing edge. When under transonic conditions, the ability to

suppress vortex shedding for the elliptical geometry was discovered. They also found

the round trailing edge could have a significantly lower loss at the same Mach num-

ber and below a critical Reynolds number, in which the shear layer roll-up would

be delayed around a single trailing edge diameter downstream of the trailing edge

(detached vortex shedding). As shown in Figure 2.15, the transition of the boundary

layer could be linked to the flow behaviour with the change of Reynolds number and

the switch of flow regime [82].

Figure 2.15: Trailing Edge Significant Higher Loss With Onset of Transonic Vortex
Shedding [81]

The impact of the state of the boundary layer was researched by Sieverding and
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Heinemann based on the flat plate model and blade cascade tests. It was discovered

that the boundary layer state has a small influence on the base pressure when the

flow is under Mach number of 0.4 before the onset of transonic vortex shedding [83].

Sieverding et al. also investigated several bundled design parameters of the turbine,

including surface curvature downstream of the blade throat and trailing edge wedge

angle, which increased based pressure was noticed when either of the parameters rises

[84].
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2.4 Mean Line Performance Prediction for Turbo-

machinery Blades

In recent advancements, mean line performance modelling has become integral to the

design of gas turbine blades, driven by the need for quick and accurate performance

predictions. This section builds on the fundamental loss types in turbomachinery,

as outlined in Section 2.3, by examining how common loss correlations have evolved.

The focus is on the development of these correlations, essential for predicting and

minimising losses in turbomachinery. This analysis is crucial for improving blade

design efficiency and reliability. The current methods in mean line performance mod-

elling will be reviewed, discussing their strengths and limitations, and how they fit

into the broader context of turbomachinery design challenges such as environmental

sustainability and economic viability.

This section aims to connect the theoretical aspects of loss mechanisms with practical

design considerations, providing a useful guide for designers and engineers in the

field. The goal is to highlight the importance of mean line performance prediction

in modern turbomachinery blade design and set the stage for further discussions on

design optimisation in subsequent chapters.

2.4.1 Ainley and Mathieson Loss Model

The Ainley and Mathieson (A&M) empirical loss model was first introduced in 1951

and has been widely used in mean line modelling for gas turbine aerodynamic perfor-

mance predictions due to its simplicity and effectiveness. Equation 2.10 displays the

total loss coefficient by the A&M loss model [85].

Yt = (Yp + Ys + Yk)XTe (2.10)

2.4.1.1 Profile Loss

The profile loss estimated by the A&M loss model is based on the cascade data of

the total pressure loss against the ratio of pitch and chord. Figure 2.16 shows the Yp

plots of the nozzle and impulse blades, in which the blade thickness to chord ratio is

within 0.15-0.25.
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Figure 2.16: Cascade Data of Profile Loss Coefficient At Zero Incidence [85]

With the cascade data shown in Figure 2.16, the mean line prediction of the profile

loss for the two types of blading can be calculated by Equation 2.11 and 2.12.

Yp = XiYp(i=0) (2.11)

Yp(i=0) = {Yβ1=0 + (
β1

α2

)2[Y(β1=−α2) − Y(β1=0)]}(
t/c

0.2
)
−β1
α2 (2.12)
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Ainley and Mathieson also correlated the profile loss at any incidence (Yp) to the zero

incidence (Yp(i=0)), which was plotted against the ratio of blade incidence to stalling

incidence as shown in Figure 2.17.

Figure 2.17: Variation of Profile Loss For Typical Turbine Blade [85]

2.4.1.2 Secondary Loss

As mentioned before, secondary loss of gas turbines arises due to the complicated

3D flow phenomena caused by the interaction between the blade passage vortex, the

endwall boundary layer and tip leakage loss. The A&M loss model expresses the

secondary loss and tip leakage loss based on an empirical factor, λ, the degree of

acceleration of flow as it goes through the blade passages.

Ys = λ[
CL

(s/c)
]2(

cos2α2

cos3αm

) (2.13)

λ = f{ (A2/A1)

(1 + I.D./O.D.)
} (2.14)

39



Figure 2.18: Typical Turbine Blade Row Secondary Loss [85]

For tip leakage loss, the A&M loss model expresses it as a function of the ratio of the

tip clearance to the blade height with the blade loading coefficient.

Yk = B
τ

h
4(tanα1 − tanα2)

2(
cosα2

2

comαm

) (2.15)

Based on experimental data, the dimensionless factor B in Equation 2.15 is 0.5 for

unshroud blades and 0.25 for shroud blades.

2.4.1.3 Trailing Edge Loss

According to the seminal experimental study by Ainley and Mathieson, the effects of

trailing edge thickness on turbine performance are quantitatively captured and illus-

trated in Figure 2.19. This figure plots the normalised trailing edge loss coefficient, as

a function of the trailing edge thickness to span ratio. The graph shows a clear linear

relationship, with loss coefficients increasing as the trailing edge thickness increases.

This trend demonstrates that thicker trailing edges are potentially associated with

higher aerodynamic losses, likely due to increased turbulence and drag at the blade

trailing edge. This relationship is critical for turbomachinery blade design, empha-

sising the need to reduce trailing edge thickness to minimise aerodynamic losses and

enhance overall turbine efficiency.
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Figure 2.19: Typical Turbine Blade Row Trailing Edge Loss [85]

2.4.2 Dunham and Came Loss Model

The Dunham and Came (D&C) loss model was first introduced in 1970 and is another

empirical method for predicting profile different types of aerodynamic loss in axial flow

turbines. Compared to the A&M model, the D&C is not as widely used. However,

several recent studies have still utilised the D&C model in order to refine and extend

its applicability. The D&C model expresses the total loss coefficient as shown in

Equation 2.16, which involves the influence of the Reynolds number on the profile

loss and secondary loss [86].

Yt = [(Yp + Ys)(
Re

2× 105
)−0.2 + Yk]XTe (2.16)
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2.4.2.1 Profile Loss

Based on the profile loss equation by the A&M model, the D&C model includes the

additional loss component caused by the development of shockwaves as shown in

Equation 2.17 [86].

Yp = [1 + 60(Mout − 1)2]XiYp(i=0) (2.17)

2.4.2.2 Secondary Loss & Tip Clearance Loss

A new blade loading parameter was proposed by the D&C model based on the cascade

test data, which was also an improvement based on the A&M model. For the tip

leakage loss predictions, power law was replaced by linear independence by the D&C

model as it suits better with the experimental data [86].

Ys = 0.0334(
c

h
)4(tanα1 − tanα2)

2(
cos2α2

cos3αm

)(
cosα2

cosβ1

) (2.18)

Yk = B(
c

h
)(
τ

c
)0.784(tanα1 − tanα2)

2(
cos2α2

cosαm

) (2.19)

2.4.3 Kacker and Okapuu Loss Model

Similar to the D&C model, the Kacker and Okapuu (K&O) loss model was also de-

veloped based on the A&M model, which was first introduced in 1982. The empirical

functions were validated against the design point efficiencies of 33 turbine stages.

Although the original work by Kacker and Okapuu was focused on compressors, the

underlying principles can be adapted for axial turbines. For typical gas turbine blades,

the total loss coefficient can be estimated by Equation 2.20 and 2.21, in which the

profile loss is corrected to account for the effect of Reynolds numbers.

Yt = YpfRe + Ys + YTET + Yk (2.20)

fRe =






( Re
2×105

)−0.4 if Re ≤ 2× 105

1 if 2× 105 < Re < 106

( Re
106

)−0.2 if Re ≥ 106
(2.21)
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2.4.3.1 Profile Loss

Built upon the A&M loss model, the K&O model shows the relationship between the

Mach number and the profile loss as shown in Equation 2.22 and 2.23. Figure 2.20

also shows the experimental data for the channel acceleration and exit Mach number,

which can then be used to calculate the correction factor Kp.

Yp = 0.914(Yp,A&MKp + Yshock) (2.22)

Kp = 1−K2(1−K1) (2.23)

Figure 2.20: Mach Number Empirical Correlation Factors
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The K&O model also includes the shock loss as shown in Equation 2.24, in which the

turbine blade hub-to-tip ratio is expressed as the exit dynamic pressure head.

Yshock = 0.75(M1,HUB − 0.4)1.75(
RH

RT

)(
P1

P2

)(
1− (1 + γ−1

2
M2

1 )
γ

γ−1

1− (1 + γ−1
2
M2

2 )
γ

γ−1

) (2.24)

2.4.3.2 Secondary Loss & Tip Leakage Loss

The secondary loss estimated by the K&O model is quite similar to the D&C model

(Equation 2.18), with the only difference being the correction factor that relates to the

aspect ratio. A rapid increase in aerodynamic loss was discovered and confirmed by

D&C and K&O as the aspect ratio decreases based on experimental data. Equation

2.25 expresses the new correction factor fAR.

fAR =






1−0.25
√

2−h/c

h/c
if h/c ≤ 2

1
h/c

if h/c > 2
(2.25)

To account for the compressibility factor, as displayed in Equation 2.26, another

correction factor was defined in therms of the factor for aspect ratio and profile loss.

Ks = 1−K3(1−Kp) (2.26)

Figure 2.21: Mach Number Correlation Factor K3
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Based on the empirical correction factor K3 plotted in Figure 2.21, the final function

to predict the secondary loss is expressed in Equation 2.27.

Ys = 1.2Ys,D&CKs (2.27)

Kacker and Okapuu proposed an iterative method for estimating the tip leakage loss

in axial turbines. The initial step entails calculating the efficiency of a turbine with no

tip clearance. Subsequently, the efficiency loss attributable to tip clearance is deter-

mined using Equation 2.28. Throughout the process, the rotor loss coefficient would

experience several increments, necessitating the re-calculation of velocity triangles.

The ultimate tip leakage loss is computed once the efficiency converges.

∆η = 0.93(
RT ip

RMean

)(
1

Hcosα2

)ηtt,0∆k (2.28)

2.4.3.3 Trailing Edge Loss

In terms of the throat opening and the trailing edge thickness, the K&O model plots

the trailing edge loss for typical gas turbine blades in Figure 2.22 based on cascade

data.

Figure 2.22: Trailing Edge Loss Coefficient (Energy) for NGV and Rotor
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In Figure 2.22, the trailing edge loss is plotted in terms of the energy loss coeffi-

cient. For any combination of blade angles, interpolation between these curves can

be achieved by Equation x. In addition, the energy loss coefficient can be converted

into the pressure loss coefficient using Equation x.

∆φ2
te = ∆φ2

te(β1=0) + (
β1

α2

)2[∆φ2
te(α2=0) − φ2

te(β1=0)] (2.29)

Yte =
[1− γ−1

2
M2

2 (
1

1−∆φ2
te
− 1)]

−γ
γ−1 − 1

1− (1 + γ−1
2
M2

2 )
−γ
γ−1

(2.30)

2.4.4 Denton Loss Model

Previous sections illustrate several performance parameters of turbine blade cascades,

which are the flow exit angle, stagnation pressure loss coefficient and energy loss co-

efficient. However, Denton (1987) holds the view that a more rational measure of

loss coefficient should be used for the calculation of the efficiency of turbomachinery,

which the entropy creation can be used. It has commonly been assumed that any

irreversible flow process creates entropy and reduces the machine isentropic efficiency;

thus, entropy is an excellent measure, for it does not depend on the frame of reference

of the turbomachinery. However, the value of entropy creation in the turbomachinery

cannot be measured directly, which requires to be inferred by measuring other prop-

erties involving flow temperatures, pressures and densities. As shown in Equation

2.31 and 2.32, the specific entropy for a perfect gas can be calculated [65, 87].

s− sref = Cpln(
T

Tref

)−Rln(
P

Pref

) (2.31)

s− sref = Cvln(
T

Tref

)−Rln(
ρ

ρref
) (2.32)

From Equation 2.32, assume the stagnation temperature is constant when the adia-

batic flow goes through a turbine stator, the loss of stagnation in stator blades and

cascade flows can be used to synonymous with the increase of entropy as illustrated

in Equation 2.33. It is essential to understand the difference between the total and

specific entropy, which in this case, the obtained total rate of entropy creation must

be divided by the mass flow rate to figure out the specific entropy.

∆s = −Rln(
P02

P01

) (2.33)
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To understand how the generation of entropy reduces the machine efficiency, one must

understand the physics behind the relationship the entropy creation and flow proper-

ties. J. Denton (1987) holds the view that the entropy creation could be described as

the turbomachinery continually making indestructible ’smoke’ due to several different

mechanisms and convect them through the machine to its exit. The concentration of

’smoke’ from different sources is proportional to the loss of machine efficiency, which

the entropy loss coefficient for turbine blades can be calculated by Equation 2.34 [65].

ζs =
T2∆s

h02 − h2

(2.34)

The ’smoke’ could be generated by many sources; therefore, there are many complex

factors that would influence the efficiency of the turbomachine, which requires the

designer to have an excellent physical understanding of how the flow moves through

the turbine blade. Most of those factors can be related to the generation of entropy;

therefore, the definitions of the machine loss coefficient and the entropy generation

must be understood by the designer to obtain a good judgement in designing a tur-

bine blade with high efficiency. The loss in the gas turbine can be divided into three

categories, which are the ”profile loss”, ”endwall loss” and ”leakage loss”. The rela-

tionship between entropy and gas turbine efficiency is described as follows.

Considering the expansion process of a gas turbine, the machine isentropic efficiency

can be calculated by using the enthalpy-entropy diagram as illustrated in Equation

2.35.

ηisen =
h1 − h2

h1 − h2 + T2(s2 − s1)
(2.35)

The Equation 2.13 is based on the assumptions of no external heat transfer, and the

difference between the static and stagnation conditions are neglected, meaning the

static temperature is constant along 2 to 2s as shown in Figure 2.23.

It can be seen in Equation 2.13 that within a fluid dynamic process, the local tem-

perature is generally related to the magnitude of the entropy creation. It has been

proven that ∆T = ζ × 1/2V 2 is the formula to calculate it; therefore, the flow would

create less entropy during the same process at a higher temperature than at a lower

temperature. Additionally, the change of enthalpy is proportional to the square of

flow speed. The most distinguishing factor that can justify the creation of entropy

is irreversibility. According to many textbooks in the field of thermodynamics, the

47



Figure 2.23: Enthalpy vs Entropy Diagram [65]

fluid dynamic processes that lead to the creation of entropy are summarised as follows.

Firstly, entropy creation would occur due to the viscous friction inflow boundary

layers or free shear layer (for instance, a leakage jet). Secondly, the heat transfer

across different temperatures is irreversible, which could also cause entropy creation.

Thirdly, non-equilibrium processes such as shock waves and rapid expansion pro-

cesses in the turbomachinery would create entropy, causing lower efficiency in the

system. Although the definition of entropy creation inside turbomachinery is rela-

tively straightforward, its numerical calculations from different sources are mostly

semi-empirical equations as many correlated variables are involved. It is also difficult

to quantify the turbine loss coefficients as recent studies have shown that different

loss mechanisms (sources of entropy) are dependent on each other. For instance, it

is thought that the profile loss is produced by the blade boundary layers that are

located away from the end walls. The profile loss is generally assumed to be in two-

dimensional flow, in which any boundary layer would involve extra losses arising near

the trailing edge [29]. Additionally, the endwall loss is commonly referred to as the

’secondary loss’ for it is partly generated by the secondary flows produced by the an-

nulus boundary layers through the turbine blade row, for the tip leakage loss, which

is also generated by the flow that goes through the hub clearance of turbine stator

and the tips of the turbine rotor. Thus, as the turbine being analysed in this project

operates under low Mach number flows, it would be important to measure the turbine

efficiency by calculating the stagnation pressure loss coefficient (Yp) as demonstrated
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in subsection 2.3.1.3. The following subsection introduces a useful loss model by J.

Denton in 1987 that can be used to estimate the stagnation pressure loss coefficient.

2.4.4.1 The Pressure Loss Model by J. Denton

According to the flow physics summarised by J. Denton, entropy can be created

when viscous shear occurs in the flow inside a turbo-machine, in which the wakes

near the edges of separate regions (trailing edges) would generally have high rates of

shearing. Due to the flow being generally unsteady and very complicated between

the turbine blades, it would be almost impossible to calculate the local entropy.

Thus, the control volume approach can be used to quantify the total entropy, which

applies the theory of mass, energy and momentum conservation. With regards to

turbomachinery applications, J. Denton (1987) gave an actual example of estimating

stagnation pressure loss coefficient (Yp) based on the calculation of entropy generation

from different sources behind the trailing edge as described in Equation 2.36 [65].

Yp =
∆Po

0.5ρV 2
te

= −Cpbt

w
+

2θ

w
+ (

δ∗ + t

w
)2 (2.36)

As shown in Equation 2.36, there exists three main sources of entropy generation that

could lead to the increase of stagnation pressure loss coefficient, which is the base

pressure loss (−Cpbt

w
), the boundary layer losses (2θ

w
) and the mixing losses (( δ

∗+t
w

)2).

Figure 2.24 shows a blade with the nomenclatures involved in Equation 2.36.

Figure 2.24: Two-dimensional Loss Mechanism Drawing
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As shown in Figure 2.24, the boundary layer losses generally increase as the growth

of the boundary layer from the leading edge to the trailing edge. Also, the graph

shows the mixing losses after the trailing edge and the wakes generated.

2.4.5 Review of Using Different Mean-Line Models for Tur-
bomachinery Loss Predictions

2.4.5.1 Previous Cases Studies

In the previous sections, several empirical loss models used for the mean line perfor-

mance prediction for gas turbine blades were introduced. Many previous researches

have been conducted to validate and improve the existing loss correlations based on

experimental and numerical investigations on various types of gas turbine blades. En-

nil et al. compared the loss prediction performance of A&M, C&D and K&O models

on a small-scale turbine blade against the validated CFD results based on RANS SST

k − ω turbulence model as shown in Figure 2.25 [88].

Figure 2.25: Loss Models Comparison By Ennil et al. [88]

According to the comparison of the rotor total loss at different RPMs and their

corresponding pressure ratios, it was found by Ennil et al. that for small-scale ax-

ial turbine blades, the K&O model has the closest predictions to the CFD results [88].

In 2023, Zhang et al. applied the K&O model and CFD simulations to successfully

evaluate the mainstream loss of a large cooled turbine airfoil, including the trailing

edge loss, mixing loss and friction loss [89].
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Figure 2.26: Cooled Gas Turbine Blade Loss Predictions Based on K&O Models By
Zhang et al. [89]

Although the correct trend of loss increment can be predicted as shown in Figure

2.26, there still exists prominence of efficient loss modelling, which one significant

limitation is its inability to predict the transonic blades. To resolve this inadequate

prediction performance, Li et al. proposed a modified shock loss model based on

linear cascade experimental data. The developed mathematical equations are listed

as Equation 2.37 to 2.39 [90].

Mon = 0.8
o

s
+ 0.63 (2.37)

Moff = Mon + 0.55 (2.38)

Yshock =






1 if Re ≤ Mon

1 +Ksh[1 + cos( M2−Mon

Moff−Mon
2π − π)] if Mon < M2 < Moff

1 if Re ≥ Moff

(2.39)

To study the aerodynamic performance of a curved back transonic turbine blade

profile, Rajeevalochanam et al. applied the original K&O model and the modified

model by Li et al. along with the CFD and experimental data [91].
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Figure 2.27: Transonic Turbine Blade Loss Prediction Based on K&O Models By
Rajeevalochanam et al. [91]

As shown in Figure 2.27, compared to the original, the modified version of the K&O

model by Li et al. has much better performance in predicting the loss coefficient for

transonic turbine airfoils. However, at the designed Mach numbers of 0.996 and 1.1,

the losses were still under predicted by 0.8% and 2.9%. Based on the CFD results

by Rajeevalochanam et al., the difference was caused by the stator-rotor interaction,

which the impact of the rotor downstream would lead to loss plateau of the stator

mean span [91].

2.4.5.2 Advantages and Disadvantages of Mean Line Performance Pre-
dictions Models

After the review of recent studies, it was found that the mean line models are ex-

tensively utilised in the preliminary design stages of turbomachinery due to their

balanced efficiency and reasonable accuracy. Through a detailed review of different

case studies, the pros and cons of the mean line performance prediction methods are

summarised as follows.

Pros

• Simplicity and Speed:

The complexity of the blade geometries and the 3D flow within the gas turbine

passages are greatly reduced, leading to the simplified calculations of the turbine

performance.

• Integrated Design Process:

The models can be integrated into the design process of the turbomachinery
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blades, meaning swift assessment and optimisation for different individual de-

signs can be achieved.

• Good for Overall Performance Predictions:

At the initial design phase of turbomachinery blades, the mean line modes are

valuable tools that focus on the overall performance rather than the intricate

details of the flow field.

Cons

• Reduced Accuracy:

As mentioned before, the simplification of the blade geometries and complicated

flow field have led to reduced accuracy compared to experiments and CFD sim-

ulations, especially in applications with complex flow behaviours like secondary

flows, boundary layer transition, and turbulent mixing. In addition, some as-

sumptions made in the models might not be true in different cases, such as

one-dimensional and adiabatic.

• Limited Scope:

The mean line models normally do not capture the local variations in perfor-

mance due to the complex flow behaviour near the root and hub regions. Also,

unsteady flow fields and the impact of rotor-stator interaction are often not

represented in these models.

To sum up, the mean line performance models are useful tools in the field of gas

turbine blade study and optimisation. They deliver valuable advantages including

high computational efficiency, swift assessment of blade design and good overall per-

formance predictions. These features make mean line models indispensable in pre-

liminary design and optimisation studies. However, it is also crucial to acknowledge

the limitations, including the reduced accuracy and limited scope. Thus, for different

turbine blade applications such as MGTs, the best mean-line model to use would

need to combine the predicted loss with experimental data or validated CFD results.
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2.5 Reverse-Engineering of Turbomachinery Parts

To conduct RE of geometries with complex shapes such as turbine blades, it is impor-

tant to select an appropriate digitising technique, which would either be a contact or

non-contact method [93, 94]. The operating steps for both techniques are summarised

in Figure 2.28. It can be seen that the RE steps for contact and non-contact mea-

surement are quite similar, which the only significant difference is how the data cloud

is acquired. By testing various contact and non-contact equipment, Mahboubkhah

et al. (2016) discovered that the reported information by the digitising equipment

manufacturers is not always reliable, meaning experimental validations are always

required for the RE models [95]. Thus, CFD simulations and experimental data were

obtained in this study to investigate the performance of the RE models.

Figure 2.28: Contact & Non-contact RE Flow Chart [94]

2.5.1 Gas Turbine Blade Reverse-Engineering Strategies &
Case Studies

After the geometric data acquisition, it is important to select an appropriate RE

strategy, which would either be ’what the part actually is’ or ’what the part could
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be’. The strategy of ’what the part could be’ has been studied by many in the

field of RE. In 2006, Mohaghegh et al. described a new method to reverse-engineer

aerofoils from existing turbine blades based on design intent, stressing the importance

of ’what the part could be’. It was shown by Mohaghegh et al. that incorporating

crucial design points is essential during the RE process as the measuring equipment

could cause many uncertainties. By applying design key points, the new method

of utilising segmentation and constraints fitting algorithm (SCFA) was tested on an

industrial gas turbine blade as shown in Figure 2.29 [96].

Figure 2.29: Gas Turbine Balde RE Based on Segmentation Andconstrained Fitting
Algorithm (SCFA) [96]

As shown in Figure 2.29, the shape of the gas turbine blade was recreated by fitting

circles at different design points, such as the leading edge and trailing edge. Based

on the SCFA method, the rebuilt profile shows only 0.02mm deviation away from the

digitised points average level [96].

In 2007, She and Chang proposed a new RE process of turbine blade disks by utilising

a ZEISS RPISMO7 coordinate measuring machine, which proved the possibility of

applying modern CAD techniques to re-construct turbine geometries with complex

shapes [97]. Li et al. presented a novel parameterisation approach for the RE of

turbine blades in 2004, in which the essential features were extracted from the points

cloud to re-build the blade geometry based on aerodynamic rules [98].
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Figure 2.30: Parametric Reverse-Engineering By Li et al. [98]

As displayed in Figure 2.30, it was believed by Li et al. that the engineer should care

more about the aerodynamic performance than its geometric shape during the RE of

gas turbine blades. The parametric RE strategies could also enable the user to easily

redesign the turbine blade shapes by adjusting various parameters [98].

Overall, most existing studies of the RE of turbine blades have only focused on ’what

the part could be’ as smooth surfaces are often required for turbine blades to reach

high aerodynamic efficiency [171]. Also, previous researchers have not treated the RE

of MGTs in much detail compared to regular-size gas turbines. Thus, the application

of different RE strategies on the MGT was investigated and compared in this research

project (Chapter 4).
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2.6 Computational Fluid Dynamics on Turboma-

chinery Review

With the advancement of analytical tools and computational fluid dynamics (CFD)

techniques, the integration of these methodologies has become increasingly prevalent

in the aerodynamic design of turbine blades. In general, engineers can estimate the

required pressure and velocity distributions on the turbine blade profile (surface)

theoretically, providing essential input data for CFD tools to generate more accurate

solutions. Compared to experimental measurements, CFD tools offer the ability to

analyse flow characteristics in locations where it is impractical or hazardous to install

measuring instruments [99]. Although CFD tools introduce a novel third approach

for designers, they serve to complement and enhance the understanding of results

obtained through theoretical and experimental methods, rather than replacing these

traditional approaches (as illustrated in Figure 2.31).

Figure 2.31: Fluid Dynamics: The Three Dimensions [100]

Thus, as CFD tools incorporate increasingly intricate physics and geometries, the

verification of approaches and validation of data have gained prominence through the

application of theoretical and experimental results. It is essential that related research

is conducted after attaining sufficient mesh quality and satisfying iteration conver-

gence criteria [101]. The subsequent subsections present critical tools and models

employed in this doctoral project, encompassing mathematical and turbulence mod-

els, near-wall treatments, and the meshing process.
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2.6.1 Mathematical Models

Computational fluid dynamics (CFD) tools are fundamentally based on the underly-

ing physical laws that govern fluid dynamics. These physical laws can be represented

as a series of fundamental governing equations, which include the continuity, momen-

tum, and energy equations (see in Appendix A).

In practical applications, viscous flows exhibit dissipative transport phenomena, in-

cluding thermal conduction, friction, and mass diffusion, resulting in an increase in

entropy within the flow [103]. The decline in efficiency experienced by turbomachinery

is primarily attributed to the rise in flow entropy [104]. When the Reynolds num-

ber of a flow reaches a specific threshold, the flow transitions into a turbulent state.

Turbulent flow is characterised by chaotic motion and the formation of eddies, which

are vortical structures that manifest at multiple scales. The large-scale eddies possess

the majority of the flow kinetic energy, which subsequently cascades to smaller scales

through a process known as direct energy cascade [105, 106]. In 1941, Kolmogorov

discovered the existence of the smallest scale of vortical structures, at which point

the kinetic energy is converted into thermal energy due to viscous dissipation. This

smallest scale of the vortical structure is referred to as the Kolmogorov length scale.

The dissipation of energy, denoted by , can be expressed using Equation 2.40 [107].

 =
Energy to be dissipated

T ime to dissipate
(2.40)

Obtaining reliable CFD results for turbulent flows necessitates the proper selection of

an appropriate turbulence model. In principle, the governing equations for any flow

can be solved directly without turbulence models through Direct Numerical Simu-

lation (DNS). However, DNS requires resolving an extensive range of temporal and

spatial scales in turbulent flow, from large vortical structures to the Kolmogorov

length scale. This necessitates substantial mesh resolution and computational re-

sources, which scale approximately with the cube of the Reynolds number as the flow

velocity increases [108]. Consequently, the demands for intricate mesh and small time

steps limit the applicability of DNS to low Reynolds flows in simple geometries within

engineering contexts.

In contemporary research, most studies employ either Large Eddy Simulation (LES)

or Reynolds-Averaged Navier-Stokes (RANS) models. Smagorinsky initially proposed

the LES model to reduce computational time by modelling small-scale eddies while
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only computing large-scale motions. In general, LES is less accurate than DNS but

considerably more accurate than RANS, as the latter models all eddies [109]. Nev-

ertheless, RANS remains the preferred choice for most engineering applications, as

it can provide adequately accurate results without excessive computational resources

and time consumption.

2.6.2 A Brief Review of RANS Turbulence Models for Tur-
bomachinery

The fidelity of flow behaviour predictions within gas turbine blade passages is critically

dependent on the choice of turbulence model employed in computational simulations.

The RANS turbulence models strike a balance between computational practicality

and the precision needed for such complex flow environments. All the transport

equations for the following included turbulence models are illustrated in the Appendix

A.

2.6.2.1 k −  Turbulence Model

The k −  turbulence model is a widely utilized model in engineering computations,

developed to solve the modelled transport equations for turbulent kinetic energy (k)

and the dissipation rate (). When wall-bounded turbulent flows are involved in CFD

simulations, it is employed in conjunction with an appropriate wall function [111].

Pros: One significant advantage of the k −  model is its standardisation in the

industry, especially for simulating mean flow characteristics in turbulent flow condi-

tions. Its simplicity, stemming from the two-equation model structure, facilitates a

more computationally efficient approach compared to its more complex counterparts.

This aspect is particularly beneficial in industrial applications where computational

resources are a concern. In addition, the k −  model is adaptable, with variations

like the Standard, Realizable, and RNG models, each tailored to perform optimally

under specific fluid flow conditions. Such adaptability enhances its utility across a

broad spectrum of turbulent flow scenarios [112].

Cons: Despite being widely used in many engineering applications, the k −  model

exhibits notable limitations, especially in complex flow dynamics characteristic of

gas turbine blade passages. It has been reported to yield inconsistent and diffusive

results in scenarios involving swirling and recirculating flows, common in combustor
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geometries of gas turbines. Such inconsistencies are attributed to its inadequacies in

handling complex flows, particularly those with strong pressure gradients, curvature,

rotation, or separation. Additionally, the model is known to overpredict turbulent

eddy viscosity in regions of high shear, leading to potential inaccuracies in simulating

the intricate flow dynamics around turbine blades [113].

2.6.2.2 k − ω Turbulence Model

The k − ω turbulence model, designed to resolve the sublayer of the flow boundary

layer, solves the transport equations for the turbulent kinetic energy (k) and specific

dissipation rate (ω), without considering damping functions. Although not as widely

used as the k −  model, the k − ω model offers a relatively simple and numerically

stable approach, particularly for low-Reynolds number flows and transitional flows

[110]. In practice, the Shear Stress Transport (SST) model is often combined with

two-equation models, such as the k − ω turbulence model, to mitigate its sensitivity

to free stream effects [114]. Figure 2.32 illustrates a comparison between CFD re-

sults based on different turbulence models and experimental data obtained by Driver

(1985).

Figure 2.32: Wall Pressure Distribution under Adverse-Pressure Gradient Flow Pre-
dictions Comparison [115]

It can be seen from Figure 2.32 that the k − ω model provides better predictions for
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flows with separation and adverse pressure gradients than the k− model [110]. If the

findings by Driver in 1985 are accurate, the most precise results for adverse-pressure

gradient flow can be achieved by employing a combination of the k − ω turbulence

model and the SST model (in the inner boundary layer), as this combination pro-

duces results closest to the experimental data [114, 115]. Moreover, the SST model,

proposed by Menter, combines the advantages of the k−  and k−ω models by utiliz-

ing a blending function that smoothly transitions between the two models depending

on the flow characteristics. This blending allows for accurate prediction of both the

inner boundary layer and the free stream, making it particularly suitable for complex

flows involving separation and adverse pressure gradients [114]. The summarised ad-

vantages and limitations of the k − ω model are listed as follows.

Overall, the choice of turbulence model depends on the specific flow characteristics

and the desired level of accuracy. The k − ω model, when combined with the SST

model, has been shown to offer improved predictive capabilities for adverse-pressure

gradient flows, making it a promising candidate for further investigation and appli-

cation in such situations [114, 115].

2.6.2.3 Transitional SST (γ −Reθ,t) Turbulence Model (4 Equations)

As previously discussed, turbomachinery operating under relatively low Reynolds

number flow may experience flow transition within the turbine blades. A significant

portion of the boundary layer could be laminar before transitioning to turbulent flow.

Consequently, relying solely on fully-turbulent models may not accurately represent

real flow behaviour. In such cases, the four-equation transitional Shear Stress Trans-

port (SST) model (γ−Reθ,t) has been specifically developed to enhance the ability of

Computational Fluid Dynamics (CFD) to predict the flow transition process based

on empirical data. Pioneering work on the γ−Reθ,t turbulence model based on local

correlation was conducted by Langtry and Menter and has been validated across a

variety of engineering applications, including turbomachinery, airfoils, and high-speed

flows [116, 117].

Figure 2.14 shows a standard test case of the comparison between the experimental

data to the γ−Reθ,t model and another full turbulence model, which the flow over a

flat plate with a Mach number 0.15 is involved in this case [118].
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Figure 2.33: Experimental data and CFD predictions of Skin friction coefficient dis-
tribution along flat plate [119]

As shown in Figure 2.33, the transitional turbulence model provided much better

predictions than the results from fully laminar and full turbulence models when flow

transition is involved in the problem. Thus, in general turbomachinery applications

with low Reynolds numbers, it is suggested to apply the transitional turbulence model

for simulating the flow behaviour within turbine blades more accurately.

2.6.3 Large Eddy Simulation (LES)

Different from the turbulence models discussed in prior subsections, Large Eddy Sim-

ulation (LES) operates by resolving large-scale turbulent structures, while employing

models for the smaller-scale structures. This approach typically demands greater

computational resources compared to the comprehensive modelling of all turbulent

structures as performed by conventional turbulence models. However, with the ad-

vancement of computational techniques, the LES has been increasingly employed in

recent years to investigate the complex flow phenomena within gas turbine blade pas-

sages. The subsections in the Appendix A.1.2 demonstrate the governing equations

for the LES models and review the recent studies using LES for gas turbine blade

performance analysis. For turbomachinery applications, the pros and cons of the LES
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approach are briefly described as follows.

Pros: Compared to the RANS, the LES models are particularly effective in capturing

complex, unsteady turbulent flows, offering a higher level of accuracy in engineering

applications with significant flow separation, transition, or vortex shedding. Addi-

tionally, by resolving the larger eddies directly, LES provides a more detailed and

physically accurate representation of turbulent flows, which is crucial for understand-

ing flow behaviour around turbine blades. Finally, for turbomachinery applications,

LES models are valuable in research and design optimisation, providing detailed in-

sights into flow physics [100].

Cons: As mentioned earlier, the primary drawback of the LES approach compared

to the RANS models is the much higher computational cost. To accurately predict

near-wall turbulence with LES, additional modelling or finer grids are required, which

further increases the calculation costs [100, 120].

2.6.4 Near-Wall Functions

It is known that the boundary layer transition is caused by the fluid viscosity, and

many experimental results have suggested that the gradients of many flow proper-

ties (such as velocity and temperature) are substantially close to the wall boundary.

Thus, it is known that to obtain accurate results of those gradients, a sufficient grid

resolution is required near the wall, which a suitable wall function will be automati-

cally selected based on the wall meshing quality, which is measured by the value of

dimensionless wall-normal distance y+ as described in Equation 2.41.

y+ =
yuτ

υ
=

y


τw/ρ

υ
(2.41)

It can be seen in Equation 2.41 that the value of y+ depends on the friction velocity

that is based on the value of wall shear stress. The reason for that is that for no-slip

boundary conditions, the velocity at the wall is zero, meaning the free stream velocity

is not effective near the wall, which the value wall shear stress (or turbulent kinetic

energy based on the CFD codes) is required to determine the y+ value [127]. Thus,

it is difficult to determine the value of y+ without additional information from CFD

simulations. It is known that the value of y+ is determined by the near-wall mesh

quality, which is commonly measured by the first layer distance (the distance between

the cell centroid and the wall yp). Therefore, the general approach is to select the
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desired value of y+ to estimate the yp value based on empirical data from simple flow

models, which is shown in Equation 2.42.

yp =
y+µ

ρuτ

=
y+µ

ρ


τw
ρ

=
y+µ

ρ


(1/2ρU2)cf
ρ

(2.42)

Where the skin friction coefficient (cf ) can be estimated by empirical results from

well-documented similar problems such as the flow boundary layer on a flat plate,

iterations of Equation 2.42 could be required according to the simulation results of

the skin friction coefficient to increase accuracy. It also can be seen in Equation 2.42

that the selection of y+ value has a direct impact on the near-wall mesh quality, which

the wall functions based on the value of y+ are demonstrated as follows.

Figure 2.34: The Law of the Wall: Tangential Velocity vs. Normal Distance y+ [128]
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In modern CFD codes, the pre-defined wall functions are a group of empirical func-

tions designed to model the flow properties variation close to the wall using DNS

simulations and experimental measurements, which B.E. Launder first introduced

the additional equations (depending on the turbulent model) for the unsolved region

near the wall and Spalding in 1972 as the blue lines shown in Figure 2.34 [129]. As

shown in Figure 2.34, the red line represents the flow behaviour near the wall that has

been observed by using DNS and experimental methods, which can be divided into

three regions, including the viscous sublayer (y+ < 5), the buffer layer (5 < y+ < 30)

and the logarithmic area (y+ > 30). The empirical equations (blue lines) for those

regions are summarised in Equation 2.43 and 2.44, which describe the flow behaviour

within the viscous sublayer and the logarithmic area.

U+ = y+ (2.43)

U+ =
1

κ
ln(y+) +B (2.44)

Where for Equation 2.44 the Karman constant κ and B are the empirical coefficients

derived to fit the red curve in the logarithmic area. The modelling of the buffer layer

region is the most difficult one, as it can be seen from Figure 2.34 that none of the

empirical functions fit with the observed data. To obtain an accurate solution in the

buffer region, Splading (1961) came up with a single, smooth function through the

whole y+ range, which is shown in Equation 2.45 [130].

y+ = f(U+) = U+ + e−κB[eκU
+ − 1− κU+ − (κU+)2

2
− (κU+)3

6
− (κU+)4

24
] (2.45)

Equation 2.45 is a single smooth curve that is valid for y+ < 300, which has commonly

been assumed to have a good agreement with the observed data. However, for the

buffer layer region, there still exists lots of uncertainties and errors for the predicted

data and the physics behind them. Therefore, many researchers hold the view that

the choice of y+ value should avoid the buffer layer region (5 < y+ < 30) to reach the

solutions that are independent of the distance of the first node above the wall(yp). The

y+ value also should not be too large (y+ > 30) for scenarios that involve separation

curvature, and adverse or strong pressure gradients, which could lead to a significant

loss inaccuracy. Many pieces of evidence in the industry have proven that an accurate

solution would typically be achieved when the value of y+ is reduced below unit

(within the viscous sublayer y+ < 1), which the best approach is to run a well-known
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two-dimensional model to check if the selected wall function can predict the flow

behaviour and physics accurately [131].

2.6.5 Mesh Matters

Before the actual solution phase, the required work of the CFD process is called pre-

processing, which involves the geometry creation and mesh generation. The geometry

acquisition can be achieved by either using CAD software (such as DesignModeler and

BladeGen) or importing geometry from an existing object (such as laser-scanning).

After the geometry creation, the most crucial step is the discretisation, which is also

known as the meshing process. To understand the word ’discretisation’, one must

know that it comes from ’discrete’, which can be defined as the separate, individual

things that form a whole object. Generally, for CFD applications, discretisation can

be described as the process of using a finite number of discrete points or volumes

throughout a domain to solve a closed-form mathematical expression (for instance,

an integral or differential equation) that can be viewed as processing an infinite con-

tinuum of values in the same domain. In CFD applications, creating a network of

points and cells is called the mesh, which is a significant step before the computation

process [100]. The mesh quality can have a significant impact on the rate of conver-

gence, solution accuracy and computational resources required in the CFD process.

Thus, selecting the most suitable mesh is significant to achieve the most accurate re-

sults with the least computational resources. Figure 2.35 shows the standard shapes

of computational cells that can be generated by CFD software.

Figure 2.35: Computational Cell Shapes (structured, unstructured and hybrid) [132]
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As shown in Figure 2.35, the designer can either choose structured, unstructured or

hybrid cell shapes for the meshing process. It is commonly believed that structured

meshes can provide efficiency and simplicity, which would consume less computa-

tional resources than unstructured mesh with the same amount of cells. However,

for complicated geometries, the structured mesh would normally require more cells

than unstructured mesh due to the incapability of grading in size as rapidly. Thus,

the third option is applying the hybrid structured/unstructured approach by decom-

posing complex domains into blocks that can be supported by structured meshes.

However, the drawback of the hybrid method is that it cannot be automatically

generated, which would require the operator to manually adjust the decomposition

process [133]. Figure 2.36 is an example of the structured grids that show how the

mesh decomposes the flow domain into the control volumes.

Figure 2.36: Discrete Grid Points [100]

In Figure 2.17, it is commonly assumed that ∆x and ∆y are constant for structured

mesh, which the uniform spacing will be one of the assumptions in this project for
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simplicity.

2.6.6 Development of CFD Technique for Gas Turbine Blades

Recent studies have highlighted the importance of CFD in understanding the flow

behaviours within gas turbine blades, which play a crucial role in determining the

overall performance and efficiency of gas turbines. In 2002, Lakehal conducted a

comparative study of CFD results for turbine blade near-wall regions with developed

channel flow at Re=211, utilising DNS and the two-layer k−model. This comparison

serves as an example of the application of DNS in tandem with a specific turbulence

model [123].

Figure 2.37: Blade Near-wall CFD Results at Re=211 (Left: Shear Stress u′v′
+
;

Middle: Turbulent Kinetic Energy k+; Right: Dissipation Rate + [123]

As shown in Figure 2.37, the excellent data acquired by Lakehal show that CFD re-

sults by RANS k−  model and DNS have almost identical profile when the y+ > 30.

However, it also shows that for the near-wall region (y+ < 30), the results by RANS

do not give a good agreement with the observed behaviour by experiments and DNS

results [123].

Despite the limitations of RANS equations in capturing the full range of flow be-

haviours near the wall, they have still been widely employed in gas turbine blade stud-

ies due to their lower computational cost and time requirements. To carry out RANS

simulations, it is important to select an appropriate turbulence model. Karczewski

and Blaszczak carried out RANS simulations of a 1.5-stage turbine and compared the

performance of three different turbulence models (k−  Chien, k−ω Wilcox and SST
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Menter), which they found the SST model predicts the closest results compared to the

experimental data. However, to the small difference between each turbulence model,

Karczewski and Blaszczak stated that the choice of turbulence should be based on

the research objective [124].

To compare the performance of RANS and LES, Dave and Frank carried out a nu-

merical study focusing on cross-flow turbines with both confined and unconfined flow

conditions (Re = 4.5×104). Their findings revealed that the RANS model exhibited a

higher sensitivity to confinement, which led to an over-prediction of power generation

due to the suppression of flow separation as shown in Figure 2.38 [125].

Figure 2.38: Phase-averaged Velocity (Vector) and Vorticity (Contour) From RANS,
LES and Experimental Data (Re = 4.5× 104) [125]

The authors posited that the RANS model might not be well-suited for predicting

transitional flow, as it is primarily designed for fully turbulent flow and exhibits less

sensitivity to variations in the Reynolds number. In contrast, their simulations em-

ploying the LES model demonstrated a better agreement with the experimental data
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[125].

In another investigation of turbulent flow and heat transfer within high-pressure gas

turbine C3X stator vanes, Dong and Amano employed both RANS and LES/DES sim-

ulations. Through their comparative analysis, they observed that the aerodynamic

load predictions obtained from RANS, LES, and DES models were in close agreement

with each other and exhibited a strong correlation with experimental data. Nonethe-

less, they identified differences in the transition predictions among the models, noting

that the LES model demonstrated superior performance in capturing flow behaviour

prior to the separation point on the vane suction side. Conversely, the DES and RANS

models exhibited better performance in the region beyond the separation point, as

well as in most areas on the pressure side of the vane [126].

2.6.7 Impact of Surface Roughness on Gas Turbine Aerody-
namic Performance

2.6.7.1 Relevant Studies Based on Commercial CFX Solver

In recent years, a growing body of research has focused on understanding the influence

of surface roughness on the aerodynamic performance of gas turbines (GTs). Owing

to the considerable differences in Reynolds numbers between GTs and MGTs, the im-

plications of surface roughness may diverge significantly between these two types of

turbines. Despite this, there has been a marked lack of investigations that specifically

examine the effects of roughness on MGTs, leading to a limited comprehension of the

role surface roughness plays in determining aerodynamic performance at this scale.

Nevertheless, it is crucial to examine and summarise recent studies addressing the

impact of roughness on gas turbine aerodynamic performance, as some findings from

these investigations could be relevant for comparison with the research conducted in

this project.

To study the roughness effect on a low-speed, single-stage axial turbine, Kang et

al. applied CFX-Tascflow with 5 equivalent sand grain roughness, which ranges

from transitional rough to fully rough regime. They found that the applied sur-

face roughness on the GT blade does not significantly affect the pressure distribution

or deviation angle changes, but would lead to the change of stage work coefficient

and overall efficiency. The efficiency drop was found to be attributed to the increased
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profile loss by thickened boundary layers with the existence of surface roughness [138].

Lutum et al. also carried out numerical studies utilising ANSYS CFX to investigate

the impact of surface roughness on heat transfer of an axial GT stator endwall. The

surface roughness at different locations was experimentally measured and applied in

CFX with steady-state simulations. They discovered lower heat transfer levels for

hydraulically smooth cases compared to the measurements. Good agreement was

found for the systematic variation of the sand grain roughness model and experimen-

tal data. However, the model was unable to resolve the impact of flow acceleration

on heat transfer enhancement in conjunction with surface roughness. Thus, it was

stated by Lutum et al. that a modified model that can better predict the transitional

and fully rough regimes is required to be developed [139].

For the research of roughness effect for MGTs, the only published study was conducted

by Gamil et al., in which they applied RANS simulations on a micro axial turbine

with sand grain roughness of 3µmRa, 6µmRa, 20µmRa, and 100µmRa. Figure 2.39

shows the total pressure loss plotted by Gamil et al. for different levels of surface

roughness [140].

Figure 2.39: TwinGen MGT Rotor Total Pressure Loss With Different Levels of
Roughness [140]

It can be seen from Figure 2.39 that the impact of roughness is relatively small when

the arithmetic roughness is lower than 20µm. However, as the rotor blade surface
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becomes rougher, the total pressure loss increases rapidly. Overall, Gamil et al.

discovered the stage efficiency loss for 6µmRa, 20µmRa, and 100µmRa are 0.8%, 4%,

and 12%. To minimise the loss, it was recommended to control the surface roughness

of the TwinGen MGT blades to be lower than 6µm [140].

2.6.7.2 CFD Model for Surface Roughness

To correctly resolve the influence of surface roughness near the wall with RANS simu-

lations, several roughness modifications have been developed. To activate the rough-

ness factor in CFX, a downstream shift in the logarithmic velocity profile equation

was used as shown in Equation 2.46 [134].

u+ =
1

κ
ln(y+) +B −∆B (2.46)

The downstream shift can be described as a dimensionless function of the roughness

height, of which the B is an empirical factor of 5.2 according to previous experimental

studies [134].

∆B =
1

κ
ln(1 + 0.3Rek) (2.47)

Rek =
ksuτ

ν
(2.48)

In Equation 2.48, the ks represents the function of sand grain roughness, which the

three regions of the model would be determined by the roughness Reynolds number

(Rek). There are three regimes of roughness, which are listed as follows.

• Hydraulically Smooth (0 < Rek < 5);

• Transitional Rough (5 < Rek < 70);

• Fully Rough (70 < Rek);

For a hydraulically smooth surface, the viscous sublayer would be fully established

near the wall. As the roughness Reynolds number increases to the transitional regime,

the viscous sublayer would be disturbed until the viscous effects become negligible

when fully rough (70 < Rek) [134].

To represent the shape and spacing of the roughness elements, the roughness constant

(Cs) is often used. According to experimental data of rough pipes by Nikuradse in

1950, the value of Cs is generally assumed to be 0.5 for uniform sand grains [137].
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In some applications, the CFD codes combine the ∆B in to a modified formulation

of near-wall kinematic viscosity (E). The equation 2.46 can be re-organised into

Equation 2.49 and 2.50.

u+ =
1

κ
ln(

Ey+

e∆B
) =

1

κ
ln(E ′y+) (2.49)

E ′ = e∆B (2.50)

According to the manual, the commercial CFD codes solve the wall roughness in the

following 5 steps [134].

• Proceed the boundary cell face

• Calculate y+ and Rek

• Calculate ∆B or E ′

• Calculate νw

• Resolve momentum equations of u+

Despite wide applications of the roughness modification functions, several previous

studies have also stated the challenge of using current commercial CFD codes to

accurately simulate the impact of surface roughness. Alldieck et al. studied the

interaction of transition and turbulence models for rough wall boundary conditions

with solver TRACE. It was discovered even if the model has no sensitivity to the

applied roughness, and the transition process could be influenced by the rough wall.

However, none of the model combinations could precisely predict the experimental

results [135]. Blocken et al. researched various commercial codes by utilising ANSYS

Fluent and CFX, in which they noted that the CFD results could be highly dependent

on the type of roughness modification applied to the wall functions. It was suggested

by Blocken et al. that further improvements in the modelling of the rough wall effect

on the transition onset are needed [136].

2.6.7.3 Summary

This subsection has reviewed the crucial role that CFD plays in advancing the design

and analysis of turbine blades. From the fundamental mathematical models that cap-

ture the core physical laws governing fluid dynamics to advanced turbulence models

like RANS k − , k − ω, transitional SST and LES models, CFD provides a robust
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framework for predicting and understanding the complex flow behaviours within tur-

bomachinery passages. Each model brings its advantages and limitations, offering

varying degrees of precision and computational efficiency.

Moreover, the review highlighted the significant impact of surface roughness on tur-

bine performance and its model in CFX. As the roughness level increases, especially

beyond certain thresholds, it can lead to marked increases in aerodynamic losses due

to changes in flow characteristics such as boundary layer thickness and turbulence

intensity. These changes can degrade the aerodynamic efficiency, highlighting the

need for careful simulation and optimisation of surface conditions.

Given these insights, the following chapters will involve a detailed comparison of

these CFD models against experimental data from Wren100 engine tests and wind

tunnel cascade tests. The objective is to identify the most accurate and computa-

tionally efficient models for analysing the aerodynamics of the Wren100 MGT blades.

This comparison is crucial for selecting models that not only predict accurate flow

behaviours but also align with the practical constraints of engineering applications,

such as computational resources and time constraints.
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Chapter 3

Experimental Methods

3.1 Introduction

In this chapter, the experimental facilities, instrumentations, and techniques applied

for data acquisition are presented. The experimental research was conducted on two

individual configurations. Firstly, based on the parametric study, the re-designed

Wren100 stator was manufactured and tested in the micro jet engine rig. The sec-

ond, T106 and the scaled Wren100 stator mean section profile cascade were tested

in the UoS wind tunnel facility. Profile loss of both two types of turbine blades was

estimated based on the measurements of the total pressure loss coefficient at different

locations on the flow exit plane.

The data acquisition and logging equipment are also described in the following sub-

sections with the details of each instrumentation. For the micro jet engine tests, the

measurement techniques are conventional thrust tester, quick response static pressure

transducers and thermocouples. For the wind tunnel tests, a pitot tube was mounted

on an electric lifting device near the exit regions of the blades.

3.2 Wren100 Jet Engine Experiments

This section delineates the test facilities and measurement techniques employed for

the acquisition of the Wren100 engine test data. The equipment encompasses a micro

turbojet engine and a test cell environment with special sensors and the Jet-A1 fuel

tank that was meticulously designed for academic research purposes.
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3.2.1 Jet Engine Experimental Facilities

The experimental configuration involved the mounting of the Wren-100 jet engine

onto a test bed, which was equipped with a force sensor for measuring the generated

thrust (Figure 3.1). The instrumentation setup incorporated eight electrical static

pressure transducers and eight thermocouples, positioned at various locations of the

jet engine. This arrangement enabled the real-time monitoring of inlet pressure and

temperature of the engine, as depicted in Figure 3.2.

Figure 3.1: Wren100 Experimental Instrumentations

In this PhD project, the research area was narrowed to the single-stage turbine stator

and rotor, meaning only P4, P5, P9, T04, T05 and T09 were recorded for CFD inputs

and data validation as shown in Figure 3.3.

The temperature sensors used are Omega thermocouples with different measuring

ranges as displayed in Table 3.1, in which the standard limits of error is 1.5 ◦C or

0.25% FSO (Full-Scale Output) according to the manufacturer specifications [141].

T0 T1 T2 T3a T3b T4 T5 T9

Range (◦C) 0∼50 0∼50 0∼50 0∼135 0∼175 0∼1200 0∼800 0∼800

Table 3.1: Wren100 Thermocouples Operating Ranges

For the pressure sensors, the specific models used are the IMP-G series transmitters

developed by Impress Sensors & Systems Ltd. The standard accuracy is ± 0.5% FSO.

The complete technical details for sensors installed at different monitoring positions

are listed in Table 3.2.
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Figure 3.2: Schematic Diagram of Wren100 Sensors Layout

P0 P1 P2 P3a P3b P4 P5 P9

Range (bar) 0.8∼1.1 0∼0.6 0∼1 0∼1.2 0∼2.5 0∼2.5 -1∼1 -1∼1

Table 3.2: Wren100 Pressure Sensors Operating Ranges

Initially, the Wren100 engine was tested with seven fixed speeds from 100kRPM to

160kRPM with a specific control panel. LabView, a computer application designed

to visualise hardware configuration and measurement was used to create a log file to

store data acquired by the pressure and temperature sensors. The logging rate was

set to 1Hz. At the start of a test, the jet engine would pre-heat itself until the RPM

reached 50k RPM. Then, the throttle control on the control panel was used to adjust

the RPM required for the testing.

3.2.2 Redesigned MGT Components Manufacture & Assem-
ble

3.2.2.1 Equipment Introduction

As part of the experimental research, redesigned components of the Wren100 micro

gas turbine were manufactured and installed inside the engine for further performance

tests. The redesigned wren100 stator vanes were manufactured by SLM280, a metal
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Figure 3.3: Wren100 Temperature (Left) and Pressure (Right) Sensors

3D printer that uses multiple lasers and closed-loop powder handling as shown in

Figure 3.4. It is ideal for medium to high-volume metal additive manufacturing part

production and prototypes. It has a building envelope of 280 x 280 x 365 mm and

can be equipped with up to two 700W fibre lasers to accelerate the printing process

of many metal additive powders [144].

Figure 3.4: SLM280 Metal 3D Printer

3.2.2.2 Turbine Blades Manufacturing Procedure

The operating procedure for the SLM280 is summarised as follows. Firstly, the 3D

CAD file of the designed turbine blade needs to be converted to STL file format. By

using the SLM solution software, the STL file of the blade can be sliced into thin layers

to generate necessary support structures. Secondly, the 3D printer bed needs to be
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cleaned and properly calibrated. At the same time, the appropriate metal powder is

required to be filled into the supply container, which in this project is stainless steel.

Thirdly, the printing process can be automatically started by using the dedicated

software. The printer bed will be lowered to make space for the first layer of powder

to be melted. Then, the 3D object can be printed layer by layer in stainless steel.

Finally, when the printed blade cools down, the post-processing procedure can then

be carried out depending on its quality.

3.3 Wind Tunnel Blade Cascade Experiments

In order to conduct wind tunnel tests to evaluate the performance and aerodynamic

characteristics of the turbine blade profile, appropriate experimental facilities, data

collection instrumentation, and model preparation were necessary. In this study, two

different configurations of the cascade, namely T106 bladed and scaled Wren100 sta-

tor vane mean section, were investigated. The experimental tests were performed in

a large wind tunnel located in the laboratory for experimental tests at the University

of Sheffield.

The experimental facilities utilised in this study are critical components for conduct-

ing wind tunnel tests. The large wind tunnel used in this study provided a controlled

airflow environment, allowing for precise measurements of the aerodynamic properties

of the stator vanes. The wind tunnel also allowed for adjustments to be made to var-

ious airspeeds of the air, which enabled the testing of the stator vanes under various

operating conditions. The data acquisition equipment is demonstrated together with

the instrumentation details. The technique of measurements includes fast-response

and conventional static pressure and total pressure measurements with the use of

pitot-tubes.

3.3.1 Experimental Facilities

The schematic diagram of the large wind tunnel displayed in Figure 3.5, is of a con-

ventional design with the honeycomb shape inlet and a motor fan with a maximum

velocity of 50mph (around 22.35m/s).

The large wind tunnel has a working section of 1.2 x 1.2 x 3m, where the cascades

and the data acquisition instrumentations were mounted. The contraction ratio is
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Figure 3.5: Large Wind Tunnel Schematic Diagram

6:1, and the control of flow speed is achieved by the rotational speed of the motor

fan.

3.3.2 T106 Low Pressure Turbine & Scaled Wren100 NGV
Mean Cascades

The T106 low-pressure turbine and the scaled Wren100 NGV mean cascades, shown

in Figure 3.6 and Figure 3.7, consist of three main components, including the flow

guiding ducts and the tested blade profiles. Both rigs were mounted individually in

the working section of the large wind tunnel. A total pressure sensor was mounted in

front of the tested blades. In addition, the total and static pressure exiting the blade

passages were measured by the pitot tube located at 10% chord distance downstream

of the trailing edge (TE). With the manual locomotion mechanism, the downstream

pitot tube was moved circumferentially from low to high pitch distance. To minimise

the influence of the cascade wall, the flow around the middle blades (yellow part) was

monitored.

In the case of the T106 cascade rig, its positioning on the wind tunnel floor during

the tests was necessitated by its substantial weight. Nevertheless, this setup pre-

sented challenges with regard to the influence of the floor boundary layer intruding

into the cascade, thereby potentially impacting the flow characteristics within the rig.
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Figure 3.6: T106 Blade Cascade (On Floor) Schematic Diagram

In contrast, the Wren100 NGV mean cascade, with its comparatively lighter weight,

was able to employ an elevated setup during wind tunnel testing. This strategic po-

sitioning was aimed at mitigating the influence of the floor boundary layer, thereby

reducing its potential to distort the flow conditions within the cascade rig.

With the above experimental rigs and instrumentations, multiple tests were car-

ried out with several variables averaged and recorded under different wind speeds

(Reynolds Numbers) as listed in Table 3.3.

Motor Fan
Rotational
Speed

Inlet Total
Pressure

Outlet
Pressure

Outlet
Total
Pressure

RPM P01 P2 P02

Table 3.3: Wind Tunnel Cascade Monitored Variables
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Figure 3.7: Wren100 NGV Mean Cascade (Lifted) Schematic Diagram

3.3.3 Pressure Measurements

The pressure data acquisition was carried out with the FCO510 micro-manometer

and static/total pressure pitot tubes. As shown in Figure 3.8, the FCO510 micro-

manometer is an accurate measuring instrument for ultra-low-range differential pres-

sures based on its microprocessor. The time-averaged variables it can display include

static/total pressure, air velocity, volume flow and temperature [145].

As presented in Table 3.3, after the time-averaged values of the pressure at the inlet

and outlet of the T106 and Wren100 stator mean profiles were measured. Several

physical quantities could then be calculated to analyse the aerodynamic performance

of the blade profiles. The exit velocity can be calculated by Equation 3.1.

c2 =


2(P02 − P2)

ρ
(3.1)

Then, with the exit velocities acquired, the profile loss for two blades was then esti-

mated by calculating the stagnation pressure loss coefficient as shown in Equation.
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Figure 3.8: FCO510 Micro-Manometer

Yp =
P01 − P02

P01 − P2

=
P01 − P02

0.5ρc22
(3.2)

To acquire the single value of Yp for multiple spanwise positions, the area average

data can be calculated by using the trapezoidal rule for numerical integration, which

is a formula for a set of data points (xi, Ypi).

Yp = (
1

b− a
)


[0.5(Ypi + Yp(i+1))(xi+1 − xi)] (3.3)

Where a and b are the starting and ending points of the spanwise distance range, xi

is the spanwise distance for the ith data point.

3.4 Surface Roughness Measurement

3.4.1 Equipment Introduction

To assess the quality of reverse-engineered micro gas turbine blades and evaluate the

impact of surface roughness on the aerodynamic performance of the micro engine

and cascade experiments, detailed roughness data were acquired using the InfiniteFo-

cusSL optical microscope, professional roughness tester produced by Bruker Alicona

as shown in Figure 3.9 [146].
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Figure 3.9: Alicona InfiniteFocusSL Roughness Tester

The InfiniteFocusSL is a high-resolution optical microscope that employs focus varia-

tion technology to obtain accurate and non-contact surface roughness measurements.

This instrument provides a vertical resolution of up to 10 nm and a lateral resolu-

tion of up to 1.4 µm, allowing for the precise characterisation of the blade surface

topography [146].

3.4.2 Surface Roughness Measurements

Before taking the roughness measurements, the blade sample needs to be carefully pre-

pared, which any dust or debris on the blade surfaces was removed using compressed

air. The blade sample can then be mounted on the test bed, with the instrument

adjusted properly to ensure optimal focus on the measured surface. In this study,

several parameters are used to describe the texture of the blade surface, and the most

important one is the arithmetic mean roughness (Ra).

Figure 3.10 displays the schematic diagram of the arithmetic mean roughness of the

measured surface, which can be directly acquired from the Alicona tester as described

in Equation 3.4.

Ra =
1

n

n

i=1

|yi| (3.4)

However, to activate roughness in CFD simulations, the arithmetic mean roughness
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Figure 3.10: Schematic Diagram of the Arithmetic Mean Roughness [147]

is not enough, as the sand grain roughness is required for the numerical setup. In

definition, sand grain roughness, also known as equivalent sand grain roughness, is a

measure of surface roughness that characterises the surface texture in terms of the

size of sand particles that would produce an equivalent level of flow resistance. Based

on their experimental research, Adams et al. stated that the direct use of arithmetic

mean roughness in turbomachinery to study its impact could lead to huge errors.

Figure 3.11 shows the schematic diagram of surface roughness side view represented

by a row of balls of diameter of ε, which is known as the sand grain roughness [148].

Figure 3.11: Sideview of Surface Roughness Represented By A Row of Spheres [148]

Adams et al. also proposed a conversion algorithm based on experimental data, which

are listed in Equation 3.5, 3.6, 3.7 and 3.8 [148].

Ra =
1

ε

 ε

x=0

|y − y| dx (3.5)
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y(x) =
√
εx− x2 (3.6)

y =
πε

8
(3.7)

Ra =
ε

2
[
π

2
− cos−1(1− π2

16
)1/2 − π

4
(1− π2

16
)1/2] (3.8)

According to the analytical models and experimental data, the estimated equivalent

sand grain sphere (ε) can be calculated by Equation 3.9.

ε = ks = 5.863Ra (3.9)

3.4.3 Error Analysis for Experimental Setups

3.4.3.1 Wren100 Engine Test Error Estimation Based on an Iterative
CFD Method

In this subsection, the limitations and systematic errors for the engine test results

were investigated to confirm the engine performance, and the potential sources of er-

rors are illustrated as follows. Firstly, many previously published studies have shown

the existence of total temperature non-uniformity in the regions between the combus-

tion chamber and the stator inlet, which are normally described as ”hot” and ”cold”

spots [177]. Several studies have been conducted for more accurate data acquisition of

non-uniformity total temperature between the combustor and turbine inlet. Martin

et al. utilised large-eddy simulation on the interface between the stator inlet and the

combustion chamber. SPOD (spectral proper orthogonal decomposition) method was

applied to acquire partial reconstructions with different frequencies, which could then

replicate realistic inlet boundary conditions for isolated turbine simulations [177]. In

this experimental study, due to the total inlet temperature being measured at a single

point before the stator as displayed in Figure 3.2, it is uncertain whether the value can

represent the real operation condition, which can only be used as an initial boundary

condition for the CFD iteration.

Secondly, the acquisition of static pressure measurements in the outlet regions of the

Wren100 MGT is also subject to several sources of error. One such factor pertains

to the placement of the static pitot tube within the fluid domain, which can intro-

duce disturbances in the flow and lead to zero-point errors in the measured static

pressures. Additionally, the placement of the static pitot tube at a distance from the
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Figure 3.12: Source of Error in Static Pressure Measurements

nozzle wall can result in significant discrepancies between the measured and actual

static pressure values. Despite the limited utility of outlet static pressure data, it can

still provide valuable insights into the pressure field within the turbine nozzle when

used in conjunction with other relevant data sources.

Overall, based on the current uncertainties, the only reliable information from the

experimental tests is the mass flow rate and thrust. Due to the lack of information at

the nozzle, the outlet total pressure used for iterations was acquired from the exper-

imental research conducted by Golchin et al. on the same MGT as shown in Table

3.4 [142].

To evaluate the performance of the Wren100 turbine, CFD iterations were performed

based on acquired data, including two different reverse-engineered geometries and

reliable boundary conditions obtained from externally published sources. The itera-

tion process involved first conducting an initial CFD simulation using experimental

data to generate the nozzle exit velocities (C2). Subsequently, since the nozzle was

known to be un-chocked, the static pressure could be estimated using Equation 3.10

based on the known exit total pressure and other relevant parameters. This approach

allowed for the determination of accurate boundary conditions and the subsequent
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Engine
Shaft Speed
(RPM)

Total Pressure
After Turbine
(bar)

160,000 1.34081
150,000 1.23453
140,000 1.15216
130,000 1.09769
120,000 1.04720
110,000 0.99804
100,000 0.96749

Table 3.4: Wren100 Engine Test Datum by Golchin et al. [142]

assessment of the turbine performance.

P2 = P02 −
1

2
ρC2

2 (3.10)

The predicted P2 can then be used as the updated information for the next CFD

iteration. With the necessary geometric data, the updated inlet total temperature

can also be estimated based on the stage loading coefficient as shown in Equation

3.11, in which the β2 and β3 were also acquired from the reverse-engineered models

(Table 4.3).

ψ =
Cp∆T0

1
2
U2

=
2Cx

U
(tanβ2 + tanβ3) (3.11)

Finally, the new boundary conditions can be put into the CFD solver for the updated

iteration of P2 until the values of thrust and mass flow rate converge to a constant

value.

3.4.3.2 Error Sources in Metal Additive Manufacturing Using SLM280

The precision of metal additive manufacturing using SLM280 can be influenced by

several factors, leading to potential errors in the final products. Research by Andrea-

cola et al. highlights that inconsistencies in powder material characteristics, such as

size distribution and chemistry, directly impact the density and mechanical properties

of the printed parts [149]. This variability can cause deviations in dimensional accu-

racy and surface quality. In addition, the calibration of laser parameters is critical;

misalignments or incorrect settings can lead to defects like porosity or warpage [150].

Thermal management issues, such as uneven cooling and residual stresses, are also
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prevalent challenges that affect the geometric fidelity and structural integrity of the

components [151, 152, 153].

3.4.3.3 Error Sources in Wind Tunnel Cascade

FCO510 & Pitot-Tube: When employing the FCO510 micro-manometer and pitot

tubes for wind tunnel cascade testing, several sources of error must be considered. The

precision of dynamic pressure measurements can be compromised by the alignment

and geometric accuracy of the pitot tubes, as well as by environmental factors such as

temperature fluctuations and vibrations. Calibration drift in the micro-manometer

can introduce additional potential inaccuracies, influencing the reliability of the pres-

sure readings. Installation errors, such as the placement of the pitot tube relative

to flow disturbances (after trailing edge), can significantly affect the accuracy of the

measurements and wake capture.

Rig Vibration: Wind tunnel tests for aerodynamic studies, particularly in cascade

rigs, can be significantly affected by vibrations. These vibrations, often induced by

the airflow itself, can distort the flow field measurements and lead to erroneous data.

Eid et al. discuss the design considerations necessary to minimise vibrations in wind

tunnel setups, emphasising the importance of structural rigidity and proper damping

mechanisms to ensure accurate data collection [154]. Further studies by Zhang et

al. underline the necessity of advanced vibration analysis and control strategies to

mitigate the impact of structural resonances on experimental results [155].

Floor Boundary Layer Effects: The influence of the floor boundary layer is an-

other critical factor in wind tunnel tests, especially in setups where the rig is close to

the floor. The boundary layer that develops on the tunnel floor can interact with the

test section flow, altering the velocity profiles and turbulence characteristics of the

airstream. Catarelli et al. highlight that modifications to the tunnel floor, such as the

introduction of boundary layer suction or tailored surface roughness, can significantly

reduce these interactions, thereby improving the flow quality around the test models

[156].

3.4.4 Summary

To sum up, this chapter outlines the experimental instruments and methods employed

in this PhD research. The Wren100 jet engine tests were conducted to establish
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initial boundary conditions for CFD simulations, including temperature and pressure

measurements. Surface roughness evaluations were performed at the UoS tribology

lab to ascertain the roughness metrics for both original and rebuilt MGT components.

Wind tunnel cascade experiments were utilised to validate CFD models for MGTs

under both smooth and rough blade conditions. Following the proposal of redesigns

for the MGT blades, the modified components were fabricated using the SLM280

metal 3D printer. Collectively, this chapter delivers a detailed overview and error

analysis of the experimental procedures undertaken in this study.

90



Chapter 4

Development of Micro Gas Turbine
Reverse-Engineering Strategies

4.1 Introduction

Various research studies have been conducted to improve the design of MGTs, which

sometimes would require the engineer to reverse-engineer the original 3D CAD files.

Conventional techniques start with the function required of the product and move

through a design process to the end product, whereas the reverse engineering (RE)

process starts with the existing product and through various techniques re-construction

the geometry of the product [92]. Many techniques exist to obtain the geometry of the

product, including contact and non-contact approaches, but they all have the same

aim, i.e. to capture the most accurate representation of the geometry. However, it is

important to select the most appropriate RE method to balance the most appropriate

geometry accuracy versus the time taken (and so cost) involved.

In the following sections, the development and comparison of different RE strategies

are presented. The selections of the RE models for further analysis and redesign are

demonstrated in the next chapter based on the CFD and experimental results.

4.2 Non-contact Measurement Process of the Mi-

cro Turbine Blade - General Workflow

In this section, the basic geometric characteristics of the Wren series turbine parts

and the process of using the Alicona laser scanning device (described in Subsection

3.4.1) to capture its three-dimensional geometries are illustrated. The Wren series

turbines were initially designed by Wren Power Systems Ltd. for a model jet engine.
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4.2.1 Direct Scan

In order to formulate a suitable reverse-engineering approach, the stator vane of the

Wren44 turbine was initially subjected to scanning and subsequent reconstruction.

The Wren44 turbine is characterised by a nominal maximum thrust of 44N and

comprises an axial turbine that encompasses 17 stator vanes with blade heights ap-

proximately measuring 10mm, as depicted in Figure 4.1. Owing to the miniature size

and intricately twisted profiles of the Wren44 turbine components at different blade

heights, direct laser scanning proved to be an arduous task in acquiring the requisite

3D geometry.

Figure 4.1: Wren44 Stator Vanes

The acquired 3D geometry in Figure 4.2 exhibits noticeable deficiencies in capturing

the details of the trailing edge, which can be attributed to the high surface reflectance

and obstruction of light by the vanes shroud. Nevertheless, a rough 3D CAD repre-

sentation of the Wren44 stator vane was achieved by amalgamating multiple laser-

scanned data from disparate perspectives through the process of RE.

Figure 4.2: Wren44 Stator Direct Laser Scan
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As shown in Figure 4.2, the reverse-engineered Wren44 stator vane has very unusual

blade shapes at the root, mean and tip sections. All the essential blade characteristics

of the re-generated Wren44 stator vane were summarised in Table 4.1.

Characteristics Unit Root Mean Tip

Chord mm 23.41 23.87 26.32
Blade Stagger ◦ 14.98 23.91 23.3
Pitch mm 14.81 14.81 14.81
SS Length mm 26.3 26.5 29.22
PS Length mm 25.2 24.6 27.56
Inlet Flow Angle ◦ 0 0 0
Exit Flow Angle ◦ 48.67 58.93 54.36

Table 4.1: Wren-44 NGV Blade Characteristics

4.2.2 Silicone Mould and Epoxy Resin Tooling

The reverse-engineering outcomes obtained through the direct scanning method ex-

plicated in the preceding section reveal that the generation of a viable blade model

was unfeasible, primarily attributed to the intricate blade geometry and the high

reflectance of the metal blade surface. To enhance the quality of laser-scanning, the

author developed a novel technique utilising silicone mould and epoxy resin tooling

for the reverse-engineering process of the Wren100 turbine stator and rotor. This

study involves a turbine of comparable dimensions to that of the Wren44 model,

comprising a stator with 13 vanes and a rotor with 21 blades, as depicted in Figure

4.3. The twisted profiles of each vane and blade, which vary from the root to the

tip, render the conventional non-contact reverse-engineering method ineffective due

to the intricate nature of the structures.

Figure 4.3: Wren100 Stator and Rotor
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Hence, to recreate the turbine parts, the first step is using liquid Silicone to make the

mould for the Wren100 stator and rotor blades. As shown in Figure 4.4, the liquid

silicone rubber used in this project is the Limino two-part platinum-cured elastomer,

which was poured on the Wren100 stator and rotor blades in two separate containers

with a mixing ratio of 1:1 for solidification [172].

Figure 4.4: Schematic Diagram of Making Silicon Mould for MGT Blades

After the liquid silicone rubber was solidified, the turbine stator and rotor were taken

out from their containers, which left cavities that could be used to build models. With

the silicone rubber moulds, liquid EP resin was injected into the mould to rebuild the

Wren100 stator and rotor blades. The injection process of the liquid EP resin was

similar to the liquid silicone rubber, in which the liquid EP resin includes the resin

and hardener with a mixing ratio of 1:1 [173]. To increase the surface reflectance of

the blade models, white paint was blended in the liquid EP resin. When solidified,

the EP resin models of the Wren100 stator and rotor blades were taken out of the

silicone rubber mould for further geometrical acquisition. Figure 4.5 shows all the

models created by EP resin, in which each vane and blade was cut out for better scan

quality.
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Figure 4.5: Models of Wren100 Parts Based on EP Resin

To verify the quality of the models rebuilt by EP resin, samples of the surface rough-

ness from the original and RE blades were measured and compared by InfiniteFocusSL

as displayed in Figure 4.6.

Figure 4.6: Samples of Measured Roughness (Left: Metal Blade; Right: Resin Model)

Figure 4.6 shows one sample of roughness comparison between the original blade and

the EP resin model, in which the average blade surface roughness height between the

original metal blade and EP resin model is almost the same. More measurements

were carried out for all 13 stator vanes and 21 rotor blades; the average roughness

for the original turbine parts and EP resin models are summarised in Table 4.2. The

complete roughness test data are also recorded in Appendix B.1.
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Samples Ave. Ra (µm) Ave. Rz (µm)

Stator (Original) 2.472 14.722
Stator (EP Resin) 2.005 11.932
Rotor (Original) 2.606 15.195
Rotor (EP Resin) 2.433 15.174

Table 4.2: Wren100 Arithmetic Roughness (Original vs. Rebuild)

After the Wren100 stator and rotor blades were rebuilt with EP resin, laser scanning

was used to obtain their geometries. The EinScan Pro 2X Laser Scanner was used

to obtain the geometry of the turbine blade, and the operating principles can be

summarised as follows [174]. As the device that is used to analyse real-world objects

to collect data on its surface geometry, and possibly its colour appearance, a 3D

laser scanner uses ’cameras’ to capture distance information of different sides of the

object. During the scanning process, millions of digital points are generated by the

laser scanning software, which is then merged to re-create the geometry. Normally,

multiple (in some cases hundreds of) scans would be necessary to obtain the surface

details of all sides of the object. The software would create a universal reference

system to bring each group of scanned points together to generate the whole model,

a process that is generally referred to as registration or alignment [175, 176]. After

alignments of multiple scanned data, the three-dimensional description of the turbine

parts can then be exported to the STL file, which can be imported into ANSYS

SpaceClaim for further RE process. For the RE of the Wren100 turbine, the point

clouds of 13 stator vanes and 21 rotor blades were acquired, and each model consists

of millions of coordinates. Therefore, to generate 3D solid geometries, the profiles at

different radial heights were captured from each stator vane and rotor blade.

Figure 4.7: Stator & Rotor Profiles Acquisition
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As shown in Figure 4.7, three sections of profiles were captured by different planes

located at 25% span from the root (Root (25%)), mean and 25% span from the tip

(Tip (25%)) for the stator vane. The reason for not capturing the profiles directly from

the root and tip sections is the vane profiles at the root and tip sections are blocked

by the circular shroud of the stator, meaning the scanned data could be incomplete

near the root and tip sections due to the existence of dark corners. As the rotor disk

has no shroud, better laser-scanned quality due to no light blockage allowed blade

profiles to be captured closer to the root and tip (10% span) compared to the stator

vanes (25% span). Then, with the scanned data for the Wren100 stator and rotor

blades plotted in the Cartesian system, average profile coordinates were calculated at

different radial blade heights. As the turbine blade profile change at different radial

heights is normally required to be smooth, linear interpolation was applied to acquire

the 2D profiles at the root and tip sections to give a great perspective to understand

the original design intent. Finally, to acquire the three-dimensional geometries of the

stator and rotor, the last essential step is to select an appropriate reverse-engineering

strategy, the details of which are demonstrated in the following subsections.

4.3 Reverse-Engineering (RE) Strategies

Due to the complexity of gas turbine blades, the RE process would require the engineer

to select a suitable strategy. The design of a turbine blade normally requires the

engineer to handle hundreds of parameters, including chord, stagger, pitch, etc. Thus,

the important question in the field of RE is whether to consider all of those parameters

or just use some essential characteristics to re-create the model. The RE strategies

can often be divided into ”what the part really is” (discrete) and ”what the part could

be” (parametric). In this research, the 3D blade geometries were re-constructed and

compared based on discrete and parametric strategies. For the discrete strategy, all

the original design parameters were considered for the RE model by applying spline

to the average scanned profile coordinates. The parametric strategy used ANSYS

BladeGen, which can be used to rebuild the 3D geometry by choosing seven specific

parameters of the blade (LE & TE diameters, LE Beta angle, exit angle, blade stagger,

LE & TE wedge angle).

4.3.1 Discrete Startegy

The first RE strategy is directly generating splines from the averaged data points to

create different layers of profiles, in which the two-dimensional shape information was
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applied to re-create the three-dimensional reconstruction of one stator vane and one

rotor blade in unprecedented detail, as shown in Figure 4.8.

Figure 4.8: Reverse Engineered Wren100 Rotor & Stator (Discrete)

With the profiles at different blade heights, the stator vane and rotor blades were then

automatically generated by commercial CAD software such as Solidworks. For the

discrete strategy, no blade characteristic was acquired for the models were generated

directly from the averaged data coordinates, which potentially adds difficulties to

further design modifications.

4.3.2 Parametric Startegy

The second RE strategy used is re-constructing the three-dimensional geometries of

the Wren100 turbine based on blade parameters, which can be acquired by finding

the base circles for the LE and TE. To locate the base circles, iterations were used by

firstly drawing circles based on points 1, 4 and 7 of points of the PS and SS groups.

The new circle then shifted one point forward, which fitted accordingly to points 2,

5 and 8. The process was repeated until the circle covered most of the points on

one side of the aerofoil. Finally, the smallest circles that are tangent to the PS and

SS circles are the base circles. All the iterations were conducted manually without

specialised software or scripts.
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Figure 4.9: Turbine Characteristics Acquisition With LE & TE Base Circles (Sample:
Wren100 Stator Vane Mean Span)

During the iterative process, the base circles might not cover all the points due to

the rough surface of the laser-scanned model, as shown in Figure 4.9. As the goal

was to re-create what the part could be, the blade characteristics acquired from the

base circles are still acceptable for further reverse engineering. The Wren100 stator

and rotor blade characteristics (Root, Mean and Tip Section of Stator & Rotor) are

listed in Table 4.3.

Section dLE dTE β2/β3 ξ θLE βLE θTE

StatorRoot 1.4 1.0 59.5 34.5 2.0 15.0 0.0
StatorMean 1.3 1.0 65.0 43.5 9.0 6.0 1.5
StatorT ip 1.3 1.2 66.0 49.0 10.50 0.0 2.0
RotorRoot 5.6 1.2 45.0 15.0 27.0 27.0 4.5
RotorMean 1.1 0.9 55.0 37.2 21.0 9.0 3.8
RotorT ip 0.9 0.6 62.0 50.4 15.0 3.0 3.3

Table 4.3: Wren100 Stator & Rotor Blade Characteristics
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With the acquired blade characteristics, the three-dimensional geometries of the

Wren100 stator and rotor were re-created by using ANSYS BladeGen. Figure 4.10

shows the sample of the Wren100 rotor mean section generated by BladeGen, in which

the values of the LE and TE wedge angles were taken from the RE models. However,

the LE beta angles were all assumed to be zero for model simplification as they cannot

be measured accurately based on the RE models.

Figure 4.10: Sample of Wren100 Rotor Mean Section Profile (BladeGen)

4.4 Summary

This chapter develops processes for using high-precision laser-scanning equipment

for micro gas turbine reverse-engineering (RE) for future CFD model validation via

experimental testing and high-fidelity computational simulation. As the Wren100

turbine parts were not received at the beginning of this project due to the impact of

COVID-19, a reverse engineering approach was tested based on the Wren44 nozzle

guide vanes by direct laser scan. It was found direct scan could not capture all the ge-

ometric details. Due to the small blade sizes (blade heights less than 10mm) and high

surface reflectance, the laser-scanning equipment could not directly capture enough

surface details of the metal Wren100 turbine blades. To solve that problem, a novel

method of RE using the silicone mould and resin tooling was developed for better

scanning and rebuilding quality. Laser-scanning was used to acquire point clouds of

resin turbine parts covered in white paint to reduce surface reflectance. This then al-

lowed the three-dimensional geometry of the stator and rotor to be re-created based
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on two reverse engineering strategies. These are ”what the blade really is” (Point

Cloud/Discrete) and ”what the blade could be” (Parametric). The latter is based on

a reduced number of design parameters obtained from the Point Cloud data, with

turbine design software being used to generate the rest of the blade shape. This is

termed a Reduced Design Parameter Model, or RDPM.

In Chapter 5, two different RE strategies are compared based on computational sim-

ulations and experimental data. The more appropriate RE models of the MGT were

also selected for further engine performance analysis and redesign.
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Chapter 5

Computational Methods

5.1 Introduction

In this chapter, the process of establishing the appropriate computational model that

can be used to accurately predict the flow behaviour inside a micro gas turbine is

described. As the parametric study will be carried out based on the computational

model, the simulated aerodynamic loss, turbine thrust and mass flow rate at different

rotational speeds (RPM) were of particular interest. In addition, to investigate the

impact of turbine blade surface roughness, a proper selection of wall functions was

also an essential objective.

To achieve the above goals, the approach was to carry out CFD simulations with in-

creasing complexity from two-dimensional to three-dimensional. According to Menter

(1994), for CFD simulations by two-equation turbulence models, slight changes (5-

10%) in the modelling constants could lead to entirely different results. Thus, testing

the model against different types of flows through experimental or DNS data is the

only way to establish the validity of CFD results as the modelling of turbulence in-

troduces significant uncertainty. The verification and validation process is generally

semi-empirical as it is unclear whether the changes in flow could lead to improve-

ments or deterioration of simulation results, which caused the slow progress in the

modelling of turbulence [114]. Therefore, an extensive range of simulation data at

different scales of turbomachinery (T106 blade, Wren44 stator vane and Wren100

turbine) were acquired, and the CFD validation process was achieved by comparing

the selected RANS and LES models with existing experimental data and the online

published Database. As result, the setups for both models are documented as the

following items and Table 5.1 to ensure reproducibility and validity of the simulations.
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RANS Setup LES Setup

Turbulent Model 4-equations γ − θ Model
WALE (Wall-Adapting Lo-
cal Eddy-Viscosity) Model

Time Integration Steady-State
Transient Number of
Timesteps per Period
(Timestep = 3.96823e-07s)

Numerical Order High Resolution Scheme
Second-Order Backward
Euler High Resolution
Scheme

Convergence Criteria RMS 1e− 6
RMS 1e− 6 with Max. Co-
eff. Loops of 10

Computational Time ∼ 24 hrs ∼ 120 hrs

Table 5.1: CFD Setup Parameters for RANS and LES Models (Wren100 Stator-
Rotor)

Wren100 Stator-Rotor Setups (RANS and LES)

• Computational Domain Boundaries: extended around 3 blade heights upstream

and downstream from the blade mid-section (31.13mm). The spanwise width

was set to original blade height (10.25mm).

• Distance Between Stator and Rotor: 3mm.

• Boundary Conditions: Depend on RPM (Total Pressure & Temperature Inlet;

Pressure Outlet)

• Near-Wall Treatment: y+ < 1

• Inlet Turbulence Intensity = 5%

Details for those setups are demonstrated in the following subsections. Cascade tests

inside a wind tunnel for the scaled mean section of the Wren100 stator vane were also

carried out as a part of the experimental validation. Overall, suitable computational

models were developed in this research project and will be carried forward in the

analysis of and improvement of the main gas path aerodynamic efficiency of the

Wren100 engine in Chapter 6.

5.2 CFD Verification and Validation Overview

The purpose of the following subsections is to find a reliable and accurate computa-

tional approach for the MGT stator and rotor system. To determine the accuracy
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of computational model implementation, verification of the simulation process was

conducted by the quantification of round-off error, iterative convergence error and

mesh independence study (discretisation error). Validated CFD models have been

generated to be used in later chapters to give better insight into MGT flow passage,

in which the simulation results showed good matches to the jet engine tests, wind

tunnel cascade data and high-fidelity LES results.

The summary of the CFD models and the development process are presented in the

following sections to provide foundations for future chapters.

5.2.1 Spatial Discretisation

As illustrated in Subsection 2.6, to capture the simulated flow behaviour with suffi-

cient accuracy, fine mesh would be required within the limits of the available compu-

tational resources. In particular, for cases like turbine blades with bounded regions,

it is suggested to add mesh refinement near the wall area where there could exist

steep flow gradients. In this section, the dimensions of the mesh and the boundary

conditions are outlined for the following objects.

• 2D T106 Turbine Blade

• 3D Wren44 MGT Stator

• 3D Wren100 MGT Stator & Rotor System

In this research project, all the CFD simulations were carried out based on the mesh

generated by ANSYS workbench mesh or TurboGrid, which both are commercial

software that can produce structured and unstructured meshes. To ensure that the

meshes created meet the requirements of various turbulence models, guidelines on the

first cell heights of wall adjacent cells and cell types are described as follows.

Firstly, to better resolve the flow characteristics, one possible approach is to separate

the fluid domain into different areas that can be managed individually. Figure 5.1

shows the mesh blocks generated by TurboGrid, in which finer mesh can be seen near

the leading edge and trailing edge where the velocity gradients would be steeper.

More advanced blocking procedures can also be done manually by other more specific

software such as ICEM.
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Figure 5.1: Default TurboGrid Mesh Blocking

Secondly, a finer mesh is required near the wall for turbulence models to resolve

boundary layers. For the k −  and k − ω turbulence models, it is mandatory for y+

to be smaller than 5.

Finally, for mesh types, structured cells often require less computational memory and

are fast to generate compared to unstructured mesh [157, 158]. By reducing the size of

grid points in a given region, both meshing methods can generate high-density cells,

meaning a higher order of the Taylor series expansion of the differential equations can

potentially be achieved. However, the structured mesh is normally difficult to setup

for complex objects compared to unstructured mesh. Table 5.2 shows the summary

of guidelines for 2D and 3D meshes created for the CFD study in this project.

Quadrilateral Mesh Tetrahedral Mesh

Skewness Max. of 0.8
Max. of 0.8 & Max.
average of 0.3

Aspect Ratio
Max. of 50 outside
boundary layer

Max. of 7 at the
interface between
unstructured and
structured mesh

Table 5.2: Mesh Criteria Applied for High Quality Grids [159, 160]

As shown in Table 5.2, the skewness and aspect ratio are normally used to specify

the mesh quality, which describes how the cell is distorted from the ideal shape.

The skewness represents how the cell deviates from a line or plan (2D or 3D), which

should not exceed 0.8. The aspect ratio represents the level of stretch of the mesh
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cell, which the maximum value for different types of mesh is also suggested in Table

5.2 [159, 160].

5.2.2 2D T106 Turbine Blade Mesh

To achieve high accuracy and good control of the mesh spacing, it is recommended

to use structured mesh for the 2D T106 blade case. Not many studies have been

conducted to compare different mesh types and their characteristics. Yang et al.

applied the O-mesh and C-mesh to study the subsonic flow over un-stalled pitching

aerofoils, in which the force coefficient results were almost identical [161]. Thus, to

ensure high-quality data is generated, the most significant factor is the number of

elements and the areas where there are the highest gradients in the flow.

Figure 5.2: T106 Mesh Generation

It can be seen in Figure 5.2 that structured mesh can be automatically generated. To

achieve a good mesh refinement at the boundary wall, inflation layers were added to

ensure the y+ met the requirements of the specific wall functions.

5.2.3 3D Wren44 & Wren100 MGT Mesh

Many previous studies have been carried out with the use of various mesh types to

simulate gas turbine blades in the literature. In this study, structured cells were

automatically generated by TurboGrid for the Wren44 stator flow passages as shown

in Figure 5.3.
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Figure 5.3: Wren44 Mesh Generated by ANSYS TurboGrid (Re ≈ 23, 089, y+ < 1)

Similar to the Wren44 stator vanes, structured meshes were also generated for the

Wren100 stator and rotor parts. For the computational domain of the rotor blades,

the tip clearance was also included as displayed in Figure 5.4.

Figure 5.4: Wren100 Mesh Generated by ANSYS TurboGrid (Re ≈ 50, 000, y+ < 1)

As shown in Figure 5.4, constant tip clearance was assumed based on the reverse-

engineered blade data.

5.3 2D Blade Simulation Verification and Valida-

tion

The purpose of this subsection is to find a reliable and accurate computational ap-

proach for a two-dimensional blade profile. To determine the accuracy of compu-
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tational model implementation, the quality of the CFD model was checked by con-

ducting the quantification of round-off error, iterative convergence error and mesh

independence study (discretisation error). To measure the uncertainty of input vari-

ables and physical model, the appropriate validation process was conducted based on

the T106 cascade, which is the existing data from a European research project for

low-pressure turbine profile conducted by Steiger et al [165].

5.3.1 Initial CFD Inputs & Mesh Sensitivity Study

According to the experimental data acquired by Steiger, during the research of low-

pressure turbine blade cascades, the two-dimensional schematic diagram of the T106

cascade is shown as Figure 5.5, which the inlet velocity and inflow angle (tan(α1))

were set to be 7.679m/s and 0.773. The default turbulence intensity was set to be

5%.

Figure 5.5: T106 Blade Two-Dimensional Cascade Geometry

As the Reynolds Number of the 2D inlet flow was relatively low (Re = 21, 4000),

the boundary layer thickness can be estimated by Blasius approximation shown in

Equation 5.1. However, it is essential to note the limitations of this estimation due

to the fact it is based on a flat plate calculation.

δbl ≈
4.91x√
Rex

= 2.10mm (5.1)
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For the wall treatment of the CFD model, an initial guess of the first cell height

(yp) was conducted to make sure the value of y+ be lower than unit as described in

Equation 5.2, 5.3 and 5.4 [103].

yp =
y+µ

ρuτ

=
µ

ρuτ

(5.2)

uτ =


τw
ρ

=


(1/2ρU2)cf

ρ
(5.3)

cf = [2log10(Re)− 6.5]−2.3 =
τw

1/2ρU2
(5.4)

Where the cf is the skin friction coefficient, which the initial guess of its value was

based on empirical results of flow going over a flat plate for the further CFD verifi-

cation and validation[162, 103].

For the validation data, based on the experimental cascade results (as shown in Figure

5.6) and the loss model summarised by Denton, the average experimental results of

stagnation pressure loss coefficient can be calculated by Equation 5.5.

Figure 5.6: Experimental Value of Steady Integral Parameters of T106 Cascade
(Re=214,000) [165]

Yp = −Cpbt

w
+

2θ

w
+ (

δ∗ + t

w
)2 = −0.0222152Cpb + 0.02428 (5.5)

Where the base pressure (Cpb) is an empirical value, which, according to Denton

(1987), generally ranges from -0.2 to -0.1 [65]. Therefore, the experimental values of
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the stagnation pressure loss coefficient based on the loss model range from 2.65% to

2.87%.

To acquire high-fidelity numerical results, the process of CFD simulations could be

treated as defining boundary conditions and mesh, which the more refined mesh would

often lead to solutions with higher accuracy. The objective of the mesh sensitivity

study is to find the convergent results with the fewest number of elements possible.

Figure 5.7 shows a method to study the convergency for the mesh independence

results, in which the resultant goal values (Cp and Yp) were plotted against the cell

count and number of inflation layers.

Figure 5.7: Quantification of Discretisation by Studying Impact of Systematic Re-
finement of Meshes for 2D T106 LP Turbine Blade

5.3.2 CFD Models Study of 2D T106 Blade

After confirming the two-dimensional geometry and initial boundary conditions, sev-

eral computational fluid dynamics (CFD) simulations were performed at varying levels
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of machine accuracy, including both single and double precision. Among these, dou-

ble precision was chosen for further simulations. An overview of the inputs for the

CFD verification and validation of the T106 blade is listed as Table 5.3.

Re Mesh TU Model
Discretisation
Scheme

Yp (%)

214,000 Structured k − , RNG Second Order 5.14%

214,000 Structured
k − w, SST,
Low-Re Cor-
relations

Second Order 3.4%

214,000 Structured k − w, SST Second Order 3.18%

214,000 Structured
k − w, Stan-
dard, Low-Re
Correlations

Second Order 3.24%

214,000 Structured
k − w, Stan-
dard

Second Order 3.21%

214,000 Structured
4-eq. Transi-
tional SST

Second Order 2.73%

Table 5.3: CFD Inputs and Yp Output for 2D T106 Blade Simulations

For the CFD information shown in Table 5.3, the residual convergence criteria of all

the simulations reached 10−12, and the effect of systematic variation of truncation

error, such as the discretisation scheme (first and second-order) was investigated in

different groups of simulations. In the 2D T106 simulations, achieving a residual con-

vergence criterion of 10−12 significantly surpasses the commonly accepted standard

of 10−6, as discussed in the literature review (Chapter 2.6). This exceptional level of

precision not only emphasises the accuracy and reliability of the results but also high-

lights the meticulous approach adopted in the CFD analysis, offering a higher degree

of confidence for the verification process. The flow Reynolds number applied in the

CFD simulations was 214,000, and the flow inlet incidence was set to zero according

to the experimental measurements of cascade tests by Steiger [165]. It is known that

the Denton modelled Yp ranges from 2.65% to 2.87% from the earlier calculations.

Thus, the average stagnation pressure loss coefficient is predicted based on the 4-eq.

transitional SST model is within the experimental results.

To further analyse the performance of the 4-eq. transitional SST model for 2D low

Reynolds number blade applications, the simulation data was compared against the

experimental wind tunnel cascade results for the wake capture downstream the T106

trailing edge.
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Figure 5.8: 2D Transitional SST Model Vs. Wind Tunnel Cascade (T106,
Re=214,000)

As shown in Figure 5.8, the Transitional SST model could capture the location and

depth of the T106 blade trailing edge wake with reasonable accuracy. It was observed

that the wake predicted by the transitional SST model was slightly wider compared

to the experimental data. Furthermore, at the centre of the wake, the peak total

pressure loss predicted by the transitional SST model was found to be somewhat

higher than the cascade data. This discrepancy between the computational and ex-

perimental results could be attributed to the following two main factors.

1. Two-Dimensional Simulation vs Three-Dimensional Experiment: The

CFD simulations were conducted based on a 2D model, while the actual T106 cas-

cade is a 3D rig. Therefore, the 2D simulations might not fully capture the three-

dimensional phenomena like secondary flows or end-wall effects that can influence

the trailing edge wake behaviour. These phenomena are important in turbomachin-
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ery cascades, as they can contribute to the widening of the wake and increase in total

pressure loss.

2. Wind Tunnel Floor Effects: The positioning of the T106 cascade rig on the

floor of the wind tunnel, rather than being elevated, might have contributed to addi-

tional flow disturbances. The floor boundary layer could potentially enter the cascade

rig and generate additional losses, thereby influencing the wake behaviour. This could

explain the higher total pressure loss observed in the computational results compared

to the experimental data.

Recommendations: Overall, the 4-eq. transitional SST (γ − Reθ,t) turbulence

model was recommended for 2D blade simulations under low Reynolds numbers as it

offers a reasonable degree of accuracy, capturing key aspects of the flow physics with

a less complex and computationally intensive setup compared to full 3D simulations

or higher-fidelity turbulence models.
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5.4 3D MGT Verification and Validation

In this section, the initial verification process is described based on the Wren-44 NGV

blade to determine an accurate CFD approach to simulating the operation of micro

gas turbines. Due to the geometries of Wren-100 NGV and rotor blades provided by

Turbine Solutions Ltd. being unavailable and the impact of the COVID-19 pandemic,

the verification process was conducted based on the reverse-engineered Wren-44 NGV

blade at the beginning of this research project. The reason for selecting the Wren-44

engine is the Wren-44 engine is produced by the same company (Turbine Solutions

Ltd.) as the Wren-100 engine, which has a similar size and geometrical design. Based

on the Wren44 stator CFD verification data, the proper verification and validation

process for the Wren100 stator-rotor system is also presented in this section.

For the selection of turbulence models, the Large-Eddy Simulation (LES) and the

4-eq. Transitional SST models were chosen as the primary models for the MGT re-

search. As described in the previous chapter, the LES model is a proven method

in predicting wall-bounded flows with higher fidelity compared to RANS turbulence

models, for it directly resolves large-scale turbulent structure [163]. However, due

to the high computational cost of the LES, the 4-eq. Transitional SST model was

another suitable candidate for the MGTs aerodynamic study of the relatively low

Reynolds number involved in these systems.

In summary, the following subsections provide detailed verification and validation for

the CFD models of the Wren100 stator and rotor. A comprehensive examination of

the performance of different turbulence models, including the RNG k− , k−ω, SST

and 4-eq. Transitional SST were compared against the high-fidelity LES simulations

and experimental data. Furthermore, as two versions of the Wren100 MGT parts were

created (discrete and parametric), the recommendations for further development of

MGT blade reverse-engineering are also presented based on the comparison between

the numerical predictions and experimental results.

5.4.1 High Fidelity LES WALE Simulations

5.4.1.1 Solver Setup & Boundary Conditions

To carry out time-resolved LES simulations for the micro gas turbine system, transient

calculations were required to obtain the necessary information for the CFX solver.
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Equation 5.6 shows the single sector passage time as the rotor operating at a specific

rotational speed (RPM).

tpassage =
1

RPM
60

· 1

Nrotor

(5.6)

Where the tpassage is the time for one sector passage and the Nrotor is the number of

rotor blades. With the above information, the value of the time step can then be

calculated by equation 5.7.

tstep =
tpassage

NT imeStep

(5.7)

Where NT imeStep is the CFX input for the number of time steps, which in this case

ranges from 50 to 100. Consider the computational cost; take the 120,000RPM case as

an example, the LES configurations are 5 sectors of passage time that were calculated

with 60 time steps for each tstep due to time limitations for each round of simulation

(around 120hrs). The detailed LES transient configurations are listed in Table 5.4.

RPM NT imeStep tpassage(s) tstep(s) ttotal(s)

160,000 60 1.79× 10−5 2.98× 10−7 8.93× 10−5

150,000 60 1.90× 10−5 3.17× 10−7 9.52× 10−5

140,000 60 2.04× 10−5 3.40× 10−7 1.02× 10−4

130,000 60 2.20× 10−5 3.66× 10−7 1.10× 10−4

120,000 60 2.38× 10−5 3.97× 10−7 1.19× 10−4

110,000 60 2.60× 10−5 4.33× 10−7 1.30× 10−4

100,000 60 2.86× 10−5 4.76× 10−7 1.43× 10−4

Table 5.4: ANSYS CFX LES Configurations

5.4.1.2 Parallel Implementation

Due to the complex geometries of the reverse-engineered micro gas turbine geometries

and the need to resolve small scales, a large number of grid elements are usually

required (typically above 10 million). In this study, 60 time steps coupled with 5

periods per run were applied for each run of the LES simulations, meaning it was

unfeasible with a single-core processor machine, in which large-scale parallel facilities

that could achieve a reasonable turnaround time were required for the calculations.

Thus, a high-performance computer with 32 cores, 64 logical processors and 128GB

of memory was utilised to perform the simulations.
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Figure 5.9: High-Performance PC For High Fidelity LES Simulations

As described before, the mesh for the MGTs are structured multi-block CFD codes

automatically generated by ANSYS TurboGrid, which are relatively straightforward

to implement in parallel solver by the high-performance PC shown in Figure 5.9 using

domain decomposition.

5.4.1.3 Phase-Averaged Analysis using LES Simulations

The evaluation of gas turbine performance often requires an analysis of the complex

and transient behaviours exhibited by the flow inside the blade passages. However,

extracting meaningful insights from these simulations and aerodynamic performance
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comparisons can be challenging due to their inherently transient nature. A com-

mon approach to dealing with this issue is to apply phase-averaging techniques. The

phase-averaged method aims to identify and quantify the repeatable and coherent fea-

tures within the turbine blade passages, filtering out the more random, instantaneous

fluctuations. For the MGT simulations applied in this research project, one phase

corresponds to the single passage time (tpassage) of the rotor blade. The instantaneous

flow variables at a given location in the MGT are recorded at regular time intervals

within a phase and then averaged to obtain the phase-average results [164].

The phase-averaged value Q of a quantity Q at phase φ can be calculated using

Equation 5.8.

Q(φ) =
1

N

N

i=1

Q(φi) (5.8)

Where N is the number of timesteps within the phase, and φi is the phase at timestep

i. In the case of ANSYS CFX simulations, these phase values were manually obtained

at different timesteps (e.g., φ = 0.1, 0.2, ..., 1.0), and the phase-averaged quantities

calculated as described in Equation 5.8.

This approach has been used extensively in the literature to analyse the transient be-

haviours in other turbo-machineries. It offers a way to isolate the mean and coherent

part of the flow, facilitating the identification and study of the underlying physical

mechanisms. However, it is important to note that the quality of the phase-average

results is directly dependent on the temporal resolution of the LES simulation. Higher

temporal resolutions, such as smaller timesteps, would usually lead to more accurate

phase-average results, but at the cost of increased computational resources [164].

5.4.2 Wren44 NGV CFD Verification (RANS)

For the Wren44 stator CFD verification, due to the inability to acquire traditional

boundary conditions, theoretical calculations were initially conducted with the reverse-

engineered geometry to generate necessary inputs for the CFD simulation. To better

simulate the flow transition process on the turbine blade surface, the four-equations

transitional SST model was selected for the simulations. To analyse the numerical

uncertainties and errors, simulations based on a different solver (ANSYS CFX) and

different turbulence models (the k−ω SST turbulence model) were conducted for the

data comparison of the results.
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5.4.2.1 Initial CFD Inputs & Mesh Sensitivity Study

Figure 5.10 shows the direct laser-scanned geometry of the Wren-44 engine NGV,

which is part of a micro axial gas turbine that contains 17 vanes. The fluid domain

and mesh are shown in Figure 5.3 and 5.11, with the inlet and out boundary conditions

set one chord length before the leading edge and after the trailing edge.

Figure 5.10: Reverse-Engineered Wren-44 NGV (Direct Scanned Geometry)

The CFD verification process was carried out with several initial inputs based on

real engine performance data, which included the fuel & air mass flow inlet, inlet

temperature, outlet temperature and outlet static pressure. As the values of those

variables were unknown before the first CFD simulation, initial boundary conditions

were assumed based on the published experimental study carried out by Gronman et

al. as listed in Table 5.5 [166].

qm,fuel (kg/s) qm,air (kg/s) Tinlet (k) Toutlet (k) Poutlet (bar)

0.0012 0.0998 867.95 783.65 1.075

Table 5.5: Wren44 Stator Initial Boundary Conditions
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Figure 5.11: Wren44 NGV CFD Fluid Domain

Then, based on the testing data, the required variables for initial inputs of the first

CFD simulation are calculated as Equation 5.9, 5.10 and 5.11.

A =
π

4
(D2

o −D2
i ) = 9.9398× 10−4m2 (5.9)

v∞ =
qm,fuel + qm,air

ρexitA
=

0.101kg/s

0.4781kg/m3 × 9.938× 10−4m2
= 212.571m/s (5.10)

Rex =
v∞Lchord

ν
=

212.571× 8.6324× 10−3

7.9475× 10−5
≈ 23089 (5.11)

With the value of y+ near the wall assumed to be one and the calculated Reynolds

number, the meshing process can be completed by using the ANSYS TurboGrid,

which can then be exported to different solvers for further verification and validation.

With the defined boundary conditions, a mesh sensitivity study was conducted for the

3D Wren44 stator vane as plotted in Figure 5.12. The minimum number of elements

required for ANSYS CFX and Fluent to achieve the grid independence solution is

approximately 2,500,000. It can be found that the change of the stagnation pressure

loss coefficient for CFX at a relatively low cell count is much more rapid compared to

Fluent. Additionally, CFX predicts slightly higher values of stagnation pressure loss

coefficient. A detailed comparison between the two different solvers will be illustrated

in the following subsection.
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Figure 5.12: Quantification of Discretisation by Studying Impact of Systematic Re-
finement of Meshes for Wren44 Stator Vane

5.4.2.2 CFD Solver and Turbulence Model Study

In this section, the stagnation pressure loss coefficient, Yp, as well as blade surface

pressure are compared for different solvers and turbulence models. An overview of

the inputs for the CFD codes verification of Wren-44 NGV blades with two different

solvers is listed as Table 5.6.

Re Solver
TU
Model

Residual
Conver-
gence
Criteria

Yp (%)
Required
Iterations

23,089 ANSYS CFX
Transitional
SST (4 eq.)

10−6 12.28% 150-200

23,089
ANSYS Flu-
ent

Transitional
SST (4 eq.)

10−4 11.84% 300-400

Table 5.6: Initial CFD Solutions For Two Solvers

It can be seen from Table 5.6 that the CFX could reach lower residual convergence

criteria much quicker with the same mesh compared to Fluent. The reason for that

would be those two solvers are based on different discretisation schemes. For the Flu-

ent, the number of control volumes and the number of cell centroids (elements) are
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considered as the same value. For the CFX, the number of control volumes consid-

ered in the calculations is more significant as each element is divided into sub-volumes

that are assembled with nodes (cell vertex). The flux through each elemental face is

calculated based on all the nodal values instead of just cell centroids [169]. Thorat

and Mangate conducted a numerical analysis to evaluate the performance of AN-

SYS CFX and Fluent in predicting the flow characteristics within turbine compressor

blades. Their investigation revealed that Fluent exhibited higher sensitivity to mesh

refinement and yielded marginally superior accuracy when utilising a larger number

of computational cells during the simulation. However, ANSYS CFX was found to

have almost the same accuracy compared to the Fluent as long as the number of

elements is below a certain threshold (mesh independence) [170]. Thus, due to the

high complexity of the micro turbine blades, ANSYS CFX will be used as the default

solver for lower requirements of computational power.

Compared to normal full-size gas turbines, micro gas turbines generally operate un-

der relatively low Reynolds numbers; thus, flow transition was presumed to occur

inside the passage of the NGV blades. Several pieces of research can be used to prove

the above assumption. Verstraete et al. studied and improved KJ-66 MGT, which

flow separation and transition due to low Reynolds number were disclosed by their

analysis to be the cause of low efficiency [167, 168]. In addition, as experimental

validation is not available for the Wren-44 engine, many factors that could affect

the flow behaviour are unknown in this problem. Thus, to select the most appropri-

ate turbulence model, four different turbulence models were applied to compare the

performance of predicting the flow within the Wren44 stator vanes. The turbulence

models comprised of the k−ω SST, RNG k− , SST and four-equations transitional

SST model. In addition, large-eddy simulations employing the WALE turbulence

model were also conducted for data comparison.

To investigate the abilities of different turbulence models in predicting wakes and

flow mixing, by monitoring a line that is located 10% chord distance after the trailing

edge, the total pressure distributions are plotted as Figure 5.13.

In Figure 5.13, wake profiles can be observed as the flow leaves the trailing edge, and

different turbulence models have similar predictions of wake locations. It can be ob-

served that the transitional turbulence model predicts noticeably lower total pressure

loss. The values of total pressure outside the TE wake predicted by k − ω, SST and
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Figure 5.13: Monitored Total Pressure on a Line 10% Chord After Wren-44 NGV TE
(Number of Elements ≈ 3, 000, 000; Re = 23089)

transitional SST model are almost the same. However, with the same boundary con-

ditions, the RNG k−  predicts much lower values of total pressure after the Wren44

stator trailing edge.

To better visualise the flow separation on the blade suction side, the predicted val-

ues of static pressure over the NGV blade surface for different turbulence models are

plotted as shown in Figure 5.14.

With regards to different solvers and turbulence models, it can be seen from Figure

5.14 that the results generated with k − ω, SST, 4eq. Transitional SST and LES by

ANSYS CFX give quite similar results. Similar to Figure 5.13, the surface pressure

predicted by the RNG k−  failed to match with the LES data. What can be clearly

seen in Figure 5.14 is the LES and the transitional models show a sudden decrement

of surface pressure on the vane suction side near the trailing edge. This could be
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Figure 5.14: Wren44 Stator Surface Pressure Distribution Predicted by Different
Turbulence Models (Number of Elements ≈ 3, 000, 000; Re ≈ 23089)

attributed to several potential reasons, including laminar separation, vortex shedding

and flow transitioning behaviour. Nonetheless, it was found this flow phenomena

could not be captured by the applied fully turbulence models.

To sum up, based on the verification for the Wren44 stator, the four-equation tran-

sitional SST turbulence model was suggested for further simulations of the Wren100

stator-rotor system as it was considered by the author to be able to predict the flow

transition and laminar separation behaviours much more accurately than other fully

turbulence models. Although it could not predict the flow behaviour inside the MGT

blade passage with as much detail as the transient LES model, the transitional model

could predict the closest overall blade performance with much lower requirements for

computational power. As an initial recommendation for MGT blades, further model

checking and validations are also described in the following sections based on the

Wren100 models and wind tunnel data.
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5.4.3 Wren100 CFD Verification and Validation

5.4.3.1 Initial CFD Inputs & Mesh Sensitivity Study

As described in the previous chapter, two reverse-engineered 3D CAD models of the

Wren100 stator and rotor were generated based on different strategies, which are the

discrete and parametric models. Based on the verified CFD model from the Wren44

NGV case, it was suggested that the 4-eq. transitional turbulence model should also

be used for the Wren100 blades for the similar Reynolds number of two turbines. To

ensure the accuracy of the CFD model for the Wren100 turbine, proper validation

data were acquired from the direct engine tests at 120,000RPM and wind tunnel cas-

cade experiments. The most optimal CFD model that could represent the real MGT

aerodynamic performance was selected for further research on the impact of different

blade characteristics.

Figure 5.15 displays the fluid domain for the single-stage Wren100 MGT system,

which consists of 13 vanes and 21 blades as listed in Table 5.7. To make sure the

pitch ratio is close to one, multiple domains of stator and rotor were modelled with

periodic boundary conditions. The ratio between the sector angles of the stator and

rotor (PS/PR) was set to be around 0.97. Similar to the Wren44, the inlet boundary is

located one vane chord length upstream stator leading edge, while the outlet boundary

is positioned one blade chord length downstream rotor trailing edge.

Stator Rotor
Total No. of Blades 13 21
Sector Angle (deg) 83.08 85.71

Table 5.7: Wren100 Single Stage Stator-Rotor System

As shown in Figure 5.15, the mix-plane method is used to handle the interaction

between the stator and rotor with RANS steady-state simulations. This approach

places a virtual interface between these sections, where flow variables are averaged,

simplifying the simulation by reducing computational demands and improving stabil-

ity without tracking the exact angular position of each blade.

In accordance with the experimental data for jet engines presented in Table 5.8, a

meticulous study of mesh sensitivity was conducted for the Wren100 Stator-Rotor

system, utilising the transitional turbulence model. This decision was based on the

fact that the Wren100 and Wren44 possess similar geometry and Reynolds numbers.
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Figure 5.15: Wren100 Stator-Rotor Fluid Domain With Periodic Boundary Condi-
tions

The initial inputs were based on real engine performance data at 120,000RPM as

listed in Table 5.8, which the detailed experimental procedure is demonstrated in the

next chapter.

T01 (K) P01 (bar) P2 (bar) RPM

807.3 1.4772 0.8005 120,000

Table 5.8: Wren100 Initial CFD Inputs Based on Direct Engine Tests at 120,000RPM

With the initial CFD inputs, a mesh sensitivity study was carried out based on the

grids generated by ANSYS TurboGrid described in Section 5.2.3, which the value of

y+ was automatically controlled below one. In this case, the variables monitored are

the stagnation pressure loss coefficient for the stator and the isentropic efficiency for

the rotor.

As shown in Figure 5.16, for the Wren100 MGT single-stage stator-rotor system, the

number of elements for ANSYS CFX to achieve mesh independence requires at least
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Figure 5.16: Quantification of Discretisation by Studying Impact of Systematic Re-
finement of Meshes for Wren100 Stator & Rotor System (y+ < 1)

5,300,000 for the stator vane and 6,000,000 for the rotor blade. Thus, a total number

of 11,300,000 mesh elements will be used for further CFD simulations.

5.4.3.2 Performance of Different Turbulence Models For Flow Prediction
Within A Single Stage MGT

Similar to the Wren44 stator verification process, the performance of different tur-

bulence models in predicting 3D flows inside the Wren100 turbine was also studied.

By placing a line 10% chord after the Wren100 stator middle span trailing edge, the

values of the exit velocity and total pressure are plotted in Figure 5.17.

It can be seen in Figure 5.17 that the different turbulence models based on RANS

simulations predict similar results. However, compared to the phase-averaged LES

results, the exit velocities predicted by all the RANS simulations are approximately

19.93% higher despite similar spanwise trends. The general trend of the blade per-

formance is the trailing edge mix-out loss would be larger. In addition, the not flat
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Figure 5.17: Monitored Variables on a Line 10% Chord After Wren100 NGV Mid
Span TE (Steady-State vs. Phase-Averaged Transient LES) (Number of Elements
≈ 12, 000, 000)

total pressure plot after the mean span trailing edge predicted by the LES model

shows that the high unsteadiness between the blades, which the other three turbu-

lence models predicted higher recovery rates outside the vane trailing edge wakes.

The poor rendition of the flow prediction by different turbulence models is also pre-

sented in Figure 5.18. It can be seen that although the angle maximum near the

main passage regions is well predicted for the k−ω, SST and transitional SST model,

the flow behaviours near the trailing edge wake were calculated quite differently com-

pared to the LES model. The instantaneous snapshot from an LES simulation shows

the flow field at one specific moment in time, capturing a large range of unsteady,

turbulent structures downstream of the MGT stator vane that are not resolved in

RANS simulations.
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Figure 5.18: Exit Angles Plot 10% After The Stator Trailing Edge (Steady-State vs.
Transient LES Instantaneous (t=0.00004762s))

The overall stagnation pressure loss coefficients calculated by different turbulence

models are presented in Table 5.9, which indicates that the RNG k −  should be

discarded for it predicts a completely different value of Yp compared to the LES

model.

TU Model k − ω RNG k −  SST
4eq. Tran-
sitional
SST

LES

Yp (Stator) 3.37% 12.49% 3.74% 3.91% 3.34%

Table 5.9: Mass-Averaged of Yp For Different Turbulence Models (Wren100 Stator)

To further compare different turbulence models and come up with the final decision,

the values of surface pressure predicted are also plotted in Figure 5.19.

The observation of pressure distribution along the stator vane pressure side reveals

a noteworthy consistency between the LES data and predictions made by the entire

suite of turbulence models, as depicted in Figure 5.19. Nevertheless, a discrepancy

emerges in the context of flow transition behaviour on the suction side, wherein the
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Figure 5.19: Wren100 Stator Surface Pressure Distribution Predicted by Different
Turbulence Models and LES (Number of Elements ≈ 12, 000, 000)

fully turbulent models, encompassing the k−ω, RNG k− , and SST models, demon-

strate suboptimal prediction accuracy compared to the 4-eq. Transitional SST model.

Upon a comprehensive evaluation of the employed RANS turbulence models, it was

discerned that the 4-eq. Transitional SST model exhibited the best balance of accu-

racy (with the data available). This remained true despite the limited ability of the

models to compute the intricate flow dynamics occurring within the wakes trailing the

edges. Nevertheless, the model proved sufficient for providing accurate predictions of

the overall aerodynamic performance of the MGT blades.

Despite these findings, it is crucial to acknowledge the inherent uncertainties within

the LES WALE model. To further substantiate the veracity of these models and to

ensure the robustness of the findings, additional validations were conducted. These

validations are premised upon wind tunnel cascade tests, the detailed methodology
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and results of which are elaborated upon in the following subsection.

5.4.3.3 Transitional SST Model Validation Based on Wren100 Stator Mid
Span Wind Tunnel Cascade Experiments

Figure 5.20: Scaled Wren100 Stator Mean Cascade Fluid Domain

To further evaluate the accuracy and reliability of the 4-eq. Transitional SST model,

it was compared to experimental data obtained from a wind tunnel cascade. The

wind tunnel cascade was simulated using the same turbulence model and matched

Reynolds numbers, which the fluid domain of the cascade is displayed in Figure 5.20.

Compared to the original MGT stator vane, the cascade only tests the mean profile,

which makes the geometry much less complicated for the turbulence model to predict.

A comparison of the results was conducted for Reynolds numbers of around 39,576

and 43,973. The data provided include the exit velocity and total pressure loss for

different spanwise locations 10% downstream of the blade profile.

The experimental CFD results, including the exit flow velocity and any relevant flow

visualisation data, are presented and discussed in the following. These findings pro-

vide valuable insights into the aerodynamic behaviour of the Wren100 stator vane

and serve as a basis for comparison with the loss predictions obtained from the mean

line performance analysis. By validating the reverse-engineered model through ex-

perimental testing, a more robust understanding of the Wren100 micro gas turbine
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performance can be achieved, informing future design optimisations and performance

improvements. Figure 5.21 and 5.22 show the graphical representations of the com-

parison, where the CFD results are plotted against the cascade results under two

different Reynolds numbers. The plots demonstrate a strong correlation between the

two datasets, further validating the CFD model.

Figure 5.21: Wren100 Stator Mean Profile Exit Velocity and Total Pressure Loss
(CFD Vs. Wind Tunnel Cascade) (Re= 39,576)

Upon examination of Figures 5.21 and 5.22, the projected flow patterns 10% chord

downstream the trailing edge, as postulated by the 4-equation Transitional SST and

the LES WALE models, exhibit notable concordance. A comparison of both CFD

models with wind tunnel cascade data reveals a consistent trend. This remarkable

agreement between the LES and the 4-equation Transitional SST model contrasts with

the performance comparison outlined in previous sections and can be attributed to

several potential factors. Firstly, compared to the original blade shape, the geometry

of the wind tunnel cascade is much simpler, which can be treated as a two-dimensional

problem. This reduced complexity may contribute to the closer alignment between

the transitional SST model and the LES WALE model. Secondly, the monitored line

is at a 10% chord distance away from the wall region. The 4-equation Transitional

SST model is well-known for its ability to accurately capture flow behaviour outside
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Figure 5.22: Wren100 Stator Mean Profile Exit Velocity and Total Pressure Loss
(CFD Vs. Wind Tunnel Cascade) (Re= 43,973)

the near-wall regions. This characteristic may explain the good performance exhib-

ited by the 4-equation Transitional SST model in resolving the overall turbine stage

flow behaviour.

To sum up, the 4-eq. Transitional SST model demonstrates adequate accuracy and

reliability when compared to experimental data from the wind tunnel cascade. The

consistency in trends across different Reynolds numbers, despite minor discrepancies

in exit velocity values, confirms that the Transitional SST model is a valid tool for

predicting the flow behaviour in such systems. Future studies may seek to optimise

the CFD model to further improve its accuracy and applicability to a broader range

of flow conditions.

5.4.4 RE Geometries Validation: Discrete Vs. Parametric

5.4.4.1 Normal Engine Operating Conditions

To begin the validation for the CFD models with different reverse-engineered geomet-

rical structures, the time-averaged experimental data and the phase-averaged CFD

predictions of the Wren100 engine thrust from 100,000RPM to 150,000 RPM were
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plotted together as shown in Figure 5.23. For the engine experimental measurements,

the accuracy of the thrust sensor and the rotational speeds are approximately ±4.45N

and ± 100RPM according to specifications from the manufacturers.

Figure 5.23: Wren100 Turbine Thrust at Different RPMs (Experimental vs. 4-eq.
Transitional SST)

It can be seen from Figure 5.23 that both RE models could predict the thrust gen-

erated by the Wren100 engine with adequate accuracy when the rotational speeds

are below 140,000RPM (within the experimental error span). From 100,000RPM

to 150,000RPM, the discrete model predicted very close results compared to the

experimental data. However, for the parametric model, as the RPM increases to

150,000RPM, the rise of thrust predicted is not as rapid as the real performance of

the MGT. This could be caused by the differences in the 3D reverse-engineered mod-

els. Despite the differences, the parametric model can still predict the correct trend

of the engine thrust with adequate accuracy.

5.4.4.2 Interpolation Results for Peak RPMs

Owing to the absence of boundary condition data pertinent to the peak operating

speed of 160,000 RPM, a methodology leveraging linear interpolation was employed.

This interpolation was based on available data corresponding to lower rotational
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speeds as well as externally sourced data published by Golchin et al. [142]. The

Python script utilised to implement this interpolation is comprehensively outlined

within Appendix B.2.

Subsequent to the interpolation process, iterative CFD analyses were performed, using

the 4-eq. Transitional SST model. This allowed the estimation of boundary conditions

corresponding to the MGT operating at the peak RPM of 160,000. Upon obtaining

these estimates, the LES WALE model was employed to ascertain the computational

performance of the Wren100 stator-rotor system operating at this 160,000 RPM speed.

The resulting performance metrics are encapsulated in Table 5.10.

Model P2 (bar) P02 (bar) ṁ (kg/s) F (N) RPM

CFD 0.587 1.459 0.180 132.8 160,000
Interpolated 0.660 1.328 0.181 103.4 160,000

Table 5.10: Wren100 Turbine Peak Performance (Discrete)

From the data compiled in Table 5.10, a substantial discrepancy can be noted between

the thrust predicted by the current CFD model at peak RPM and the actual engine

performance under corresponding operating conditions. A probable explanation for

this discrepancy is the non-availability of precise boundary conditions derived from

experimental engine tests. The boundary conditions applied in this study were ex-

trapolated via an iterative methodology, relying on the 4-eq. Transitional SST model.

As the rotational speed escalates, the suitability of persistently utilising transitional

turbulence models may diminish, given that significant portions of the flow within

the MGT passages might already transition to fully turbulent. This suggests that

at 160,000 RPM, the Reynolds number reaches a critical value, prompting a shift to

a fully turbulent flow. However, to substantiate this hypothesis, additional investi-

gations with proper boundary conditions should be initiated in the future when the

Wren100 engine is available for experimental tests.

5.4.4.3 RE Models Performance at Normal Operating Conditions

To better visualise the difference between the discrete and the parametric reverse-

engineered models at normal operating conditions, the velocity and pressure distri-

bution within the Wren100 mean blade passages when operating at 120,000RPM are

plotted as shown in Figure 5.24.
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Figure 5.24: Discrete vs. Parametric: Comparison of Velocity & Pressure Contour
Plots (120,000RPM, t=0.00004726s)

Upon examination of Figure 5.24, it can be observed that the two RE models of the

MGT stator exhibit parallel trends in their velocity and pressure distributions. How-

ever, the flow fields surrounding the discrete and parametric rotor blades demonstrate

remarkedly different characteristics, especially in the proximity of the blade surface.

A potential explanation for this divergence may be conceptualised as follows. The

generation of the discrete models was carried out by taking into account digital points

dispersed around varying blade sectional surfaces, thus including certain aspects of

surface roughness or unevenness in the resultant model. Conversely, the parametric

models were created using a handful of parametric variables, leading to the creation

of a notably smoother surface, a consequence attributable to the inherent nature of

the BladeGen algorithm. The aforementioned minor disparity on the blade surface,

compounded by the smaller chord length and the transient nature of the aerodynam-

ics of the rotor blades, culminates in a distinct difference in the flow fields within the

rotor blade passages between the discrete and parametric models.

In summary, when the MGT is functioning at comparatively high rotational speeds,

the thrust estimations deduced from the discrete models exhibit greater proximity

to the experimental data than their parametric model counterparts. The divergence

between the two rotor RE models can be attributed to the parametric models consid-

eration of a mere seven-blade characteristics (refer to Table 4.3). This limited scope

may preclude a comprehensive representation of actual turbine blades, as it is possi-

ble that additional blade parameters have been unavailable in the BladeGen software.
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Consequently, it is reasonable to anticipate that the discrete models would more accu-

rately depict the actual MGT components, owing to their consideration of the entire

MGT blade characteristics. However, even with a consideration of only seven-blade

characteristics, the turbine performance predicted by the parametric models remains

within the error span of the sensor at rotational speeds lower than 140kRPM. This

is notable in its demonstration of the resilience of these models in spite of limited

data inputs. Moreover, the parametric model mirrors the thrust trend predicted by

the discrete model and possesses the added advantage of ease of modification. Hence,

parametric models hold their own as effective approximations of actual MGT compo-

nents and serve as valuable tools for subsequent blade optimisation. These findings

underscore the potential of parametric models in accurately predicting turbine per-

formance while offering a more streamlined approach for further refinements

5.5 Summary

In the present chapter, an extensive array of low Reynolds number gas turbine blade

geometries, encompassing the T106 blade, the Wren44 stator, and the Wren100 stator-

rotor system, have been scrutinised. The objective of this critical review was to adopt

appropriate simulation parameters and establish a robust foundation for conducting

detailed verification and validation studies. This rigorous approach is designed to

engender high-fidelity Micro Gas Turbine (MGT) simulations, which are proficient in

accurately simulating the operation process of a single-stage MGT. This work repre-

sents a vital step in advancing the current understanding and simulation capabilities

within this pivotal area of energy engineering.

An incremental, bottom-up approach has been judiciously employed in this study,

whereby the complexity of the simulations was systematically enhanced, starting from

static two-dimensional T106 aerofoil simulations and culminating in the transient

simulation of a rotating single-stage Micro Gas Turbine (MGT). Different turbulent

models, along with experimental jet engine tests and wind tunnel cascade tests were

compared based on RANS and high-fidelity LES simulations. Subsequently, a concise

synthesis of the outcomes derived from these multifaceted studies is presented.

5.5.1 Final Remarks of CFD Models

In conclusion, the performance of different turbulence models in predicting the flow

behaviours within the Wren44 and Wren100 turbine blades was investigated as part of
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the 3D CFD verification process, by simulating the initial engine data. The RNG k−

turbulence model was deemed unsuitable due to its production of unphysical results.

Conversely, the k−ω, SST, and transitional SST models exhibited good performance

in calculating the overall performance of the MGT blades, including the stagnation

pressure loss coefficient and pressure distribution on the stator vane pressure side.

However, due to the relatively low Reynolds numbers, the fully turbulence models

were unable to predict the flow transition behaviour on the stator vane suction side

as well as the LES and transitional SST model.

Thus, taking into account computational cost, the LES WALE and the RANS 4-eq.

transitional turbulence models were ultimately selected for further simulations in the

analysis and redesign of the Wren100 blades at normal operating conditions below

150,000RPM. The LES WALE was initially employed to evaluate the aerodynamic

performance, potential sources of loss, and the impact of surface roughness on the

original MGT stator vanes and rotor blades. During the redesign phase, the 4-eq.

Transitional SST model was utilised to rapidly visualise the performance changes due

to the requirements for swift adjustments of different blade characteristics. Upon

finalising the redesign recommendations, the LES WALE model was also applied to

provide a detailed visualisation of how the parameter changes affected the flow field

within the MGT blade passages.

5.5.2 Reverse-Engineering Strategies Selection

In this chapter, the validation of two reverse-engineering (RE) MGT models based on

discrete and parametric strategies was demonstrated. It was found both the discrete

and parametric models could accurately represent the MGT performance at normal

operating speeds from 100,000RPM to 140,000rpm, despite a limited set of blade

parameters input requirements for the parametric model. At near peak operating

speeds, the discrete model could predict closer engine performance compared to the

experimental tests.

According to the results, the study concludes that the engineer should focus on ’what

the part should be’ (parametric) for MGT redesign. The reasons are listed as follows.

Parametric Model Advantages

• Limited blade parameters required;
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• Rapid blade parameter adjustments can be achieved.

However, if the engineer aims to obtain the most accurate MGT performance predic-

tions, focusing on ’what the part really is’ would be a better solution, as all the blade

characteristics the RE equipment could capture would be included in the digital 3D

models. This approach necessarily requires the use of mould and resin tooling tech-

niques, which also adds time and cost to the MGT RE process.

Discrete Model Advantages

• Higher accuracy can be achieved for detailed performance analysis.

Overall, both RE models in this study show the poor aerodynamic performance of

the Wren100 MGT. Therefore, in the following chapters, the investigation of how

the different low Reynolds numbers affect the Wren100 MGT blade aerodynamic

losses will be conducted. At the same time, According to the Wren100 turbine base

performance acquired from this research, further investigation of the impact of surface

roughness and Wren100 MGT blade profile redesign with the latest CFD tools will

also be discussed to improve the aerodynamic performance.
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Chapter 6

Aerodynamic Performance
Evaluation of the Wren100 Stator
and Rotor

6.1 Introduction

This chapter focuses on the aerodynamic performance evaluation and redesign of the

Wren100 stator and rotor, a single-stage micro gas turbine. Based on current knowl-

edge, achieving optimal performance in such a small-scale turbine is a challenging

task, as it is highly sensitive to design changes and operational parameters. This

study aims to provide a comprehensive understanding of the aerodynamic behaviour

of the Wren100 turbine stator and rotor and offer insights into potential improve-

ments in terms of thrust and efficiency.

Firstly, mean line performance prediction techniques were utilised to roughly estimate

the various types of losses present in the turbine, including profile loss, secondary loss,

and trailing edge loss. These predictions allowed for a better understanding of the

overall performance of the Wren100 micro gas turbine and served as the foundation

for further analysis. Cascade tests were conducted on a scaled mean section of the

Wren100 stator vane to acquire the profile loss coefficient. This experimental ap-

proach provided valuable data on the aerodynamic performance of the original stator

vane design and its impact on the overall efficiency of the turbine.

Next, the CFD simulation data of the aerodynamic performance of the Wren100 sta-

tor and rotor are presented and discussed. Based on the numerical data, the impact

of surface roughness and potential performance bottlenecks of the micro gas turbine
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blades are analysed for further redesign.

Building upon the findings from the mean line performance predictions and cascade

tests, a parametric study was carried out to investigate the effects of design changes

on the aerodynamic performance of the Wren100 turbine stator and rotor. Several

key parameters, including blade angles, chord length, and blade profile, were system-

atically varied to determine their influence on the turbine’s thrust and efficiency.

The results of this study contribute to the growing body of knowledge on the aerody-

namic performance of micro gas turbines and offer practical guidance for the design

and optimisation of the Wren100 micro stator and rotor. By identifying potential ar-

eas for improvement and exploring the effects of various design changes, this research

aims to enhance the performance of the Wren100 micro gas turbine and facilitate its

wider adoption in a range of applications.

6.2 Comprehensive Analysis of the Wren100 Sta-

tor Vane Aerodynamic Performance

6.2.1 One Dimensional Mean Line Performance Prediction

The reverse-engineering process of the Wren100 micro gas turbine stator and rotor

geometries provided a foundation for assessing the aerodynamic performance of the

turbine. One of the essential steps in evaluating the aerodynamic performance of the

turbine is to predict the losses associated with various sources, such as profile loss,

secondary loss, and trailing edge loss. An effective way to estimate these losses is to

utilise mean line performance prediction techniques based on established loss models.

In this study, three useful loss models, including A&M (Ainley and Mathieson), D&C

(Dunham and Came), and K&O (Kacker and Okapuu), were employed to predict the

losses in the Wren100 micro gas turbine. These models were selected because of their

ability to accurately estimate the different types of losses in the turbine, providing

valuable insights into the overall performance of the Wren100 stator and rotor. The

mean line performance prediction calculations required specific turbine blade param-

eters, which were obtained from the reverse-engineered geometries of the Wren100

stator and rotor. These parameters include blade chord length, pitch-to-chord ratio,

stagger angle, and other essential blade geometry details. Table 6.1 and 6.2 present

the required turbine blade parameters used in the mean line performance prediction
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calculations. By employing the A&M, D&C, and K&O loss models and utilising the

turbine blade parameters derived from the reverse-engineered geometries, a compre-

hensive understanding of the Wren100 micro gas turbine’s aerodynamic performance

was obtained. This understanding served as a basis for further analysis and optimi-

sation efforts to improve the turbine’s thrust and efficiency.

6.2.1.1 Required Geometrical Dimensions

Parameter Number Unit

Inner Annulus Diameter (I.O.) 17.45 mm
Outer Annulus Diameter (O.O.) 27.70 mm
Reference Diameter 20.50 mm

Annulus Diameter 82.52 mm2

Table 6.1: Wren100 Annulus Dimensions

Parameter Number Unit

Inlet Blade Angle (β1) 0 ◦

Blade Chord (c) 15.73 mm
Blade Pitch (s) 10.91 mm
Pitch/Chord (s/c) 0.69
Blade Opening (o) 4.59 mm
Value of e 9.84 mm
s/e 1.11
t/c 0.064
o/s 0.421
cos−1(o/s) 65.12 ◦

Tip Clearance (k) 0 mm
Annulus Height (h) 10.25 mm

Throat Area (At) 46.38 mm2

Table 6.2: Details of Wren100 Nozzle Guide Vane (NGV)

6.2.1.2 Loss Calculations

The mean line performance analysis of the Wren100 micro gas turbine nozzle guide

vane (NGV) using the A&M (Ainley and Mathieson), D&C (Dunham and Came),

and K&O (Kacker and Okapuu) loss models are displayed in Table 6.3. The analysis

considers different Reynolds numbers to investigate the effect of varying flow condi-

tions on the profile loss, secondary loss, and total loss. The discrepancies between

the loss predictions of different models are discussed, highlighting the importance of
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considering multiple models when assessing the overall performance of the Wren100

micro gas turbine. Additionally, the profile loss results obtained from the cascade

tests are compared to the predictions from the mean line models. The results provide

crucial insights into the overall performance of the Wren100 micro gas turbine and

help identify areas for potential improvement.

Loss
Model

Profile
Loss Yp

Secondary
Loss Ys

Total
Loss Yt

Reynolds
Number

A&M 0.030 0.030 0.087 49,885
A&M 0.030 0.032 0.089 43,973
A&M 0.030 0.032 0.090 39,576
D&C 0.190 0.224 0.734 49,885
D&C 0.275 0.224 0.885 43,973
D&C 0.352 0.224 1.022 39,576
K&O 0.108 0.247 0.411 49,885
K&O 0.157 0.247 0.498 43,973
K&O 0.202 0.249 0.583 39,576
Cascade 0.073 - - 43,973
Cascade 0.171 - - 39,576

Table 6.3: Wren100 NGV Mean Line Predicted Loss

As evident from Table 6.3, the A&M loss model predicts relatively consistent loss

values across different Reynolds numbers, with a slight increase in secondary and

total loss as the Reynolds number decreases. The D&C loss model, on the other

hand, predicts a more significant increase in profile loss and total loss with decreasing

Reynolds number. Notably, the D&C model estimates a total loss greater than one at

the lowest Reynolds number, which is unrealistic and suggests potential limitations in

the applicability of the loss model to this specific case. The K&O loss model predicts

an increase in profile and total loss with decreasing Reynolds number, similar to the

D&C model, but with more moderate values. The secondary loss predictions of the

K&O model remain relatively constant across the different Reynolds numbers. Com-

paring the profile loss results from the mean line models with the cascade test data,

it is evident that the K&O model predictions are closer to the experimental results,

particularly for the lower Reynolds number cases. This suggests that the K&O model

may be more accurate in capturing the effects of the Reynolds number on the profile

loss of the Wren100 NGV.
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To sum up, given the diverse assumptions and methodologies of the different loss

models, it is essential to consider the results of all three models when assessing the

mean line performance at various flow conditions of the Wren100 NGV. By doing so,

a more comprehensive understanding of the losses and the overall performance of the

Wren100 micro gas turbine can be achieved, allowing for more effective optimisation

strategies to be developed. Furthermore, the unrealistic total loss prediction by the

D&C model emphasises the importance of critically evaluating the applicability and

limitations of each model in the context of the specific problem being studied.

6.2.2 Mean Profile Cascade Data Analysis

In this section, the profile loss data and the location of the trailing edge wakes from

the wind tunnel cascade tests are presented and discussed.

6.2.2.1 Trailing Edge Wakes

From the previous data, it is evident that the exit dynamic pressure and profile loss

vary across the different pitches, which indicates the presence of wakes with a non-

uniform distribution. For each Reynolds number, there exists a spanwise position

with the lowest dynamic pressure and highest total pressure loss in the middle of the

trailing edge wake region. Several essential variables measured in the wakes for two

different Reynolds numbers are listed in Table 6.4.

Reynolds
Number

Spanwise
Position
(mm)

Min. Exit
Dynamic
Pressure
(Pa)

43,973 42 47.54
39,576 36 17.22

Table 6.4: Variables Measured Within the Trailing Edge Wakes

It can be seen that the peak total pressure loss drops and shifts downwards spanwisely

as the Reynolds number increases. For each spanwise position, the profile loss also

tends to be lower at higher Reynolds numbers. This is expected since higher Reynolds

numbers correspond to thinner boundary layers, leading to reduced viscous losses and

better overall aerodynamic performance. Based on the cascade data, wake thickness

and velocity deficit can then be calculated for different Reynolds numbers. The wake

thickness is the distance over which the velocity deficit is non-zero, which can be
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calculated by the half-width method developed by Schlichting as shown in Equation

6.1 and 6.2 [103].

∆v = v∞ − v (6.1)

δwake =
x2 − x1

2
(6.2)

Table 6.5 shows the calculated wake thickness 10% chord after the trailing edge for

different Reynolds numbers based on the half-width method.

Reynolds
Number

Max. ∆v
(m/s)

Wake
Thickness
(δ, mm)

43,973 2.92 26
39,576 2.59 20

Table 6.5: Wren100 Stator Mean Wake thickness 10% Chord After TE

From Table 6.5, it can be observed that the wake thickness increases with the Reynolds

number. This can be attributed to the fact that a higher Reynolds number corre-

sponds to more transitional flows, in which the separation on the suction side could

be delayed which leads to a more energetic wake immediately after the trailing edge.

In addition, more turbulent flow normally spreads and mixes more rapidly with the

surrounding flow, leading to a thicker wake downstream. What stands out is the wake

thickness is not symmetrical around the maximum velocity deficit point for different

Reynolds numbers. This could suggest that the flow separation might not be occur-

ring symmetrically on both sides of the trailing edge. The area-averaged values of the

profile loss for the MGT stator mean section are displayed in Table 6.6.

Reynolds
Number

Area Aver-
aged Yp

43,973 0.073
39,576 0.171

Table 6.6: Wren100 Stator Mean Area Averaged Yp

Overall, understanding the profile loss behaviour can inform the development of active

or passive flow control techniques that can further enhance the aerodynamic perfor-

mance of the Wren100 stator vanes. These techniques may include vortex generators,

surface roughness modifications, or boundary layer suction. The experimental study
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of the mean line performance of the MGT stator provided a baseline for further

aerodynamic redesign.

6.2.3 CFD Simulation Data Analysis

The following subsection presents the results and discussion of the CFD analysis

conducted on the aerodynamic design of the Wren100 micro gas turbine stator. The

focus of this analysis is on the performance of the stator under various operating

conditions, specifically at 120,000RPM. The reason for the specific rotational speed is

as follows. First, higher operating speed was not available during the first three years

of the PhD project due to technical reasons and the impact of COVID-19. Thus, the

CFD analysis mainly focused on the operational speeds of 100,000RPM, 110,000RPM,

and 120,000RPM during the main period of the project. The data from 130,000

RPM to 160,000RPM were acquired at the final phase of the project and were only

used as additional validation data for the models developed. Secondly, the Reynolds

number of the stator at those rotational speeds closely matches the wind tunnel data.

As the wind tunnel provides the highest wind speed obtainable for validating the

CFD results, analysing the stator at this rotational speed ensures a more accurate

representation of its aerodynamic performance under real-world conditions.

6.2.3.1 Profile Loss

The CFD analysis provided detailed insight into the flow field characteristics within

the stator passages. In this case, different spanwise locations (10% root, mean and

10% tip) are analysed to study the impact of blade geometry and operating condi-

tions on the flow field. The objective of this analysis was to identify regions with high

profile loss and understand the flow behaviour in these areas, which could potentially

impact the aerodynamic performance of the stator vane. Figure 6.1 displays the ve-

locity contour of the stator vanes at different spanwise positions as the rotor operates

at 120,000RPM.

As shown in Figure 6.1, the analysis reveals that the flow accelerates as it passes

through the stator passage, with the highest velocities observed at the suction side

near the trailing edges of the stator vanes, especially for the near-root section. This

indicates significantly different flow behaviour of the near-root profile near the trailing

edge compared to the other two profiles. It may be attributed to the different blade

curvature and twist distribution along the span, which governs the pressure gradients
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Figure 6.1: Wren100 Stator Instantaneous Velocity Contour at Near-Root, Mean and
Near-Tip (Rotor=120,000RPM, t=0.00004762s)

and boundary layer development. The resulting pressure gradient could contribute to

increased profile losses, particularly if it leads to flow separation or adverse pressure

gradients.

For the near-tip section, flow separation near on the suction side near the trailing edge

can also be identified by the relatively low flow speed, followed by a separation bub-

ble located a small distance above the blade surface. The presence of flow separation

in this region highlights the complexity of the flow field in the tip region and may

have implications for aerodynamic performance and loss mechanisms. In addition,

the presence of a separation bubble indicates that the flow has detached from the

vane surface, resulting in a localised region of recirculation. This flow behaviour can

lead to increased profile losses due to the increased turbulence and energy dissipation

within the separated region. To better visualise the flow separation behaviour, the

pressure contours were also plotted in Figure 6.2.

It can be seen in Figure 6.2 that the pressure above the stator vane suction side near

the trailing edge is notably lower than other regions of the fluid domain, which could

indicate reduced aerodynamic efficiency due to the large flow separation. Figure 6.1

and 6.2 also shows the development of a boundary layer on the suction side after the

leading edge, which is similar across different vane heights from root to tip. As the

formation of the boundary layer is expected, its growth and potential influence on

the vane aerodynamic performance will be further analysed. Figure 6.3 displays the
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Figure 6.2: Wren100 Stator Instantaneous Pressure Contour at Near-Root, Mean and
Near-Tip (Rotor=120,000RPM, t=0.00004762s)

instantaneous skin friction coefficient at the near-root, mid and near-tip regions of

the Wren100 stator surface at different directions.

From Figure 6.3 and 6.4, it was found that the flow around the MGT stator vane

is evidently complex and three-dimensional. In the Cfz plot, which aligns with the

main flow inlet direction, the positive values of the skin friction coefficient suggest

the regions where the flow is well attached to the vane surface. This is the desired

behaviour for an efficient stator vane. However, the negative values near the leading

edge indicate flow separation, which could be problematic because it creates a wake of

turbulent, low-energy flow behind the vane, which increases profile losses. Moreover,

when the flow separates and then reattaches, it can cause a separation bubble, which

is often associated with a transition from laminar to turbulent flow. While turbulent

flow has a fuller velocity profile and can resist separation better than laminar flow,

the transition and the turbulence itself generate additional shear stresses and energy

dissipation, contributing to profile losses.

6.2.3.2 Secondary Loss

A comprehensive analysis of the secondary loss of the Wren100 stator vane was con-

ducted. The section aimed to identify the secondary flow structures and their impact

on the overall performance of the Wren100 stator. As displayed in Figure 6.5, static

pressure contours at the hub and tip sections of the Wren100 stator vane were plotted

to visualise the endwall effect, which gives insight into the secondary flow patterns
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Figure 6.3: Instantaneous Skin Friction Coefficient of the Wren100 Stator Vane at
Main Flow (Cfz) Direction (Rotor=120,000RPM)

and the associated loss in these regions.

On the hub endwall, a high-pressure zone that extends somewhat evenly along the

leading edge of the vanes can be visualised, which is a good sign that the flow has

been effectively turned by the stator. However, a high gradient of pressure can be

seen towards the trailing edge, possibly indicative of flow separation or the develop-

ment of a secondary flow pattern such as a hub corner vortex. On the tip or shroud

endwall, the pressure distribution has higher complexity due to the existence of the

tip clearance. The tip leakage flow can be identified by a region of lower pressure

on the pressure side of the vane tip, leading to a jet of high-velocity fluid that spills

over into the lower pressure region on the suction side. The interaction between the

tip leakage flow and the main passage flow forms the tip leakage vortices, which is

a significant source of secondary loss. Furthermore, the instantaneous pressure con-

tours show an uneven distribution trend along the spans of the vane, which might be
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Figure 6.4: Instantaneous Pressure Coefficient (Cp) of the Wren100 Stator Vane (Ro-
tor=120,000RPM)

caused by the 3D nature of the flow within the passage. This uneven distribution can

result in non-uniform loading of the vanes and contribute to secondary losses due to

additional vortices forming in the flow path.

Figure 6.6 shows the two-dimensional vorticity after the stator vanes when the rotor

is rotating at 120,000RPM, which is a measure of local rotation and can be calculated

using Equation 6.3.

ω =
∂v

∂x
− ∂u

∂y
(6.3)

It can be seen from Figure 6.6 that 13 distinct lines or curves of relatively high vor-

ticity regions extend from root to near-tip regions. The root vane passages regions

exhibited the highest level of vorticity, while a gradual decrease in vorticity towards

the tip for different phases. This specific flow behaviour suggests the structures of

the secondary flows, including horseshoe and passage vortices, are more pronounced

near the root region. Additionally, the concentration of vorticity in certain areas, par-

ticularly near the trailing edge of the vanes, could indicate trailing vortices. These
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Figure 6.5: Wren100 Stator Endwall Instantaneous Pressure Contouring (Ro-
tor=120,000RPM, t=0.00004762s)

vortices are also significant sources of secondary losses as they represent regions where

the flow has a higher degree of disorder and energy dissipation.

To further visualise the impact of blade geometries on the loss caused by the sec-

ondary flow, entropy contour plots on the stator vane surface at different phases are

displayed in Figure 6.7.

It can be visualised that the entropy generation on the blade suction side remains

almost identical for different time phases. The highest entropy generation was ob-

served near the root section close to the trailing edge, which corresponds to high-loss

areas where the flow experiences significant mixing and dissipation. This finding

aligns with the 2D vorticity contour results, further emphasising the significance of

secondary losses in the root region.
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Figure 6.6: Wren100 Stator Exit 2D Vorticity (120,000RPM)

To sum up, the 2D vorticity and entropy plots collectively point towards areas where

the flow is more disordered and where energy dissipation is occurring. These regions

are typically associated with secondary flow losses in turbomachines. For instance,

the wakes of the stator vanes, indicated by high vorticity and entropy, are potential

regions where the flow has lost a significant amount of kinetic energy due to viscous

forces and turbulence.

6.2.3.3 Trailing Edge Loss

As mentioned in Section 2.4.4, Denton stated that the entropy generation associated

with the trailing edge wakes is one of the significant contributors to the turbine blade

aerodynamic loss, which can be quantified using Equation 6.4, where s and s0 are the

local and reference entropies [65].

151



Figure 6.7: Wren100 Stator Suction Side Entropy Contour Plots

sgen =
T2(s− s2)

cp
(6.4)

To visualise the trailing edge loss for each sectional profile, instantaneous entropy

plots were generated based on the calculated data, providing a snapshot of the ther-

modynamic loss at the monitored regions. Similar to Figure 6.1 and 6.2, the high

entropy regions mostly come from the trailing edge wakes and the flow separation on

the suction side, which could indicate increased energy dissipation and aerodynamic

loss. Potential redesigns can be made for the blade geometry at those regions to

minimise those losses.

Figure 6.8: Wren100 Stator Instantaneous Entropy Contour (Rotor=120,000RPM,
t=0.00004762s)

The observed pattern across different vane heights indicates that the trailing edge loss

is not uniform across various spans. The high entropy shown in the near-root span
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suggests higher loss due to the complex interaction between the hub wall boundary

layer and passage flow.

Furthermore, the entropy contour at the stator exit plane was analysed to investi-

gate the sources of entropy generation and their distribution across the blade span.

The analysis revealed that there are 13 major entropy generation lines (or curves),

corresponding to the 13 stator vanes, extending from the hub to the tip (Figure 6.9).

Figure 6.9: Wren100 Stator Exit Entropy Contour (Rotor=120,000RPM)

From the above contour plots, a marked surge in entropy production is witnessed

proximate to the root region, while the mid and tip span regions exhibit similar

entropy levels. Over the course of various phases, there emerges a spatial periodic

redistribution of the high entropy regions, likely induced by the trailing edge wake,

or the reflection of the rotor-stator interaction, where the influence of rotor blades

causes a periodic disruption to the flow, resulting in the observed temporal and spa-

tial entropy variations. In addition, the spanwise migration of high entropy creation

could suggest that the trailing edge loss is not uniform across the blade span. This

non-uniformity can lead to additional losses due to secondary flows and spanwise
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mixing.

Further evaluation of the total pressure loss 10% chord after the trailing edge also

proved the poor design of the root profile as shown in Figure 6.10, which shows

the locations and thickness of the TE wakes by plotting the phase-averaged total

pressure after the trailing edge. Ideally, a stator should turn the flow with minimal

total pressure loss, which is not fully achieved here, especially at the stator mid and

tip regions.

Figure 6.10: Phase-Averaged Total Pressure 10% Chord After Stator TE (10% Root,
Mid, 10% Tip)

As shown in Figure 6.10, the peak total pressure loss can be located near the root

section, in line with the previously noted high entropy generation in the same region.

For the mid-span, much lower total pressure outside the wake regions can be spotted,

and the lowest point is approximately 10% lower compared to the root and tip spans.

The more gradual transition from low to high total pressure for the mid-span sug-

gests the presence of a slower velocity recovery process in the wake region at mid-span.

Based on the high entropy region migration behaviour noted before, this phenomenon
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could be caused by secondary flows and the different loading distribution across the

blade span and the stator-rotor interaction, which further investigations between the

transient plane between the rotor and stator are also described in the following section.

In conclusion, the combination of the entropy and total pressure plots suggests that

the trailing edge design and the flow conditions at the stator exit are critical for

the stator performance. High entropy regions correspond with lower total pressure

recovery, pointing towards energy loss in the wake of the stator vanes. The unsteadi-

ness indicated by the entropy plots is also reflected in the total pressure variations,

highlighting the dynamic nature of the losses involved.
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6.3 Comprehensive Analysis of the Wren100 Ro-

tor Aerodynamic Performance

This section provides a comprehensive analysis of the Wren100 rotor aerodynamics,

focusing on several essential factors that influence the efficiency and thrust when

operating at different conditions, including different Reynolds numbers (RPMs) and

phases (time steps). Unlike the stator, the rotational nature and the existence of the

shroud clearance of the rotor blades make the analysis of the tip region much more

difficult. The rotor blade profile variation from root to tip region is also much greater

compared to the stator profiles, meaning more analysis of different blade heights was

needed for the more complex flow field.

6.3.1 CFD Analysis of Flow Field Around Wren100 Rotor
Blade

6.3.1.1 Profile Loss

The CFD analysis for the Wren100 rotor was initially compared at two different rotor

speeds: 120,000 RPM and 110,000 RPM when the blades are at the same phase. At

first, the flow field behaviour of the rotor mean profile was investigated by examining

the velocity and pressure contour plots as shown in Figure 6.11 and 6.12.

Figure 6.11: Wren100 Rotor Mean Profile Instantaneous Velocity Contour For Dif-
ferent RPMs (Phase 1.0)
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Figure 6.12: Wren100 Rotor Mean Profile Instantaneous Pressure Contour For Dif-
ferent RPMs (Phase 1.0)

From Figure 6.11 and 6.12, it can be visualised an increased presence of flow separa-

tion on the suction side of the rotor blade at 120,000RPM compared to 110,000RPM.

It could be attributed that as the Reynolds number increases, more portion of the

flow transitions from laminar to turbulent, resulting in a thicker boundary layer. In

addition, higher RPMs often mean increased energy extraction to accelerate the flow

towards the trailing edge to generate thrust. As shown in Figure 6.11, the high-

velocity region is closer to the trailing edge for higher RPM at the same phase, which

could also indicate higher efficiency. This can be proved by calculating the isentropic

efficiency, in which the 120,000RPM is approximately 0.3% higher than 120,000RPM.

To study how the flow propagates on the blade suction side, the velocity contour plots

for one passage time were divided into several phases as demonstrated in Figure 6.13.

To further investigate the flow field at 120,000RPM, as shown in Figure 6.13, the

movement of the high-velocity flow from the leading edge to the trailing edge can be

visualised within one blade passage time. The boundary layer separation behaviour

can be seen near the blade trailing edge, which could indicate a source of profile loss

that potentially can be improved by further redesign. It was notable that the move-

ment of high-speed flow has almost no impact on the boundary layer thickness. This

could mean this rotor design was turned effectively to generate thrust.

Due to the complexity of 3D MGT blade geometry, the flow field based on the velocity

contour for the near-root and near-tip regions was also compared and analysed as

shown in Figure 6.14.
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Figure 6.13: Wren100 Rotor (Discrete) Mean Profile Velocity Contour (120,000RPM)

Figure 6.14 presents the velocity contour for the Wren100 rotor blade at both the

near-root and near-tip sections, offering insights into the local flow characteristics and

potential aerodynamic losses. In the vicinity of the tip profile, a visual inspection of

the velocity contour reveals discernible signs of flow separation. This is characterised

by the periodic formation of a bubble of high-speed flow that progressively detaches

from the suction side of the blade, subsequently fragmenting into smaller flow struc-

tures. The existence of lower velocity regions near the trailing edge of the suction

side surface is indicative of flow recirculation. These recirculation zones are typically

associated with increased profile losses due to the stagnation and subsequent reversal

of the flow, leading to an effective reduction in the usable blade surface for energy ex-

traction. However, the influence of the tip clearance effect renders the interpretation

of the flow behaviour somewhat challenging. It is not immediately clear whether the

observed flow characteristics, including flow separation are primarily a result of the

geometrical configuration at the blade tip or the intricate flow dynamics within the

shroud gap. Therefore, further investigation would be required to provide additional

clarity on the flow behaviour at the tip regions.

For the root section, the velocity contour suggests that low-velocity regions are pre-

dominantly located near the pressure side, which is contrary to the mean and tip

profiles. As the blade rotates downwards (Figure 6.14), the flow field remains well
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Figure 6.14: Wren100 Rotor (Discrete) Root & Tip Profiles Velocity Contour
(120,000RPM)

attached to the blade pressure side and suction side surface. Relatively small flow

separation behaviour can be seen near the leading edge of the root profile. While

not as severe as the detachment noted at the mean and tip sections, any small flow

separation could still contribute to blade total profile loss. Also, the red high-speed

flow regions developed on the blade suction side of the root span are not as concen-

trated as the mean span for the final phase, which could be caused by several factors,

such as the blade shape and endwall effect. Nevertheless, this behaviour could in-

dicate the blade root can not be effectively turned by the flow to generate high thrust.

To better locate the sources of profile loss caused by the geometrical designs of the

rotor profiles at different blade heights, the instantaneous skin friction coefficients

were plotted as shown in Figure 6.15 for the near-root, mean and near-tip blade

surface. These plots, especially when analysed in conjunction with the velocity and

pressure contours at various operating conditions and phases, paint a comprehensive
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picture of the aerodynamic performance of the rotor blades.

Figure 6.15: Instantaneous Skin Friction Coefficient of the Wren100 Rotor Blade at
Main Flow (Cfz) Direction (Rotor=120,000RPM)

From Figure 6.15, it can be seen that the skin friction coefficients near the leading

edge of the rotor blade are relatively low for three different blade spans. This indi-

cates relatively healthy and attached flow on the first half regions of the rotor blade.

However, deviations from this can signal potential flow issues. In particular, regions

of high skin friction could suggest that the boundary layer is becoming turbulent,

which, while resistant to separation, can increase the viscous losses. Conversely, ar-

eas with negative values of Cfz at the mean and near-root spans near the trailing

edge are indicative of flow separation, which leads to an increase in profile loss.

Overall, the analysis of rotor blade profile loss indicates flow behaviour and profile

losses are quite different along the blade span, meaning its profile loss behaviour is

strongly influenced by both the profile design aspects, such as the shape of the blade
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and its surface finish, as well as the dynamic aspects, like the operating RPM and

the unsteady flow phenomena.

6.3.1.2 Secondary & Tip Leakage Loss

In modern gas turbines, caused by the interaction between the endwall effect and the

Horse-Shoe vortex, the spanwise motion of the flow often contributes to the majority

portion of the secondary loss. Based on the Wren100 rotor blade mean profile, the

development of local swirling flow structures was analysed by plotting the vorticity

diagram at different phases as shown in Figure 6.16.

Figure 6.16: Wren100 Rotor Blade Vorticity Plots (120,000RPM)

According to the vorticity plot in one blade passage time, unsteady swirling flow

structures can be visualised to be periodically generated from the leading edge, which

remains attached along the suction side until dissipation after the trailing edge. While

it is somewhat challenging to distinguish the development of high vorticity areas from

flow separation (profile loss) and vortical structures such as leading edge vortex, trail-

ing edge vortex, and passage vortex (secondary loss). However, based on the velocity

and pressure plots as described before (Figure 6.12 and 6.13), it could be confirmed

the formation and movement of the leading edge vortex. From Figure 6.16, the visu-

alisation of unsteady swirling flow structures originating from the leading edge also

points to this phenomenon. Hence, a potential leading edge redesign should be con-

sidered to improve the aerodynamic performance of the MGT rotor blade.

As described in previous subsections, another significant source of secondary flow

could be caused by the existence of a small gap between the rotor blades and the

outer shroud, known as the tip leakage loss. For the Wren100 rotor, the tip clearance
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was set to be 5% of the blade height, which is approximately 0.5mm. To visualise the

impact of the tip clearance, the two-dimensional vorticities were plotted at the exit

plane of the rotor blades as shown in Figure 6.17.

Figure 6.17: Wren100 Rotor Exit Entropy Contour (120,000RPM)

From Figure 6.17, the creation and movements of tip leakage vortex structures at

different phases can be visualised. At phase 0.25, caused by the pressure difference

between the pressure and suction side, the tip leakage flow rolls up into the vortex

downstream of the blade, which leads to the red high vorticity regions. When mixed

with the trailing edge vortices at phase 0.5, the circular formation of high vorticity

regions slightly moves towards the mid span. However, the disintegration of the

high vorticity regions from phase 0.75 to 1.0 suggests a more complex interaction. It

seems that the well-defined vortices are becoming unstable and breaking down. The

possible reason could be the complicated interactions between different flow structures

or the inherent instability of the vortex. The development of trailing edge vortices
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is described in the next subsection. For the tip leakage loss, potential redesigns were

suggested to focus on the optimisation of the tip clearance, which would reduce the

complex mixture between different flow structures after the trailing edge.

6.3.1.3 Trailing Edge Loss

To investigate the impact of trailing edge geometrical designs at different blade

heights, the flow field was analysed at the 10% root, mean and 10% tip profiles.

Figure 6.18: Wren100 Rotor Instantaneous Entropy Contour (120,000RPM)

Figure 6.18 plots the entropy generation contour around the Wren100 rotor near-

hub, mean and near-shroud region. Similar to the velocity contours plotted before,

the highlighted regions mostly come from the formation of flow separations and trail-

ing edge vortices. For different rotor blade heights, vortex shedding can be visualised

after the trailing edge, which is normally caused by the wake mixing and downstream

effects.

To further understand and quantify the flow behaviours after the trailing edge, the

phase-averaged spanwise total pressure at the near-root, mean and near-tip regions

are calculated and plotted as shown in Figure 6.19.

Based on the downstream total pressure diagram, it was immediately noticed that

the highest loss comes near the tip region. As described before in the secondary loss

analysis section, it could be the generation of tip leakage flow propagated downstream

that inhibits the recovery of total pressure outside the trailing edge wakes. The

manifestation of the vortex shedding near the tip span results in the oscillation of
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Figure 6.19: Phase-Averaged Total Pressure 10% Chord After Rotor TE (10% Root,
Mid, 10% Tip)

an average 20.38% higher total pressure loss compared to its peak value outside the

trailing edge wakes.

164



6.4 MGT Stator and Rotor Interaction

As presented in the previous sections, the results of the CFD simulations for the

Wren100 micro gas turbine with only the stator and the combined stator-rotor system

indicate a difference in the stagnation pressure loss coefficient (Yp) between the two

cases, as demonstrated in Table 6.7.

Variable Case Result
Yp Only simulate stator vane 3.91%

Yp
Stator vane in single stage
stator-rotor system

9.25%

Table 6.7: Mass-Averaged MGT Stator Yp For Different Fluids Domains

For the steady-state RANS simulations, the interface between the stator and rotor

was modelled using the mixing-plane approach. This method efficiently averages the

flow properties across the interface circumferentially, providing a simplified yet ef-

fective representation suitable for steady-state analysis. This approach captures the

average effects of rotor-stator interactions without delving into the time-dependent

behaviours of each blade passage, making it ideal for initial design evaluations and

broader performance assessments [178]. Conversely, the LES simulations required a

transient approach to capture the dynamic flow interactions and the temporal varia-

tions between the stator and rotor. A sliding mesh technique was utilised, enabling

the physical rotation of the rotor relative to the stator. This setup, configured with

profile transformation for blade geometry adaptation and a transient method of time

integration, reflects the passing period of the rotor. Unlike the RANS setups, the in-

terface type for LES was set to ’Fluid-Fluid’ with a ’General Connection’ model. The

’Transient Rotor Stator’ frame change/mixing model, with an automatic pitch change

option, dynamically adjusts the computational domain, ensuring that the simulation

captures real-time effects of blade interactions on the flow field [179].

From Table 6.7, the only stator case exhibits a lower Yp of 3.91%, while the stator

in the stator-rotor system has a higher Yp of 9.25%. This discrepancy could be at-

tributed to the stator-rotor interaction, which is an essential aspect to consider when

analysing the performance of a micro gas turbine system.

Many previous studies have shown that the interaction between stator and rotor oc-

curs at all scales of gas turbines, which potential efficiency gain could be achieved
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based on more understanding behind the mechanism. Kozak et al. numerically inves-

tigated a single-stage high-pressure turbine stator rotor flow interaction at off-design

conditions, which positive articulation of the rotor blades would enhance pressure

loss and flow separation that reduce the stage efficiency as shown in Figure 6.20. The

results also indicate an efficiency increment of 10% at off-design conditions can be

achieved [180].

Figure 6.20: Gas Turbine Stage Performance With Different Rotor Articulation An-
gles [180]

6.4.1 Impact of Different RPMs on MGT Stator Flow Fields

A series of simulations were carried out for different RPMs to further investigate the

effect of MGT rotor blades on the flow behaviour around the stator vanes. Initially,

the distribution of stagnation pressure loss coefficient on the stator exit plane when

the rotor is rotating at different RPMs was plotted as displayed in Figure 6.21. Also,

the mass-averaged values of the stagnation pressure loss coefficients are listed in Table

6.8.

RPM 110k 120k 130k 140k 150k 160k
Yp 8.76% 9.25% 6.65% 7.93% 9.81% 6.45%
ηRotor 79.63% 79.89% 79.73% 76.46% 72.79% 75.33%

Table 6.8: Mass-Averaged MGT Stator Yp and Rotor Isentropic Efficiency For Dif-
ferent Rotor RPMs

From Figure 6.21 and Table 6.8, it can be seen that the change of stagnation pres-

sure loss coefficient seems to have no pattern and is relatively small as the rotor

RPM increases from 110,000RPM to 160,000RPM. From the previous analysis, as

the Reynolds number and mass flow rate increase from 110,000RPM to 120,000RPM,
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Figure 6.21: Instantaneous Stagnation Pressure Loss Coefficient Distribution on
Wren100 Stator Exit Plane (LES Transient Phase 1.0)

a higher portion of transitional flow could lead to the increment of stagnation pressure

loss. However, as flow gradually enters the fully turbulent regime from 150,000RPM

to 160,000RPM, the interaction effect between the stator and rotor becomes smaller.

To further investigate the influence of the MGT rotor rotation on the stator flow field,

the instantaneous Yp around the stator vane at different RPMs were plotted as shown

in Figure 6.22.

As the RPM increases from 110,000 to 160,000, several trends and potential impli-

cations can be observed in the rotor aerodynamic behaviour. Firstly, the red areas

with high Yp values, particularly around the trailing edge, are likely where boundary

layer separation occurs, and where the flow expands and mixes turbulently with the

surrounding fluid. This is indicative of increased aerodynamic losses, particularly

as the RPM increases. Secondly, the wake regions, located near the mixing planes

between the stator and rotor, appear to grow and shift with increasing RPM. This

observation suggests that higher rotational speeds enhance the turbulent mixing in

the wake or alter the vortex shedding frequency, both of which can contribute to

increased aerodynamic losses.
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Figure 6.22: Instantaneous Stagnation Pressure Loss Coefficient Distribution on
Wren100 Stator Mean Span (LES Transient Phase 1.0)

The provided plot of rotor isentropic efficiency under different RPMs in Figure 6.23

further supports these observations. The plot reveals a notable trend: as the RPM

increases from 100,000 to around 130,000, the rotor isentropic efficiency initially re-

mains stable or slightly increases, suggesting that the rotor design maintains its ef-

fectiveness up to a certain rotational speed. Beyond this point, particularly between

140,000 and 150,000 RPM, there is a sharp decline in efficiency, indicating that the

rotor experiences significantly increased aerodynamic losses due to factors such as

higher boundary layer separation and more intense vortex shedding. However, a

slight recovery in efficiency is observed as the RPM approaches 160,000, which may

suggest some adaptation of the flow structures or partial recovery of aerodynamic

control at the peak RPM.

Overall, this analysis underscores the need for careful design and optimisation of

stator vanes to manage the increased energy levels and mitigate the associated losses

at higher RPMs. It also highlights the importance of understanding the dynamic

interaction between the rotor and the stator, which becomes increasingly complex

at higher RPMs. These insights are crucial for designing MGTs that can operate
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Figure 6.23: Overall Isentropic Efficiency of Wren100 Rotor Blade Under Different
RPMs (RANS)

efficiently across a broad range of operational conditions.
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6.5 Identification of Potential Design Enhancements

through CFD Simulations

Based on dedicated CFD analysis, the potential design enhancements that could

improve the Wren100 MGT aerodynamic performance are discussed in this section,

which the goals were higher thrust and efficiency as requested by the engine man-

ufacturer, Turbine Solutions Ltd. However, due to the complex 3D flow within the

MGT passages, it is still uncertain whether those design changes could deliver the

objectives. Hence, more parametric studies and a deeper understanding of the flow

behaviours within micro turbo-machineries are required, which are also discussed in

the next chapter (Chapter 8).

6.5.1 Wren100 Stator Vane

As the name suggests, the stator or nozzle guide vane (NGV), is an essential compo-

nent inside the MGT to guide the flow to the correct angles before the rotor blades.

However, it is inevitable for the existence of flow separation and secondary flows due

to the viscous effect. The potential design enhancements for the stator vane are de-

scribed as follows.

Firstly, based on the mean line predictions, it was found the secondary loss takes the

greatest portion of the total loss. As demonstrated in Figure 6.24, the profile loss

and trailing edge loss would gradually take smaller portions of the total loss as the

Reynolds number rises.

Figure 6.24: Wren100 Stator Mean Profile Loss Breakdown (Mean-Line Predictions)
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From the mean profile performance, reducing the secondary loss could be the most ef-

fective way to optimise the overall stator performance, and one of the straightforward

ways is by increasing the number of vanes. Theoretically, as the number of vanes

rises, the blade loading for each vane would reduce, resulting in a lower secondary

loss. However, with a higher number of vanes, the profile loss and base pressure loss

would increase due to the greater surface area. Studies such as those by Kumar and

Govardhan, and Ingram et al. have demonstrated that adjustments in vane numbers

and configurations could significantly influence secondary flows and losses. These

findings suggest a delicate balance and a compromise that require further parametric

studies [181, 182], which the CFD analysis is also demonstrated in Subsection 8.2.1.

Figure 6.25: Wren100 Stator Number of Vanes Redesign

Secondly, as mentioned in the literature review chapter, another factor that could

greatly affect the secondary flow is the blade aspect ratio. Adjusting the aspect ratio

has been shown to significantly influence secondary flows and turbine performance,

as detailed by Peters et al. and Hunt et al. These studies indicate that while higher

aspect ratios can reduce secondary losses by distributing the flow more evenly along

the blade span, they might also introduce complexities in flow behaviour that can

adversely affect performance under certain conditions [183, 184]. To better visualise

the design changes, both higher and lower aspect ratios were decided to be studied

as illustrated in Figure 6.26. The detailed parametric study for this design change is

described in Subsection 8.2.2.

Thirdly, based on the CFD results, one major source of loss is the profile loss due

to the boundary layer separation on the suction side near the trailing edge. It was
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Figure 6.26: Wren100 Stator Aspect Ratio Redesign

found the trailing edge blade geometry or operating conditions might lead to a higher

degree of flow separation, turbulence, or vortex shedding, especially near the root

section, resulting in increased energy dissipation and aerodynamic losses. Hence,

parametric studies were carried out (Subsection 8.2.3) to study how the trailing edge

thickness affects the performance of the MGT as shown 6.27. Research by Gao et al.

supports this investigation, demonstrating that variations in trailing edge thickness

can significantly affect turbine blade performance, primarily through changes in flow

behaviour and loss characteristics at the trailing edge [185].

6.5.2 Wren100 Rotor Blade

Compared to the stator vane, the potential redesign for the rotor blade based on the

CFD analysis was much more difficult due to its unsteady transient nature. Hence,

only two redesign recommendations came up according to the simulation results,

which are summarised as follows.

Firstly, from the entropy plots, it is already known that a large portion of aerody-

namic loss comes from the tip gap. To improve the efficiency, it was suggested that

the tip clearance should be optimised.

Secondly, based on the analysis of the rotor flow vorticity contours at different phases

(Figure 6.16), it was suggested the leading edge at the root and mean span should

be optimised due to the formation of leading edge vortex as these vortices can be in-

dicative of potential sub-optimal design features. Several published studies have also
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Figure 6.27: Wren100 Stator Trailing Edge Redesign

alluded to the important role of leading edge geometry in influencing the overall blade

performance. Zhang et al. numerically studied the effect of blade leading edge re-

design on the turbomachinery aerodynamic performance. With thinner leading edge

thickness, reduced separation bubbles and 10% decreased profile loss at the design

condition were discovered [186]. Thus, given the aforementioned insights from litera-

ture and CFD observations, there is a compelling rationale to carry out a parametric

study focused on reducing the thickness of the leading edge, particularly in the root

and mean span regions as shown in Figure 6.28.

From Figure 6.28, it can be seen the varying effects on the throat dimensions at

different blade spans due to leading edge redesign. By reducing 30% of the leading

edge thickness, the throat distance at the root section increased by around 10.5%

while the mean span remained the same. The potential implications are described as

follows. Firstly, enlarged throat areas typically allow for an increased mass flow rate,

which can be advantageous as the rotor could extract higher overall work increasing

the efficiency and thrust. Secondly, reduced flow separation could be achieved by
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Figure 6.28: Wren100 Rotor Blade Root&Mean Leading Edge Redesign

the reduced flow acceleration due to the higher throat area. Thirdly, boundary layer

development could be altered. Nonetheless, further explorations and analyses were

also carried out to fully capture the impact of this design alteration on the turbine

performance metrics and operational aspects (Chapter 8).

6.6 Summary

This chapter offers an exhaustive investigation into the aerodynamic characteristics

of the Wren100 MGT stator vane and rotor blade. The methodological framework

adopted incorporates insights from mean line predictions seamlessly integrated with

findings from transient LES results.

The stator vane of the MGT predominantly showcases losses attributed to secondary

flows. An in-depth scrutiny of entropy distributions ascertained a significant con-

centration of these losses in proximity to the hub wall. Such findings signify the

amplifying influence of endwall effects on secondary losses. Additionally, given the
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relatively low Reynolds number characteristic of the MGT, there is an evident man-

ifestation of laminar flow separations. These are most prominently observed on the

suction side, proximate to the trailing edge of the stator vane, and are accompanied

by pronounced trailing edge wakes, particularly intensified near the root span. A re-

duced rate of total pressure recovery observed at the mean span further corroborates

the predominant influence of secondary flows in this region.

For the rotor blade, certain design peculiarities at the root span seem to preclude

effective flow redirection. The periodic emergence of intense swirling flow structures

near the rotor blade ’entry point’ underscores potential aerodynamic inefficiencies and

accentuates the exigency of a re-evaluation of the blade leading edge design. Beyond

the analysis of individual components, there is a nuanced exploration of the symbiotic

dynamics between the MGT stator and rotor, providing insights into their interactive

intricacies.

In light of the findings regarding the aerodynamic behaviour of the existing design,

a series of recommendations were proffered, and earmarked for detailed parametric

evaluations in subsequent studies. Pertaining to the stator vane, key parameters de-

lineated for further exploration encompass vane count, aspect ratio (AR), and trailing

edge thickness. On the other hand, for the rotor blade, critical parameters identified

for in-depth investigation include tip clearance and leading edge thickness. A compre-

hensive discourse on the simulation results, supplemented by a methodical analysis,

is encapsulated in Chapter 8.
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Chapter 7

Impact of Surface Roughness on
Wren100 Turbine Stator Rotor
System

7.1 Introduction

This chapter presents a comprehensive investigation of the impact of surface rough-

ness on the aerodynamic performance of a single-stage micro gas turbine (MGT)

stator-rotor system, encompassing both numerical and experimental studies. The

CFD model assumes that the roughness is uniformly distributed across the surfaces

of the stator vanes and rotor blades. The reason for this investigation is the potential

significant influence of surface roughness on both stator and rotor components. The

relative magnitude of surface roughness to the chord length, as indicated in Table

7.1, with ratios of 0.000955 for the stator and 0.00212 for the rotor, is considerably

large. Such significant roughness could greatly disrupt the boundary layer flow over

the blade surfaces.

The chapter begins by presenting the measured surface roughness data, accompanied

by select numerical calculations. To gain an initial understanding of how surface

roughness influences profile loss and trailing edge wakes, experimental data from a

scaled wind tunnel cascade with rough surfaces are also discussed. Following this,

a comparison of CFD results for smooth and rough turbine blades, with an original

roughness of approximately 2.5 µmRa, is presented, highlighting the effects of surface

roughness on boundary layer behaviour and aerodynamic loss.

Subsequently, the chapter delves into CFD simulations conducted for various levels

176



of roughness, ranging from 5 m Ra to 20 m Ra. These simulations aim to better un-

derstand the influence of surface roughness on the flow field within MGTs operating

at relatively low Reynolds numbers. Additionally, by varying the RPMs, the impact

of different Reynolds numbers with the same roughness on the MGT is also analysed.

The chapter concludes with a summary of the key findings and recommendations for

future research in this area. This comprehensive analysis will contribute to a deeper

understanding of the role of surface roughness in the aerodynamic performance of

MGT stator-rotor systems and inform potential optimisations in their design and

operation.

7.2 Presentation of Surface Roughness Data

As mentioned in the previous chapters, the surface roughness of the Wren100 stator

vane and rotor blade was experimentally measured to investigate its effect on the

turbine aerodynamic performance. The completed data of roughness are listed in

Appendix B.1. Table 7.1 and Figure 7.1 show the average sand grain roughness data

for the Wren100 stator vanes and rotor blades.

Samples Ave. Ra (µm) Ave. ks (µm) Roughness/Chord

Stator Vane 2.472 14.492 0.000955
Rotor Blade 2.606 15.279 0.00212

Table 7.1: Wren100 Average Sand Grain Roughness (ε) Data

Figure 7.1: Wren100 Stator and Rotor Average Sand Grain Roughness (ks)
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For typical gas turbines, it is known that the surface roughness has a significant

impact on the flow structure within the blade passages as reviewed in Section 2.6.7.

High surface roughness could lead to increased near-wall turbulence, which could

then influence the shear stress and heat transfer. As shown in Table 7.1, compared

to normal-size gas turbines, the roughness-to-chord ratio for the micro gas turbine is

quite large. Thus, it was suspected that the roughness would have a huge impact on

the aerodynamic performance of the MGT blades. However, due to the low Reynolds

numbers of the MGTs, it is also possible that the potential thick boundary layer could

offset the scale of the roughness.

7.3 Roughness Impact Tests Based on Wind Tun-

nel Cascade Experiments

7.3.1 Cascade Scale Study

In this section, the wind tunnel cascade scale study is presented for the Wren100

stator mean profile. One critical parameter to consider when scaling the blade profile

is the roughness Reynolds number, a non-dimensional variable that characterises the

flow behaviour and surface roughness effect on the blade surface. The aim was to

match the original and scaled roughness based on CFD simulations. By doing so, it

could be ensured that the flow characteristics within the scaled cascade experiments,

such as boundary layer development and separation behaviour, remain consistent

compared to the original blades.

ks,WT =
uτ,o

uτ,WT

· ks,o =


τw,o

τw,WT

· ks,o (7.1)

In order to match the roughness Reynolds number, as depicted in Equation 7.1, ob-

taining the shear stress data on the scaled cascade blades is essential. However, this

data can only be acquired through CFD simulations or experimental tests, which re-

quire prior knowledge of the surface roughness for the scaled model. To address this

challenge, an iterative study was conducted using CFD simulations, as illustrated in

the flow diagram (Figure 7.2).

Initially, a preliminary guess of the surface roughness for the scaled model was made

by directly using the scaling factor (around 4.3), and this value was utilised to de-

termine the shear stress data and a new surface roughness estimate. Subsequently,

this updated surface roughness was employed to generate a refined rough model of
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the cascade blade for further simulations. This iterative process continued until the

surface roughness data stabilised, indicating convergence.

Figure 7.2: Flow Diagram of Iterative CFD Simulations to Acquire Surface Roughness
of the Scaled Wind Tunnel Cascade Model

Upon completion of this iterative study, the final surface roughness for the scaled

model was acquired, ensuring that the roughness Reynolds numbers were appropri-

ately matched, which the arithmetic roughness and the sand grain roughness for the

original and scaled Wen100 stator mean profile are listed in Table 7.2.

Samples Ave. Ra (µm) Ave. ks (µm)

Original Profile 2.472 14.492
Scaled Cascade 8.447 49.518

Table 7.2: Original Stator Roughness Vs. Target Roughness for Scaled Wind Tunnel
Cascade

According to the calculated data listed in Table 7.2, the roughness Reynolds number

was calculated as shown in Equation 7.2.
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5 < Rek =
uτks
ν

= 6.234 < 70 (7.2)

From the calculated Rek, it was discovered the regime of roughness for the Wren100

stator blade is transitional rough, where the surface roughness elements start to have

a noticeable impact on the flow field.

To match the Rek for the wind tunnel cascade with the original MGT stator vane,

the arithmetic roughness of the 3D printed blade surface was increased and measured

by the professional roughness tester, Alicona InfiniteFocusSL.

Figure 7.3: Sand-Roughened Wind Tunnel Cascade Middle Blade

As shown in Figure 7.3, the surface roughness of the middle blade was increased to

near the required values (ks ≈ 50µm) by attaching a piece of rough paper on the

blade surface.

7.4 CFX Roughness Model Validation Based on

Cascade Data

The models used to investigate the impact of surface roughness on the Wren100

stator vane mean cascade models assume the same sand grain roughness is uniformly

distributed. The fluid domain and detailed LES setups are the same as described in

Subsection 5.4.3.1, except for the roughness factors. As shown in Figure 7.4, ANSYS
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CFX does not modify the model surface directly; instead, it utilises the input sand

grain roughness and user-selected wall function to mimic the flow behaviour influenced

by the rough surface. This approach is a mathematical adjustment rather than a

geometric modification, meaning no visual changes can be seen on the surface of the

model (as seen in Figure 5.20). However, the effects of the surface roughness are

subsequently analysed based on the changes in the simulated near-wall flow field.

Figure 7.4: ANSYS CFX Input for Wall Roughness

The validation process for these roughness adjustments follows a similar methodology

as outlined in Subsection 5.4.3.3, where the roughness factors were systematically

tested. Results from this validation, including spanwise exit velocities and total

pressures, were cross-referenced against wind tunnel data with matched roughness

Reynolds numbers, ensuring the accuracy and reliability of our simulation approach

as demonstrated in Figure 7.5.

Figure 7.5: Spanwise Exit Velocity and Total Pressure Loss (LES vs. Wind Tunnel)
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From Figure 7.5, it can be seen that the LES WALE model could capture the location

and thickness of the trailing edge wake with high precision. Considering the limita-

tions of the experimental measurements and the CFD model, it was confirmed that

the LES WALE model could accurately predict the impact of surface roughness for

the MGT stator. The following subsection describes how different levels of surface

roughness influence the MGT aerodynamic performance.

7.5 Results & Discussion

Based on the validated LES model, a series of simulations were carried out for the

original sand-grain (SG) roughness, 30µm SG and 60µm SG to study how different

levels of roughness affect the flow field and the overall blade aerodynamic performance

of the single stage MGT. Simulations based on two rotational speeds, including the

120,000RPM (normal Reynolds number) and 160,000RPM (peak Reynolds number),

were conducted to investigate the influence of different low Reynolds numbers.

RPM Original SG 30µm SG 60µm SG

120k Stator 2.65 5.01 8.64
120k Rotor 5.47 9.28 15.96
160k Stator 1.73 3.17 5.39
160k Rotor 5.34 9.16 15.06

Table 7.3: Wren100 Stator & Rotor Roughness Reynolds Number (Rek)

The Rek, thrust, efficiency and profile loss for the Wren100 micro gas turbine with

and without the surface roughness are displayed in Table 7.3 and 7.4, which all the

simulations were carried out at the design points of 120,000RPM and 160,000RPM.

The results show both thrust and efficiency slightly change for the rough blade cases,

in which the efficiency seems to be more sensitive to the change of surface roughness.

It can be seen that most of the loss increment comes from the rise of profile loss

with the rotor blades. On the contrary, despite the decline in total efficiency, the

surface roughness would cause the decrement of profile loss in the MGT stator at

a lower RPM of 120,000. The isentropic efficiencies, specifically the total-to-total

efficiency, were calculated using the Turbo Macros feature in ANSYS CFD-Post.

This tool automatically computes various performance metrics by applying industry-

standard equations and methodologies tailored for turbomachinery. The total-to-total

isentropic efficiency was derived using the formula 7.3.

182



η(%) =
h2t − h1t

h2t,is − h1t

× 100 (7.3)

Where h1t is the total enthalpy at the turbine inlet, h2t is the total enthalpy at the

turbine outlet, and h2t,is is the isentropic total enthalpy at the outlet, calculated as-

suming an isentropic process from the inlet to the outlet pressure.

Case T02 (k) Thrust (N) η (%)
Yp,stator

(%)
Yp,rotor

(%)
RPM

Smooth 719.034 26.24 81.2 6.88 32.49 120k
Original SG 715.436 26.21 79.9 6.73 40.58 120k
30µm SG 717.272 26.45 80.0 8.41 37.78 120k
60µm SG 716.733 26.34 77.1 7.77 44.22 120k
Smooth 968.955 132.8 84.6 6.453 21.828 160k
Original SG 962.859 130.9 85.5 13.676 26.047 160k
30µm SG 973.490 129.9 81.8 10.437 25.211 160k
60µm SG 977.421 129.3 79.0 9.212 25.458 160k

Table 7.4: MGT Discrete Model Performance With Surface Roughness Based on LES
WALE (120,000RPM)

As shown in Table 7.4, a noteworthy observation is the large influence of the increment

of RPM and varying degrees of surface roughness on the loss behaviours of the MGT.

The case of the MGT stator operating at 120,000 RPM exhibits marginal variations

in the stagnation pressure loss coefficient (Yp). Previous analysis of the flow field

properties ascertains that at the rotational speed of 120,000RPM, the boundary layer

exhibits a substantial thickness. Consequently, the original surface roughness may

not be sufficiently pronounced to elicit any significant perturbations in the boundary

layer flow dynamics as it is within the laminar sublayer (Rek < 5). However, an

increase in roughness to 30µm SG and 60µm SG causes an upward trend in aerody-

namic loss, which suggests that the boundary layer might undergo disturbances which

in turn intensify the turbulence and energy dissipation phenomena (5 < Rek < 70).

This inference finds support when examining the cases at 160,000 RPM, where the

boundary layer could be markedly thinner. At this RPM, the impact of the original

SG roughness on the MGT stator is considerably more pronounced than its coun-

terpart at 120,000 RPM. Intriguingly, a further increment in roughness to 30µm SG

and 60µm SG yields a decrement in MGT stator loss to approximately 10.437% and

9.212% respectively. This behaviour could be attributed to a multiplicity of factors
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contingent on the complexity of the flow field, including but not limited to roughness-

induced flow structures or re-laminarisation. Further studies could be conducted to

better understand this flow behaviour within MGTs.

For the MGT rotor, the ramifications of surface roughness on performance are marginally

more acute compared to the stator, which can be attributed to the smaller chord

sizes. Nonetheless, no discernible trend could be summarised as surface roughness

progresses from a smooth surface to 60µm SG. It is noteworthy, however, that a gen-

eral increase in rotor roughness is accompanied by an escalation in aerodynamic losses.

In summation, the impacts of surface roughness on the aerodynamic performance

of both the MGT stator and rotor are imbued with complexity. A thorough un-

derstanding of the multifarious flow behaviours necessitates an in-depth analysis of

the validated CFD results, which will be meticulously dissected in the subsequent

subsections.

7.5.1 Impact on the MGT Stator Trailing Edge Wakes

7.5.1.1 Normal Operating Conditions - 120,000RPM

It is known that the surface roughness could potentially induce the transition from

laminar to turbulent flow, which could enhance the mixing process after the gas tur-

bine blade trailing edge increases the wake depth. However, no such studies have been

carried out to analyse how the roughness influences the TE wake for MGTs. For the

Wren100 stator vanes, the phase-averaged of the relative velocities for different levels

of sand-grain (SG) roughness at the mean span was plotted spanwisely positions as

shown in Figure 7.6.

From Figure 7.6, it can be seen that the relationship between the wake depth and the

SG roughness for MGTs is not linear. As the roughness increases from the original

to approximately 30µm, the size and depth of the TE wake increase as expected.

However, as the SG roughness rises from 30µm to 60µm, the wake size and depth

reduce around 20.46%. Based on the observation, it seems there exists an ”optimal”

roughness size (or optimum maintenance intervals) that induces the greatest turbu-

lence and wake deepening, which in this specific MGT is around 30µm SG. However,

when roughness exceeds this critical level of 60µm, the turbulence induced by the

roughness might be too intense, leading to a thicker, more resistant boundary layer.
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Figure 7.6: Phase-Averaged Spanwise Relative Velocities 10% Chord After the
Wren100 Stator TE For Different Levels of Roughness (120,000RPM)

This could limit the formation of vortical structures (which happens from root to tip

and affect the generation of secondary flows), thereby reducing the wake depth that

reduces the mass-averaged stagnation pressure loss from 8.41% to 7.77% as listed

in Table 7.4. The observation that the 30µm SG case has the highest stagnation

pressure loss coefficient further substantiates this hypothesis. This unusual flow be-

haviour could be caused by the local flow features such as secondary flow and vortex

shedding. At a certain level of SG roughness (30µm), those flow structures would

enhance the wake deepening. However, for other roughness levels, the same flow

structures could inhibit the wake formations. In addition, compared to the smooth

and 30µm SG cases, the original SG and 60µm SG share similar velocity recovery

behaviours outside the wake regions (slightly slower). This could be caused by several

factors, including the enhanced strength of secondary flow structures due to the dif-
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ferent boundary layer states or the altered transition location as the roughness level

changes. Previous studies have also shown how rough-wall boundary layers cause big

changes to secondary flow structures. Based on experimental studies, Vanderwel and

Ganapathisubramani proved that secondary flows could be directly influenced by the

spacing of surface roughness and developments of boundary layers [187]. Coull et al.

numerically studied a turbine cascade, and they also discovered that larger secondary

flow structures with higher SKE (secondary kinetic energy) could be caused by the

thickening of the inlet boundary layer [188].

The intriguing finding and reveals the complexity and multidimensional nature of the

aerodynamic effects of surface roughness. Therefore, to better visualise the impact of

roughness on the TE wakes, the entropy creation downstream of the stator vane at

different phases was plotted as shown in Figure 7.7.

Figure 7.7: Wren100 Stator Exit Instantaneous Entropy Generation at Different
Phases (120,000RPM)

The examination of the entropy contours sheds light on the intricate nature of loss gen-

eration mechanisms that transpire within the flow passage downstream of the MGT

stator vanes. The manifestations of these processes are conspicuously influenced by
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variations in surface roughness. When the surface roughness is increased from a

smooth configuration to the original SG roughness size of approximately 14.5µm, a

perceptible hastening in the migration and dissipation of trailing edge wakes can be

visualised. With further increment in the roughness measure to 30µm SG, the dissi-

pation of the wakes presents a higher degree of difficulty, which in turn escalates the

overall stator loss. Strikingly, when the roughness level reaches the 60µm SG mark,

the nature of the swirling flow patterns bears closer resemblance to the phenomena

observed for the original SG case. This is corroborated by the phase-averaged span-

wise relative velocities depicted in Figure 7.6. The augmentation of secondary flow

activity seemingly attenuates the sizes and depths of wakes ensuing from the MGT

stator vane trailing edge with elevated roughness levels.

A comprehensive assessment of the results indicates an ”optimal” roughness value

of approximately around 30µm SG for the Wren100 MGT stator. As the roughness

ascends from the original SG to 30µm SG, the performance of the stator experiences

degradation, which is ostensibly due to the growth of profile loss. Conversely, as

the roughness is further increased from 30µm SG to 60µm SG, an amelioration in

the aerodynamic performance of the stator is noticed. The enhanced performance

at 60µm SG, as opposed to 30µm SG, can be partially attributed to the fact that

the increased roughness could alter the turbulence behaviour in the boundary layer,

leading to flow local transition to turbulence. This potential induced transition, in

turn, might reduce the flow separation on the blade surface, thus decreasing the profile

loss and enhancing the aerodynamic performance. Additionally, increased turbulence

intensity caused by the higher roughness might disturb the formation and evolution

of the vortical structures in the wake, reducing the wake-induced losses. Further

analysis and visualisation of the flow field are presented in the following subsections.
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7.5.1.2 Peak Operating Conditions - 160,000RPM

To investigate how the surface roughness at the peak Reynolds number conditions

influences the trailing edge wakes of the MGT stator vanes, the mean span phase-

averaged relative velocities for 160,000RPM conditions were plotted as shown in Fig-

ure 7.8.

Figure 7.8: Phase-Averaged Spanwise Relative Velocities 10% Chord After the
Wren100 Stator TE For Different Levels of Roughness (160,000RPM)

From the MGT stator mean exit spanwise relative velocities plot, it was found the

wake behaviours are significantly different compared to the 120,000RPM conditions.

The same levels of surface roughness seem to induce a different flow response due to

the increased Reynolds number and reduced boundary layer thickness at this rota-

tional speed. What stands out is the 30µm SG case, which resulted in the highest

stator loss at 120,000RPM, and now exhibits the smallest wake.

For the spanwise positions outside the wakes regions, it can be noticed the smooth

stator case has minimal recovered velocity. The velocity rates for different levels

188



of roughness are quite similar, which is also different compared to the 120,000RPM

conditions. This could indicate that the impact of roughness on the TE wake is

less pronounced at the peak operating RPM. Compared to the 120,000RPM case,

the 160,000RPM case could have higher turbine inlet total temperature and pres-

sure, which would result in smaller average roughness Reynolds number Rek with the

same level of sand grain (SG) roughness as calculated in Table 7.3. Similar to the

120,000RPM case, to better visualise the impact of roughness on the trailing edge

loss, the entropy creation at different phases under 160,000RPM operating conditions

was also plotted.

Figure 7.9: Wren100 Stator Exit Entropy Generation at Different Phases
(160,000RPM)

As shown in Figure 7.9, it was observed the periodic formation of trailing edge wakes

behaviours are similar for different levels of roughness. This could indicate the un-

steady vortex shedding mechanism would not be greatly altered by the change of

surface roughness under the peak operating conditions. However, the dissipation of

trailing edge vortices as they propagate downstream of the trailing edge seems to be

slower for the smooth and 30µm SG cases. This could be because the enhanced mo-

mentum exchange between the high-speed flow outside the wake and the low-speed
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flow within the wake might not be as effective in accelerating the wake dissipation as

it would be in the cases with other roughness levels. Further studies of this interesting

flow behaviour can be conducted to better understand its aerodynamics.
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7.5.2 Impact on the MGT Stator Vane Boundary Layer &
Efficiency Loss

7.5.2.1 Normal Operation Conditions - 120,000RPM

As displayed in Figure 7.10, the phase-averaged skin Friction coefficient magnitudes

were plotted to highlight the influence of surface roughness on the wall shear stress,

which also generally leads to a change in the overall vane profile loss. The use of

phase-averaged wall shear magnitude for the computation of skin friction coefficients,

despite transforming negative skin friction values into positive ones, remains a valu-

able approach. This approach is particularly informative when combined with phase-

averaged data across all three axes Cfx, Cfy, and Cfz as it encapsulates the com-

prehensive impact of viscous forces. Although this methodology may mask specific

flow features such as laminar separation regions, the validation of flow separation

has been supplemented by the visualisation of the Cfz plots in Chapter 6 and the

following velocity vectors, which can qualitatively confirm the presence of separation

phenomena.

Figure 7.10: Phase-Averaged Wren100 Stator Mean Streamwise Skin Friction Mag-
nitude For Different Levels of Roughness (120,000RPM)
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According to the above plots, it was found that the skin friction for the MGT stator is

quite sensitive to the change of surface roughness. For relatively low Reynolds number

turbine blades, it is known that increased surface roughness tends to reduce laminar

separation bubbles (thus reducing loss), which the flow transition could be delayed (as

mentioned in Subsection 7.5.1.1) and cause the boundary layer to be thinner, thereby

reducing the skin friction. Compared to the pressure side, the suction side could be

more sensitive to the roughness level, which can visualised by the sudden increase of

skin friction as seen in Location SM1 and SM2. The local peak of skin friction on the

suction side positioned about 15% chord downstream of the leading edge is caused

by the flow separation behaviour near the leading edge as displayed in Figure 7.11.

Figure 7.11: Velocity Vectors (SM1) Showing Flow Separation

It can be seen from the velocity vectors, that the flow separation reduces rapidly

as surface roughness increases, which the changes in boundary layer development

can also be visualised in Figure 7.12 and 7.13. To further investigate the impact
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of roughness on the boundary layer development, the U98 plots were created on the

mean span. The values U98 were calculated based on Equation 7.4.

U98 =
LocalV elocity

FreeStreamV elocity
≈ 0.98 (7.4)

At location 1, the thickening of the boundary layer (70.4 µm) is caused by the flow

separation, in which the flow reattachments cause the regional sudden local increase

of skin friction near position SM1. As flow separates, the boundary layer could also

undergo transition, which then relaminarise at location 2. Notably, with the increase

of roughness to 30µm SG and 60µm SG, the dampening effect of the local peak of skin

friction after the leading edge can be observed. As higher roughness could potentially

reduce laminar separations at low Reynolds number flows, thereby preventing flow

transition at location 1 and reducing the boundary layer thickness (from 70.4µm to

2.2µm) as shown in Figure 7.12 and Figure 7.13.

Figure 7.12: Wren100 MGT Stator Mean Span Boundary Layer Developments (Left:
Smooth; Right: Original SG)

From Figure 7.12, the original SG roughness (14.5µm SG) would reduce the boundary

layer thickness in all the monitored locations of the MGT stator vane. As mentioned

earlier, the regional rapid thinning of the boundary layer at location 1 is caused by the

reduction of the leading edge flow laminar separation, thus lowering the overall stator

pressure loss compared to the smooth case in Table 7.4. This intriguing discovery has

also been studied in several other previous researches. Hummel et al. investigated a
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higher exit Reynolds number range (around 560,000) in a linear rotor cascade, smaller

profile loss increase was found for the roughened blade compared to the smooth ones.

It was stated that the low Reynolds number benefit from surface roughness would

only occur if the laminar separation on the smooth wall is prevented by roughness-

induced transition [189]. For this Wren100 MGT stator with a Reynolds number of

around 60,000, it can be clearly seen the laminar separation bubble at location 1 is

eliminated by the increase of surface roughness.

At locations 2 and 3, by analysing the velocity vectors, it was found that the impact

of surface roughness is relatively small compared to location 1, which could indicate

more complex flow behaviours in these regions. For the smooth case, the boundary

layer thicknesses at locations 2 and 3 are both thinner than location 1 due to the

existence of laminar separation bubbles near the leading edge. However, as roughness

increases from the original SG to 60µm SG in Figure 7.13, the thicker boundary

layer can be discovered compared to the region on the suction side near the leading

edge. This could indicate a flow transition from laminar to turbulence at downstream

regions of the stator vane.

Figure 7.13: Wren100 MGT Stator Mean Span Boundary Layer Thickness (Left: 30
µm SG; Right: 60 µm SG)

However, an interesting finding is the boundary layer thinning at all monitored lo-

cations as the increase of surface roughness. As SG roughness increases from the

194



original SG to 30µm SG and 60µm SG, the areas that previously exhibited relatively

low thinning rates (Location 2 and 3) also begin to be more susceptible to the in-

fluence of higher roughness. The regional multifaceted behaviours also prove there

could exist an ”optimal” roughness near 30µm SG for the MGT stator vane under

120,000RPM operating conditions, as previously stated in the overall performance

discussions.

Overall, for MGT stator vane mean span at low Reynolds number flows, the increase

of surface roughness eliminates the laminar separation bubbles that originally oc-

curred on the suction side near the leading edge in the smooth case. As the flow

no longer separates, the flow remains laminar until it accelerates to a certain level

near the trailing edge. However, as roughness further increases from the original

SG to 60µm SG, the increase of roughness seems to stabilise the flow and delay the

flow transition. This intriguing discovery also explains the loss reduction and in-

crease around original SG (14.5µm SG) as listed in Table 7.4. The sudden change

in the boundary layer thinning rates for the 30µm SG case also indicates the exis-

tence of an ”optimal” roughness, which induces the greatest overall aerodynamic loss.

To further study the impact of surface roughness on the complex 3D flow across

the vane heights, the phase-averaged skin friction coefficients at the near-root and

near-tip regions were also plotted for different levels of roughness.

Figure 7.15: Velocity Vectors on the SS Near LE of MGT Stator Root (SR1) & Tip
(ST1)

195



Figure 7.14: Phase-Averaged Wren100 Stator Root&Tip Streamwise Skin Friction
Magnitude For Different Levels of Roughness (120,000RPM)

In Figure 7.14, a notable discrepancy between the root and tip regions compared to

the mean span becomes evident: the downstream shift of peak skin friction locations

from the leading edge. Specifically, peak skin frictions appear at approximately 15%

chord streamwise on the suction side for the baseline surface roughness (original SG)

case, as indicated by labels SR1 and ST1. Such behaviour implies the presence of

complex 3D flow features in proximity to the root and tip regions. Previous exami-

nations of the MGT stator vane suggest this could be a consequence of interactions

between primary flow and secondary flow components, potentially involving hub and

shroud vortex mechanisms.

However, with the increase of surface roughness to 30µm SG, an intriguing observation

emerges: the peak skin friction repositions towards the vane leading edge, eradicating

the previously noticed peak around the 15% chord downstream. The velocity vec-
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tor illustrations for locations SR1 and ST1, depicted in Figure 7.15, show sizeable

flow separation bubbles on the suction side proximal to the vane leading edge, more

pronounced in the vicinity of the tip span (ST1). Drawing from prior analyses con-

ducted on the mean span, it is evident that the increase of surface roughness notably

mitigates the formation of laminar separation bubbles on the suction side adjacent

to the leading edge. Nonetheless, contrasting the mean span, a distinct disparity

arises in the pronounced influence of secondary flows in close quarters to the hub

and tip domains, as discerned from wall shear vector diagrams in Figure 7.16. These

alterations in local flow trajectories, inferred from wall shear vector diagrams, con-

firm the manifestation of substantial secondary flows at locations SR1 and ST1. Yet,

intriguingly, with the increase of surface roughness, the dominance of hub and shroud

vortex mechanisms appears to diminish, potentially attributed to the strengthened

main flow with higher turbulence intensity caused by the increase in rough element

sizes as shown in Figure 7.16.

Figure 7.16: LE SS Wall Shear Vector Plots SR1 & ST1 (120,000RPM, Phase 1.0)

Near the trailing edge, additional skin friction peaks can also be observed in Figure

7.14, which could be caused by the boundary layer reattachment and greater ednwall

effect near the hub and shroud regions. There also exists another local peak of skin

friction for the 30µm SG case near the root trailing edge of 2.011, which is even higher

than the leading edge (1.66). The higher friction loss for the 30µm SG at the root

span could contribute to the higher stagnation pressure loss coefficient calculated in

Table 7.4. This could be attributed to the secondary flow, and the boundary layer
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reattachment behaviour near the trailing edge is still not fully disrupted with 30µm

SG roughness level, especially on the root span. As surface roughness further rises to

60µm SG, all the local peaks of skin friction except the leading edge are dampened,

which aligns with the concept of flow being more stabilised by the enlarged rough

elements. Additionally, despite the flow remaining at a laminar state with increased

surface roughness, the strengthened main flow with higher turbulence intensity can

disrupt the local secondary flow structures and separations that previously caused

peaks of skin frictions, thereby leading to their dampening.

As mentioned earlier, the root span was considered to generate the highest loss, and

the change of boundary development near the trailing edge area was also plotted to

further investigate the sudden increase of skin friction coefficients.

Figure 7.17: Rough MGT Stator Vane Root Section Boundary Layer Thickness
(120,000RPM)

In Figure 7.17, a pronounced thick boundary layer is observed proximal to the MGT

stator vane. With an escalation in surface roughness from 15 µm SG to 60 µm SG, a

similar boundary layer reduction is discerned near the root trailing edge, analogous to

the thinning behaviour in the mean span U98 previously delineated. This phenomenon

can potentially be attributed to the flow being more laminarised and instigated by

increased surface roughness levels, which later undergoes transition, culminating in
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a regionally denser boundary layer towards the trailing edge with enhanced wake

mixing. Thus, it is possible that the laminarised state due to high roughness for the

MGT vane is quite fragile, as the increased turbulence intensity in the outer flow can

continually introduce new disturbances into the boundary layer, which can promote a

rapid re-transition back to a turbulent state. This behaviour resonates with the local

high skin friction values discerned on the suction side adjacent to the trailing edge

as displayed in Figure 7.14. Moreover, as roughness increases, an expedited velocity

recovery downstream of the trailing edge is evident. This recuperation can likely be

ascribed to the augmented turbulence intensity, even as the flow reverts to its laminar

state before the transition happens again. Overall, this complex behaviour is a result

of the intricate and multifaceted interactions between the flow and the roughened

vane surface, and understanding it in detail would likely require additional numerical

simulations or experimental studies.

Efficiency Loss

To evaluate the impact of surface roughness on the MGT stator vane losses, the en-

tropy contours on the suction side and pressure side were compared for original SG,

30 µm SG and 60 µm SG roughness. The areas on the suction side of the vane that

generate the most significant loss under 120,000RPM are also highlighted.

Figure 7.18: Wren100 Stator Suction Side Instantaneous Entropy Creation (Phase
1.0)
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In analysing the data depicted in Figure 7.18, it is clear that adjustments in surface

roughness significantly influence the entropy dynamics in the MGT stator system,

especially near the suction side trailing edge at the root section. In the initial phase,

with an increase in roughness up to 30 µm SG, the entropy generation remains rel-

atively constant at about 1034J/kg · K. This could indicate a certain resilience for

the MGT stator when there are moderate increases in the surface roughness.

However, a further increment in surface roughness to 60 µm SG initiates a noticeable

reduction in entropy generation, reaching values around 993.1J/kg ·K. This decline

can be attributed to an amplified turbulence intensity fostered by the enlarged rough-

ness elements. This increased turbulence, in turn, seems to strengthen the main flow,

making it more resilient against the disturbances caused by secondary flows, which

were previously marked as significant sources of energy loss in the system. These flow

behaviours can also be visualised by the wall shear diagrams in Figure 7.16, which

also leads to the change in skin friction in those areas.

To sum up, this phenomenon indicates that the flow dynamics adapt positively to

increased surface roughness levels, with the enhanced turbulence facilitating a more

robust and streamlined main flow. This adaptation successfully mitigates the dis-

ruptive effects of secondary flows, resulting in a decrease in entropy generation and,

consequently, energy loss in critical areas. This reduction in entropy hints at an

opportunity to improve the thermodynamic efficiency of the MGT system, empha-

sising the need for further research to comprehend the complex relationship between

surface roughness, turbulence intensity, and secondary flow patterns in shaping the

efficiency parameters of MGT stator vanes. It beckons a deeper investigation, both

experimentally and computationally, to refine the design and operational strategies

for achieving optimised performance in MGT setups.
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7.5.2.2 Peak Operation Conditions - 160,000RPM

Similar to the normal operating conditions analysis, the phase-averaged skin friction

coefficients across the MGT stator vane at 160,000RPM were also plotted to study

how the surface roughness affects the engine performance at higher Reynolds numbers.

Figure 7.19: Phase-Averaged Wren100 Stator Streamwise Skin Friction Magnitude
For Different Levels of Roughness (160,000RPM)

Analysing the data from Figure 7.19 in the context of the MGT stator vane at a

higher Reynolds number corresponding to 160,000RPM rotor speed, several key ob-

servations emerged. Primarily, the trend in skin friction at the peak rotor rotational

speed (Reynolds number around 86,000) mirrors that observed at the 120,000RPM

condition (Reynolds number around 63,000). Notably, at the mean span with an

original roughness of 14.5µm SG, laminar flow separation behaviours persist at both

the higher and lower RPM conditions. This flow separation can be recognised by the

distinctive local peak in skin friction, positioned on the suction side approximately

15% downstream of the leading edge in terms of axial chord length. Also, an in-

triguing distinction arises when comparing the magnitudes of this peak across the

two rotational speeds. The skin friction value at this specific location is considerably

reduced for the higher Reynolds number case, registering at around 0.46, in contrast

to the considerably higher value of approximately 1.28 observed for the 120,000RPM

condition. This pronounced reduction in the magnitude of skin friction indicates a

potential increase in the extent of flow laminar separation for the higher Reynolds
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number case compared to its 120,000RPM counterpart. The enlarged separation bub-

ble can also be seen in the velocity vector diagrams as shown in Figure 7.20. This

extended separation region could potentially mitigate the shear stresses exerted on

the surface, resulting in a reduced coefficient of skin friction.

Figure 7.20: Mean Span Velocity Vectors on the SS Near LE (120,000RPM vs.
160,000RPM)

It was clearly observed that the higher rotor speed initiates an escalated degree of

flow separation on the stator vane. For the root span, a greater second surge of skin

friction at about 15% chord downstream of the leading edge was found, which could

be caused by the combined effect of flow separation and the influence of secondary

flows similar to the 120,000RPM case. With higher Reynolds number flows, the higher

peak skin friction at the leading edge as compared to the 120,000 RPM case (where

the highest skin friction is downstream of the LE) could be emblematic of a thinner

boundary layer for a higher RPM case. For both operating conditions, the original

roughness can eliminate the laminar separation on the suction side near the leading

edge. Further analysis of Figure 7.19 revealed additional changes in the boundary

layer dynamics for the 160,000RPM case, characterised by multiple minor escalations

in skin friction coefficients in the proximity of the trailing edge, with values fluctu-

ating between 0.4 and 0.45. This pattern seems to underline the emergence of more

intricate boundary layer behaviours at this higher RPM, possibly hinting at a series

of intermittent transitions from laminar flow to turbulent states, which is a hallmark

of complex fluid dynamics with higher Reynolds number flows. In a comparative lens

with the lower Reynolds number scenario at 120,000RPM, it is apparent that the skin
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friction coefficients at the root suction side, near the trailing edge, remain elevated

for the 160,000RPM conditions. This sustained elevation might be indicative of a sce-

nario that the flow maintains a turbulent character throughout the trailing edge at

160,000RPM. This could be because the flow becomes more prone to instability and

susceptible to disruptions due to the higher Reynolds number. Moreover, the thinner

boundary layer associated with the 160,000 RPM case might be a contributing factor

to the distribution of skin friction peaks, in which the influence of the original SG

has a greater impact to induce an earlier onset of flow transition.

For the tip span, the major difference for the higher Reynolds number case compared

to the 120,000RPM one is the two distinct skin friction increases following the lead-

ing edge. The first local peak of around 2.5 is lower than the skin friction at the

leading edge, but the second local peak of about 4.5 surpasses the leading edge skin

friction. This two-peak pattern suggests a more complex boundary layer development

with possibly flow separation followed by strong secondary effects at a later peak Cf

location. With a higher Reynolds number, the influence of secondary flow near the

shroud area is expected to be smaller. With the same original SG roughness, the

thinner boundary layer near the leading edge could lead to an earlier transition that

results in an additional local peak of skin friction. Furthermore, the skin friction dis-

tribution near the trailing edge also varies between the two rotor rotational speeds.

At 160,000RPM, a small peak in skin friction (about 0.901) arises at a small distance

upstream of the trailing edge, whereas at 120,000 RPM, a small peak appears directly

at the trailing edge (about 2.245). This could imply a shift in flow reattachment or

increased turbulence activity near the trailing edge as the rotational speed increases

from 120,000RPM to 160,000 RPM. As the surface roughness increases, the reduction

of the secondary effect near the tip area was also visualised from the 3D wall shear

vectors in Figure 7.21.

Similar to the 120,000RPM case, the U98 plots were also calculated and plotted for the

higher Reynolds number conditions (160,000RPM) to study the influence of different

levels of roughness on the boundary layer development. Initially, the smooth and the

original SG roughness cases were compared as shown in Figure 7.22.

According to the initial comparison of U98 plots, it can be visualised that not all re-

gions of the boundary layer reduce as the Reynolds number increases with the original

SG roughness for the higher Reynolds number conditions. Similar to the 120,000RPM
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Figure 7.21: Wall Shear Vector Vane Suction Side Near Tip Region for Different
Levels of Surface Roughness

case, the rapid reduction of boundary layer thickness at location 1 is caused by the

elimination of flow laminar separation bubbles due to the existence of the original

surface roughness. However, the regional thickening of the boundary layer at location

2 (38.2µm to 48.2µm) could suggest flow transition behaviour induced by the rough-

ness elements. For the smooth case, the flow experiences separation and transition

at location 1, which then relaminarises at location 2, which leads a drop in boundary

layer thickness. As the original SG roughness was added to the vane surface, the lam-

inar separation was eliminated, which delayed the flow transition towards location

2 closer to the trailing edge. For the 160,000RPM case, the enhanced sensitivity to

roughness is likely due to the increased turbulence levels associated with the higher

Reynolds number, which small roughness elements could trigger early transition to

turbulence.

As the roughness elements sizes further increase, the change of boundary layer be-

haviours are also analysed in Figure 7.23. At 160,000RPM, it was observed that the

boundary layer continues to thin as roughness increases to 60µm SG, but again with

a decreasing rate. Similar as the 120,000RPM case, this could indicate a different
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Figure 7.22: Wren100 MGT Stator Mean Span Boundary Layer Thickness (Left:
Smooth; Right: Original SG) (160,000RPM)

”optimal roughness” at a lower roughness level close to 15 µm SG due to the higher

Reynolds number.

To sum up, the fact that the rate of boundary layer thinning (∆δ) appears to be decel-

erating at a higher RPM also supports the idea that the optimal roughness (ks,optimal)

is a function of the Reynolds number (Re) and local boundary layer thickness (δLocal).

The related function are summarised in Equation 7.5 and 7.6.

ks,optimal ∝ {∆δ, Re, δLocal} (7.5)

∆δ ∝ {Re, δLocal} (7.6)

For the Wren100 MGT stator, at 120,000RPM, the boundary layer thinning effect

seems to peak at around 30µm SG of surface roughness, whereas at 160,000RPM,

the most significant thinning occurs when the roughness is increased to original SG.

Further investigations of more accurate values of the optimal roughness at different

RPMs can be carried out in the future.

Efficiency Loss
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Figure 7.23: Wren100 MGT Stator Mean Span Boundary Layer Thickness (Left:
Smooth; Right: Original SG) (160,000RPM)

The changes of the MGT stator vane losses at peak operating conditions for the

different levels of surface roughness were also visualised in Figure 7.24.

Figure 7.24: Wren100 Stator Suction Side Instantaneous Entropy Creation
(160,000RPM) (Phase 1.0)

From the entropy creation plots, it can be seen that the entropy creation diminishes as

the roughness levels increase, especially near the root and tip regions. At the root and

tip regions near the trailing edge, the flow is extremely complex due to the presence of

endwall effects and secondary flows. For MGT stator vanes, the changes in roughness
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might have a particularly pronounced impact in these regions by modifying these flows

and potentially reducing losses. Additionally, compared to the 120,000RPM case, the

drop in entropy generation is more significant for the MGT stator at 160,000RPM

conditions. This suggests that the higher Reynolds number might be amplifying the

effects of surface roughness on flow separation and boundary layer transition. It also

further emphasises that the overall entropy changes due to roughness are dependent

on a complex interplay of multiple factors, including Reynolds number, roughness

size, and the specific flow characteristics and geometries involved.
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7.5.3 Impact on the MGT Rotor Blade Boundary Layer

7.5.3.1 Normal Operation Conditions - 120,000RPM

To study the influence of surface roughness on the MGT rotor blade, similar to the

stator vanes, the skin friction coefficient magnitude was initially plotted on the mean

span under 120,000RPM operating conditions.

Figure 7.25: Phase-Averaged Wren100 Rotor Mean Streamwise Skin Friction Magni-
tude For Different Levels of Roughness (120,000RPM)

As displayed in Figure 7.25, the average skin friction coefficients across the rotor blade

mean span drop rapidly as the surface roughness level increases from original SG to

60µm SG. With the original SG roughness, multiple sudden increases of skin friction

coefficient magnitudes on the suction side (x/c ≈ 0.715) could be caused by the flow

separation and reattachments at those surge locations. In addition, turning effects

due to the highly cambered geometrical shape near the trailing edge could also be

a contributing factor for the delayed flow separation (compared to the stator vane).

These flow separation behaviours can also be visualised in Figure 7.26, where the

cross-passage flow causes the thickening of the boundary layers on the suction side
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of the blade (SS). As the roughness level increases to 30µm SG and 60µm SG, the

boundary layer near the trailing edge becomes less obvious, resulting in the dampening

effects of the local peaks of skin friction.

Figure 7.26: Wren100 MGT Rotor Mean Span Instantaneous Boundary Layer Thick-
ness (120,000RPM, Phase 1.0)

Figure 7.27: Wall Shear Blade Suction Side for Different Levels of Roughness

Figure 7.28: Velocity Vectors on the SS Near TE of MGT Rotor Mean
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Upon reviewing the U98, wall shear and velocity vector diagrams, it is evident that

there is an increase of secondary flow as surface roughness changes from original SG

to 30µm. At 30µm SG, the increased secondary effect and roughness-induced flow

transition could very likely be the cause for the observed thickening of boundary

layer on the mean span at the examined location. However, as the roughness further

increases to 60µm SG, a different scenario unfolds, with a rapid reduction of bound-

ary layer thickness and more streamlined flow. From the velocity vector diagrams in

Figure 7.28, almost no flow separation is visible. This could be due to the fact that

the 60µm SG roughness elements height exceeds the thickness of the viscous sub-

layer. With greater influence on the flow field and reduced separation, the boundary

layer for the 60µm SG at the monitored location could remain largely laminar, which

results in more attached flow near the blade trailing edge as displayed in the U98 plots.

On the pressure side (PS), several local increases of skin friction can be observed

from x/c ≈ 0.865 upstream the blade trailing edge. A similar dampening effect can

be visualised with higher surface roughness levels on the suction side. For the origi-

nal roughness case, the surges of skin friction are likely to be caused by the potential

transition behaviour before the flow leaves the blade trailing edge. As the surface

roughness further increases, the flow seems to become more stabilised, resulting in a

more flattened skin friction coefficient distribution.

According to the previous analysis, it is certain that the increased roughness levels

could have great influences on the secondary effects due to the escalated turbulence

intensity, especially for MGT blades with relatively low Reynolds number flows. Due

to the large spanwise shape changes of the MGT rotor blade, the influence of the

surface roughness on the near-hub and near-shroud endwall regions was also studied

by analysing the skin friction magnitudes and boundary layer developments.

The skin friction magnitudes diagrams for the root and tip regions show a similar

reduction trend as the increment of surface roughness. For the root section, it is

notable that the leading edge skin friction for the 30µm SG case is higher than the

Original SG. This could be attributed to the more attached flow near the leading edge

that results from the increased surface roughness, which can also be visualised from

the U98 plots as shown in 7.30. As roughness increases from the original SG to 30µm

SG, the peak of skin friction shifts from the trailing edge to the leading edge, also

evident in the presence of potential earlier transition. When the surface roughness
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Figure 7.29: Phase-Averaged Wren100 Rotor Root&Tip Streamwise Skin Friction
Magnitude For Different Levels of Roughness (120,000RPM)

further increases to 60µm SG, all abrupt increments of skin friction are dampened.

This could be attributed to the fact that despite increased turbulent intensity and

fluctuations, the boundary layer remains a laminar state as it passes from the leading

edge to the trailing edge.

From the U98 diagrams, it can be seen that the wake on the pressure side grows

bigger near the leading edge. This depicts the possible development of a highly

disturbed boundary layer across the chord, instigated by the increased roughness

level. In addition, the increase of surface roughness could potentially enhance wake

propagation and mix from the stator to the rotor, which not only carries velocity

defects but also induces additional turbulence in the flow field.
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Figure 7.30: Wren100 MGT Rotor Root Span Instantaneous Boundary Layer Thick-
ness (120,000RPM, Phase 1.0)

For the near tip span, the flow behaviour becomes highly complex due to the presence

of the tip gap, which introduces additional secondary flows, such as tip leakage vortex

and corner vortex, into the mainstream flow. As surface roughness increases, the

overall skin friction decreases as the boundary layer becomes thinner (Figure 7.31).

However, the observation of numerous local increases of skin friction in the after-half

of the blade with less apparent dampening of these peaks with increased roughness

from original SG to 30µm SG is intriguing. This can also be noticed from the U98

boundary layer plots, in which the thinning effect from original SG to 30µm SG is

slightly less obvious compared to the mean span.

Figure 7.31: Wren100 MGT Rotor Tip Span Instantaneous Boundary Layer Thickness
(120,000RPM, Phase 1.0)
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Figure 7.32: Instantaneous Velocity Vectors MGT Rotor Blade Near Tip Span
(120,000RPM, Phase 1.0)

From the velocity vectors diagrams in Figure 7.32, the wake formed after the blade

trailing edge becomes smaller as the roughness increases to 30µm SG. However, the

wake grows bigger when the blade surface is roughened to 60µm SG. Based on the

performance evaluated in Table 7.4 and the velocity vectors, it could highlight that the

roughness elements can potentially alter the wake structure and the loss generation

in the MGT blades. A similar influence due to the increased roughness was discussed

in the MGT stator case. Additionally, it can be clearly seen that the maximum

height and length of the separation bubble decrease as the roughness level increases

from the original SG to 30 and 60µm SG. Interestingly, the separation bubble onset

location would also be delayed by the roughened blade (as listed in Table 7.5). On

the near-tip span, the interaction between the rough surface and the tip leakage flow

can potentially modify the characteristics of the tip leakage vortex, influencing the

onset and extent of separation bubbles.

Original SG
(∼ 14.5µm)

30 µm SG 60 µm SG

Separation Onset
Distance/Axial
Chord

26.4% 33% 51.7%

Table 7.5: MGT Rotor Blade Near Tip Separation Onset Locations for Different
Levels of Surface Roughness

To sum up, for the MGT rotor blade at 120,000RPM, the increase of surface roughness

could dampen the local surges of skin friction caused by the secondary flow and
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separation bubbles. On the mean span, the height and length of the separation

bubble reduce with a higher roughness level, but the separation onset location remains

unchanged. As the roughness increases, the wake mixing and propagation from the

upstream stator to the rotor could be enhanced, which potentially results in the non-

linear change in boundary layer thickness at the monitored location on the blade

suction side near the trailing edge. For the hub and shroud areas, the flow fields are

highly complex due to the existence of the endwall effects. The interaction between

the main passage boundary layer and regions of high shear stress on the blade surface

near the tip leads to multiple local peaks of skin friction. For the near tip span, not

only does the size of the separation bubble decrease as the roughness increases, but

the onset of the separation would also be delayed. Below 30µm SG, the tip leakage

vortex and corner vortices seem to be quite robust against the increased turbulence

level induced by the enlarged roughness elements, resulting in a relatively persistent

boundary layer and local peaks of skin friction. As the roughness level reaches 60µm

SG, the much higher turbulence level from the main passage flow overwhelms these

secondary flow features. While maintaining a laminar state, the strengthened primary

flow leads to a more uniform turbulence distribution, increased boundary layer mixing,

and thereby a reduction in the overall phase-averaged skin friction.
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7.5.3.2 Peak Operation Conditions - 160,000RPM

For the 160,000RPM operating conditions of the Wren100 MGT, the phase-averaged

skin friction coefficients on the MGT rotor blade root, mean and tip spans were

initially generated to further evaluate the potential influence of different levels of

roughness at the peak operating conditions.

Figure 7.33: Phase-Averaged Wren100 Rotor Blade Streamwise Skin Friction Magni-
tude For Different Levels of Roughness (160,000RPM)

As shown in Figure 7.33, as the rotational speeds increase, corresponding drops in

overall skin friction at different blade heights were observed, suggesting a modification

of the boundary layer aerodynamics due to higher loading and potentially increments

of the turbulent intensity of the flow.

The analysis starts from the root section with different levels of surface roughness. On

the near root span, the peaks of the skin friction are primarily located at the trailing

edge, which is different compared to the 120,000RPM case due to the potential thinner

boundary layer with a higher Reynolds number. As roughness increases to 30µm SG

and 60µm SG, the discernible dampening effect of the local peaks of skin friction is

also more pronounced at higher RPM cases.
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Figure 7.34: Wren100 MGT Rotor Root Span Instantaneous Boundary Layer Thick-
ness (160,000RPM, Phase 1.0)

An in-depth inspection of the U98 plot, as showcased in Figure 7.34, shows a dis-

cernible augmentation in boundary layer thickness on the pressure side proximate

to the blade leading edge with increasing surface roughness. This amplification is

hypothesised to be a result of two interconnected phenomena. Firstly, the boundary

layer thickening can be attributed to the interaction with wakes disseminating from

the upstream stator stage. The reduced blue zones observed for the higher RPM con-

figuration indicates less velocity defects being carried from the stator vane trailing

edge. As analysed in Subsection 7.5.2.2, the escalated rotational speeds and higher

Reynolds number decrease the formation and propagation of the vane trailing edge

wakes. This results in a more uniform flow incidence onto the rotor compared to

the 120,000RPM case, thereby reducing the velocity defects and rendering a slightly

consistent momentum profile across the blade span. Secondly, as surface roughness

increases, it could indicate localised flow transition phenomena, especially near the

leading edge. The cumulative effect of this flow regime shift and the wake interactions

elucidated above manifest as the observed variations in boundary layer dynamics with

the different roughness levels.

Contrarily, for the cases revolving at 160,000 RPM, the increased interplay between

the leading edge and endwall vortices due to the augmentation of roughness on the

suction side is not as discernible as it is for the 120,000 RPM scenarios. A possi-

ble explanation for this phenomenon could be that at these higher rotational speeds

while maintaining a laminar state, the resultant elevated Reynolds number instigates
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Figure 7.35: Wall Shear Blade Suction Side for Different Levels of Roughness
(160,000RPM, Phase 1.0)

an increase in turbulence intensity. This higher turbulence intensity is assumed to

outweigh the secondary effects, culminating in a lesser regional thickening of the

boundary layer as the roughness increases, in contrast to the cases at 120,000 RPM.

This behaviour can also be visualised in the wall shear vector displayed in Figure

7.35. By comparing the wall shear vector diagrams for two RPMs, it is evident that

these secondary flows are less pervasive and tend to be directed more towards the

trailing edge for the higher Reynolds number case.

For the mean span skin friction distribution of the MGT rotor blade at 160,000RPM,

several notable distinctions can be observed compared to 120,000RPM attributable

to higher Reynolds number. Firstly, under 160,000RPM operating conditions, local

peaks of skin friction at the leading edge could indicate premature transition due to

the higher Reynolds numbers. As a result, the skin friction distribution along the

chord exhibits a more uniform or ”dampened” behaviour for higher RPMs with less

pronounced sudden increases. Secondly, another important feature observed in the

mean span of the MGT rotor blade is the prominence of the peak skin friction at the

trailing edge, which contrasts markedly at 120,000RPM. The difference can also be

visualised in the U98 diagrams as shown in Figure 7.36.
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Figure 7.36: Wren100 MGT Rotor Mean Span Instantaneous Boundary Layer Thick-
ness (160,000RPM, Phase 1.0)

Figure 7.37: Instantaneous Velocity Vectors MGT Rotor Blade Mean Span TE Wake
(160,000RPM, Phase 1.0)

For higher rotational speeds, the flow remains predominantly attached to the blade

surface near the trailing edge. This reduced boundary layer thickness at the height-

ened RPM could be attributed to the increased momentum in the main flow due

to higher rotational speeds and Reynolds number, which can suppress the boundary

layer growth, leading to enhanced aerodynamic performance. In addition, as rough-

ness rises from the original SG to 60µm SG, a contraction of the trailing edge wake

can be visualised from the velocity vector diagrams in Figure 7.37. This shrinking of

the blade downstream wake could suggest a mitigation of trailing edge loss. A plausi-

ble reason for this flow behaviour is the strengthened momentum in the primary flows

stemming from both the pressure and suction sides of the blade as roughness increases.

An evaluation of the MGT rotor blade tip span operating at 160,000RPM further

reveals significant insights into the flow dynamics under different levels of roughness.

As shown on the right-hand side of Figure 7.33, the skin friction distribution for
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the near tip span exhibits similar trends to that of the mean span. It features minor

increases in skin friction at the leading edge and peak skin friction at the trailing edge.

This pattern is notably different from the flow behaviours seen at 120,000RPM, where

multiple local peaks of skin friction can be found in the after-half of the rotor blade

due to tip leakage and corner vortex effects. A more uniform skin friction distribution

along the rotor blade chord for various levels of roughness can also be observed in

Figure 7.33 and 7.38.

Figure 7.38: Wren100 MGT Rotor Tip Span Instantaneous Boundary Layer Thickness
(160,000RPM, Phase 1.0)

As shown in the U98 plots for the mean and near tip span, what stands out is the sim-

ilarities of its boundary layer developments as the roughness increases. For the higher

RPM case, the separation bubble on the suction side of the tip span is completely

eliminated. Compared to the 120,000RPM conditions, the higher RPM and corre-

sponding turbulence intensity can serve to overpower the secondary flow effects that

reduce the overall blade boundary layer thickness under the peak operating conditions

(as also discussed on the near root span).

7.6 Summary

This chapter delineates the consequences of surface roughness on the aerodynamic

performance of the MGT single-stage stator vane and rotor blade. The findings

based on the numerical data analysed before are summarised in the following sub-

sections. Overall, the discoveries gleaned from this investigation not only bolster the

understanding of MGT aerodynamics but also furnish invaluable insights for future

redesign and optimisation ventures in the realm of turbomachinery.
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7.6.1 MGT Stator Vane

Boundary Layer Measurements: As surface roughness increases, the changes

in boundary layer developments and the average roughness Reynolds numbers were

acquired from the CFD results, which are also listed in Table 7.6.

Case
Location 1
(µm)

Location 2
(µm)

Location 3
(µm)

Reks (Sta-
tor)

Reks (Ro-
tor)

120k Smooth 70.4 50.0 50.0 0 0
120k Original 33.3 44.5 44.5 2.65 5.47
120k 30 µm SG 16.7 33.3 40.7 5.01 9.28
120k 60 µm SG 2.2 26.4 20.4 8.64 15.96
160k Smooth 80.0 38.2 44.5 0 0
160k Original 25.9 48.2 27.7 1.73 5.34
160k 30 µm SG 11.3 26.8 29.5 3.17 9.16
160k 60 µm SG ∼ 0.2 18.3 24.9 5.39 15.06

Table 7.6: Changes in Boundary Layer Developments for Different Roughness Levels

Overall & Local Effects: In the multifaceted aerodynamic landscape of the MGT

stator vane, surface roughness exhibits nuanced effects across varied operational

speeds. At the peak 160,000RPM conditions, identical roughness levels demonstrate

an amplified influence on average pressure loss coefficients (Yp) compared to the

120,000RPM regime. Despite a majority of the vane exhibiting a thick boundary

layer at the standard 120,000RPM, surface roughness below certain thresholds, as

seen in the original SG case, tends to minimally affect overall aerodynamic losses.

However, the complex, three-dimensional flow around the stator vane means that

the same roughness can elicit diverse local responses. For instance, even with aver-

age roughness Reynolds numbers (Reks) for the original SG cases under 5 (typifying

hydraulically smooth conditions) at both rotor operating RPMs, these roughness el-

ements can still reduce and eliminate laminar separation bubbles, especially near the

vane leading edge on the suction side. This underscores the importance of considering

both global and localised aerodynamic interactions when assessing roughness impacts.

Elimination of Separation Bubble & Transition Delay: Upon analysing the

MGT stator vane aerodynamics under two distinct operational conditions, it becomes

evident that elevating surface roughness can effectively mitigate and eliminate laminar

separation bubbles proximate to the leading edge on the suction side. This results in

flow becoming more attached along the vane surface, subsequently delaying the onset
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of transition from the proximal section near the leading edge (referred to as location

1) to a more downstream location closer to the trailing edge (termed as location 2).

Notably, the aerodynamic sensitivity to variations in surface roughness was accen-

tuated at the higher RPM scenario, underscoring its pronounced responsiveness to

rough element perturbations.

Turbulent Flow and Secondary Structures: Despite the flow been mostly lam-

inar due to the low Reynolds numbers, it was found that the augmented rough-

ness would engender a strengthened primary flow with increased turbulent intensity

against the potential secondary effects. This enhanced turbulence has been observed

to perturb local secondary flow structures and separation zones, which were erstwhile

sources of high skin friction. Such disturbances also culminate in the dampening ef-

fects of these local skin friction peaks.

Impact on TE Wake & Determination of ’Optimal Roughness’: The study

revealed a phenomenon termed ’optimal roughness’ that varies according to rotor

operating RPMs, which the MGT stator would generate the highest loss. For the

Wren100 turbine operating at 120,000 RPM, this ’optimal roughness’ for the sta-

tor vane is approximated at 30 microns SG. However, at an RPM of 160,000, this

value diminishes to around 15 microns SG. The reduced ’optimal roughness’ at higher

RPMs indicates that there may exist an inverse relationship between RPM and op-

timal roughness. Thus, two heuristic formulae have been derived that encapsulate

observations related to the rate of boundary layer thinning as roughness escalates,

its relationship with Reynolds number, and the aforementioned ’optimal roughness’

(Equation 7.5 and 7.6).

7.6.2 MGT Rotor Blade

Separation Reduced and Delayed Onset: The increment in surface roughness

has been observed to mitigate flow separation, particularly on the suction side proxi-

mal to the rotor blade trailing edge under normal operating conditions (120,000RPM).

What stands out is on the near tip span, the increased surface roughness not only

leads to the maximum length and height reduction of the laminar separation bub-

ble, but also affects its onset location. For the two different operating conditions,

increased roughness could enhance wake and turbulent mixing in the separated shear

layer, which potentially decreases the influence of stator-rotor interaction.
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Flow Field Alterations with RPM: The broader flow field enveloping the rotor

blade exhibits sensitivity to surface roughness, exhibiting variances between normal

operational speeds (120,000RPM) and peak operational speeds (160,000RPM). At the

former speed and for roughness under 30 microns SG, secondary flow features, such

as the tip leakage vortex and corner vortex, demonstrate resilience against escalating

turbulence levels, culminating in persistent boundary layer formations and localised

skin friction peaks. At a heightened roughness of 60 microns SG, the predominant

turbulence from the primary flow appears to eclipse these secondary structures, yield-

ing a more homogeneous turbulence profile and swift boundary layer thinning. At

the peak RPM of 160,000, the elevated Reynolds number results in flow predomi-

nantly adhering to the blade surface. The nuanced effects of surface roughness on

boundary layer thinning become less discernible due to the inherently thin boundary

layer at such RPMs. This phenomenon also elucidates the consistent rotor stagnation

pressure loss coefficient across varied surface roughness levels at these conditions.

7.6.3 Final Remarks

In summary, the interplay of surface roughness with the aerodynamic performance

of gas turbine blades presents a complex paradigm, predominantly attributed to the

inherently three-dimensional nature of the flow and fluctuating operating conditions.

Particularly in MGTs that operate at relatively low Reynolds numbers, investigating

the potential impacts of different roughness magnitudes becomes pivotal. Such analy-

sis, grounded in rigorously validated CFD models, offers invaluable insights for turbine

design practitioners. An important revelation from the current study, especially per-

tinent for the Wren100 turbine stator, is the demarcation of an ”optimal” roughness

threshold (or optimum maintenance intervals). Under standard operational parame-

ters, roughness configurations at or below the original Sand Grain (SG) magnitude

need not warrant undue concern. Yet, should roughness exceed this optimal thresh-

old, the inherent low Reynolds number dictates a strategic increase in roughness to

instigate heightened turbulence, thereby mitigating prevailing secondary flow effects.

Contrarily, the MGT rotor blade exhibits amplified sensitivity to surface anomalies,

warranting recommendations from the authors to minimise roughness deviations.

Despite these insights, it is imperative to acknowledge the constraints posed by the

current investigative tools and commercial CFD platforms. Several nuances of the

MGT flow dynamics remain elusive. Future research endeavours could greatly benefit

from deploying advanced flow visualisation methodologies, such as Particle Image
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Velocimetry (PIV). Such techniques could shed light on intricate flow phenomena,

encompassing flow separations, vortex dynamics, and nuanced turbulence interactions

caused by different roughness scales.
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Chapter 8

Wren100 Turbine Redesign

8.1 Aerofoil Shape Redesign and ComparisonWith

Baseline Performance

Based on previous experimental and numerical studies of the Wren100 turbine stator

and rotor system, the base aerodynamic performance and potential sources of loss are

acquired. With all the information, a redesign was carried out with validated CFD

models to optimise the turbine thrust and efficiency, which is also the interest of the

company (Turbine Solutions Ltd.) that initially developed the micro engine. In the

context of micro gas turbine blade design optimisation, the process of implementing

design modifications was carried out manually. The main reason behind this approach

is the complex and unconventional geometries of the Wren100 turbine blades, which

make it challenging for automated optimisation algorithms to efficiently explore the

design space.

8.1.1 Wren100 Micro Turbine Base Performance

In this study, a verified CFD model (described in Chapter 5) was employed to conduct

iterative simulations to accurately determine the boundary conditions of the Wren100

turbine. As previously discussed, two reverse-engineered models were generated: the

discrete model and the parametric model. A comparison between the simulation and

experimental data in the earlier chapter demonstrated that the discrete model closely

resembled the actual turbine. However, the parametric model, while still predicting

results within the error range and following the same trend of thrust as RPM in-

creased, was deemed to be acceptable but slightly less accurate.
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Despite the superior performance of the discrete model, it posed a challenge in terms

of modification, making redesign based on this model problematic. Conversely, the

parametric model was constructed using a series of parameters, allowing for easier

manual adjustments. Given that the parametric model adequately represents the

performance of the Wren100 stator-rotor system, the redesign process was carried

out based on this model. This approach facilitated a more efficient and effective re-

design process, paving the way for improved understanding and optimisation of the

Wren100 turbine’s aerodynamic performance.

The final base performance iterated based on the jet engine test data and the para-

metric model with the 4-eq. transitional turbulence models are shown in Table 8.1.

T01 (K) P2 (bar) P02 (bar) ṁ (kg/s) F (N) RPM

1114.2 0.66 1.19 0.184 89.5 160,000
1015.8 0.73 1.13 0.177 68.1 150,000
913.4 0.70 0.98 0.149 48.2 140,000
829.2 0.74 0.90 0.136 35.4 130,000
807.3 0.80 0.87 0.117 24.3 120,000
754.9 0.82 0.84 0.102 17.1 110,000
718.1 0.82 0.81 0.090 13.2 100,000

Table 8.1: Wren100 Turbine Based Performance (Parametric Model)

As previously noted, the impact of COVID-19 and the temporary out-of-service sta-

tus of the Wren100 turbine limited its operational capacity to a maximum of 120,000

RPM during the first three years of this project. Although data at higher RPMs were

eventually obtained in the final year of the project, the turbine redesigns were pri-

marily conducted based on the flow conditions at 120,000 RPM. This constraint was

taken into account during the redesign process, ensuring that the parametric model

would still provide valuable insights and optimisations for the aerodynamic perfor-

mance under these specific flow conditions of the Wren100 turbine. It is also highly

likely the turbine with the redesigned components would have better performance at

higher RPMs.

The following subsections show some of the parameter changes that could potentially

achieve the redesign goals (increase efficiency and thrust) in this research project.

Initially, the simulations were conducted based on the validated 4-eq. transitional

turbulence model for rapid change of design parameters and lower computational
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resource requirements. When the optimised blade parameters were acquired, high-

fidelity LES simulations were carried out to better visualise how the flow field is

changed compared to the base performance.

8.2 Parametric Redesign Part 1: Stator Vane

8.2.1 Influence of Vanes Number Adjustments

As a preliminary investigation based on the transitional SST model, the rough impact

of the MGT stator vanes number on the stator stagnation pressure loss coefficient and

rotor efficiency were calculated and plotted in Figure 8.1.

Figure 8.1: Impact of MGT Stator Vanes Number (120,000RPM)

Initially, the stator vane count was reduced from the original configuration of 13 to

10, which yielded promising outcomes with a substantially reduced stagnation pres-

sure loss coefficient from 8.87% to 5.19%. Concurrently, the rotor remains the same

efficiency and the thrust exhibited an increment from 22.77N to 29.54N, indicating a
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potential enhancement in propulsion capabilities. However, further investigations by

reducing the vane count below 10 to 7 suggested an adverse trend, with rotor efficiency

declining rapidly, which emphasised the complexity of the stator rotor interaction and

the delicate balance requirements to optimise performance in both MGT components

simultaneously.

Based on the findings, a decision was made to fine-tune the stage performance by mod-

erating the change in vane count from 13 to 12. This intermediate stator redesign

configuration provides an opportunity to explore the potential performance enhance-

ment without triggering rapid changes in stator rotor interactions that reduce the

rotor efficiency. To evaluate the 12 vanes configuration, comprehensive aerodynamic

performance analyses were carried out based on high-fidelity LES WALE simulations.

Figure 8.2: Phase-Averaged Stator Mean Downstream Total Pressure (Original Vs.
Redesigned)

Figure 8.2 displays the phase-averaged spanwise total pressure results derived from

the LES simulations, which slight performance improvements could be observed from
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the modification of MGT stator vane count from 13 to 12. Primarily, the reduction in

vane count demonstrated a considerable decrease in wake depth, with values altering

from 126107 Pa for the original 13-vane configuration to 134358 Pa for the 12-vane

setup. As discussed earlier, the wake depth is a critical determinant of turbine per-

formance, and reducing one vane could potentially reduce the base pressure loss and

enhance the flow quality before entering the rotor domain. Additionally, an apparent

stabilisation in the spanwise total pressure distribution outside the wake region can

be observed for the reduced vane case. Higher total pressure stability downstream

of the stator vane is likely indicative of a less turbulent and more uniform flow field,

which could also lead to reductions in base pressure loss or trailing edge loss. Thus,

potential higher thrust could be achieved for a greater proportion of flow kinetic en-

ergy being effectively converted to useful work with lower aerodynamic loss.

For the profile loss and secondary loss, it is known reducing vane count invariably

increases the blade loading, which results in the profile loss reduction due to the

smaller surface area and unchanged blade shape. However, potential escalation of

secondary loss is also expected due to the larger passage area and augmented flow

complexity. In this case, the interplay between two losses was visualised based on the

entropy creation diagram.

According to the entropy plots, it was observed the instantaneous entropy creation

reduces for the 12-vane setup, which indicates the potential increase in secondary

losses has not been significant enough to offset the decrease in profile losses.

Overall, based on the comprehensive analyses, the redesigned 12-vane configuration

emerges as a favourable redesign point for the MGT stator for higher thrust.

8.2.2 Influence of Aspect Ratio (AR) Redesign

According to previous mean line prediction and comprehensive performance analysis

of the MGT stator vane, one particular observation is the presence of a high secondary

loss, which has significant implications for the overall efficiency of the MGT stage.

Previous studies have suggested the potential of optimising the secondary loss by

increasing the stator aspect ratio. Therefore, the MGT stator vane axial chord was

reduced by 10% of its original value, which effectively increased the aspect ratio by

around 11%.
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Figure 8.3: Instantaneous Stator Surface Entropy Generation Contour (Original Vs.
Redesigned)

P02 (bar) T02 (k) Thrust (N) η (%)
Yp,stator

(%)
Yp,rotor

(%)

Base 0.866 713.30 24.25 80.1 7.95 24.55
90% Axial-
Chord

0.900 721.646 27.14 79.1 8.80 23.30

Table 8.2: Wren100 MGT Redesigned Performance Comparison (Parametric Model)

From Table 8.2, preliminary evaluations based on the transitional SST model show

promising improvements in the performance of the MGT stage. The thrust was in-

creased from 24.25N to 27.14N and the rotor stagnation pressure loss coefficient was

reduced from 24.55% to 23.3%, suggesting an enhanced energy extraction from the

working fluid and improved aerodynamics. This could also mean that the secondary

flow structures introduced by the stator have a lesser adverse impact on the rotor

blade performance in the increased AR case To further investigate the influence of

the increased AR on the development of secondary flows, the wall shear vector plots

were compared as shown in Figure 8.4.

From the wall shear comparison diagrams, it was evident misalignment and more
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Figure 8.4: Instantaneous Wall Shear Vector On Vane Suction Side (Original Vs.
Redesigned)

pronounced swirl flow patterns close to the vane trailing edge for the original design,

which is also the high entropy creation region as analysed before in Figure 8.3. By

reducing the axial chord, the passage vortex, a common secondary flow structure,

becomes less intense. In addition, the overall wall shear vectors become slightly more

aligned with the primary flow direction for the majority of the vane surface.

Overall, despite the passage vortex is a significant secondary flow feature visible in

both designs, its intensity appears less pronounced in the increased AR case. The

reduced intensity of the passage vortex could lead to the observed reduction in down-

stream rotor losses, resulting in the observed efficiency improvements. While the

increased AR vane exhibits a marginally higher pressure loss coefficient (Yp) for the

stator, the benefits it offers in terms of rotor performance and overall thrust genera-

tion seem to outweigh this increase in loss. It could imply that the secondary flows

introduced by the stator in the increased AR case might be less detrimental to the

rotor performance.

An additional finding is the increased AR design could potentially enhance the flow
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laminar separation bubbles formed on the suction side near the leading edge, espe-

cially at location 2 on the mean span that slightly raises the regional flow velocity as

displayed in Figure 8.5.

Figure 8.5: Instantaneous Velocity Vectors at Monitored Location 1&2 (Original Vs.
Redesigned)

In conclusion, the increased aspect ratio design seems to mitigate some of the adverse

secondary flow effects for the MGT turbine stage, especially near the trailing edge,

leading to improved downstream rotor performance and increased thrust. This sug-

gests that while secondary flow effects are still present, their overall impact on the

MGT stage performance is reduced in the increased aspect ratio case.

8.2.3 Influence of Trailing Edge Thickness Redesign

According to the aerodynamic performance analysis of the MGT stator vane in Sec-

tion 6.2, it was known that most of the entropy generation is from the suction side

near the trailing edge and the downstream wake region. Thus, the second parametric

study was conducted by adjusting the vane trailing edge thickness. This study was

aimed at reducing the associated profile loss and trailing edge loss. Figure 8.6 displays

the change of profile loss and isentropic efficiency as the reduction of trailing edge

thickness.

According to the initial simulation results, it can be seen that the stator stagnation

pressure loss coefficient gradually decreases as the trailing edge becomes thinner. The

change of trailing edge thickness also has a positive effect on the rotor efficiency, which

the 90% reduction of trailing edge thickness would result in a 3.2% increment of rotor

efficiency compared to the base performance. However, due to the tiny sizes of the
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Figure 8.6: Trailing Edge Thickness Reduction of Wren100 Stator Vanes

MGT parts, achieving 10% of the original blade thickness is somewhat difficult with

the current manufacturing technique. Thus, the initial redesign recommendation is

half the trailing edge thickness of the stator (50%), which the detailed comparison

between the 50% trailing edge thickness case and the base design are shown in Table

8.3.

P02 (bar) T02 (k) Thrust (N) η (%)
Yp,stator

(%)
Yp,rotor

(%)

Base 0.866 713.30 24.25 80.1 7.95 24.55
50% TE 8.896 716.13 26.20 82.3 6.21 23.58

Table 8.3: Wren100 MGT Redesigned Performance Comparison for TE Thickness
Reduction (Parametric Model)

Based on the initial redesign recommendation, the LES simulations were carried out

to better visualise the flow behaviour changes within the MGT passages. According
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Figure 8.7: Phase-Averaged Stator Mean Downstream Total Pressure (Original Vs.
Redesigned)

to the phase-averaged stator downstream total pressure distributions comparison, an

immediate observation is the relocation of the wake for the 50% TE thickness moves

away from the trailing edge relative to the original vane shape. This displacement of

the wake can be attributed to a reduction in flow blockage due to the thinner trailing

edge, leading to a delay in the development of the downstream wakes. Furthermore,

the wake depth has increased from 126107Pa in the original design to 124665Pa in

the thinner 50% TE thickness design. This increased wake depth indicates a slightly

higher trailing edge loss, which is associated with increased mixing and turbulence

intensity due to the thinner trailing edge. However, the thinner TE design exhibits a

higher and slightly steadier base total pressure downstream of the stator outside the

wake region compared to the original configuration.
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Figure 8.8: MGT Stator Mean Downstream Entropy Generation (Original Vs. Re-
designed)

To better understand the influence of a 50% thinner TE on the performance of the

MGT stator vane, an evaluation of entropy contours at the vane mean span was

conducted based on LES data at varying phases within one rotor passage time. At

phase 0.25, relatively high entropy on the suction side for the thinner TE configuration

was thicker and displayed more chaotic behaviour than the original design. This

heightened entropy region, as revealed by the vorticity contours in Figure 8.9, was

primarily due to an increased flow separation occurring on the suction side near the

trailing edge in the thinner TE configuration. The 50% thinner TE induces a much

stronger mixing and interaction effect in the flow, leading to a more rapid conversion of

turbulence energy into thermal energy, thus increasing the regional entropy creation.

Figure 8.9: MGT Stator Mean Downstream 2D Vorticity (Original Vs. Redesigned)

For phase 0.25 to phase 0.75, the region of red heightened entropy rapidly dissipates
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downstream for the thinner TE design, as evidenced by the diminishing vorticity con-

tours. This is caused by the following two factors. Firstly, the thinner TE enhances

the mixing of the wake with the free stream flow, which leads to quicker dissipation

of the vortical structures and, thus, quicker reduction of the wake size and intensity.

Secondly, as shown in 8.9 (phase 1.0), the wake production for the thinner TE case

has different characteristics that convect and dissipates more quickly due to the inter-

action with the surrounding flow and downstream blades. By phase 1.0, the entropy

creation contours indicate the smaller region of extremely high entropy (red region) in

the thinner TE design. The more extensive areas of highlighted entropy downstream

of the trailing edge in the thinner TE design suggest a continuous dissipation process

of the initially formed high-entropy region.

Overall, despite the transient increase in entropy, the rapid dissipation and the smaller

extent of the high-entropy region at phase 1.0 suggest a more effective conversion of

kinetic energy to work within the rotor passage time for the thinner TE configuration.

This underpins the observed increase in thrust and rotor efficiency despite the broader

wake. As a result, the thinner TE design appears to be a promising configuration for

improving the performance of the MGT stator vane.
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8.3 Parametric Redesign Part 2: Rotor Blade

8.3.1 Influence of Tip Clearance Reduction

In the process of seeking potential improvements for the rotor blade, the role of tip

clearance in the single-stage MGT has been brought into scrutiny as analysed in Sec-

tion 6.3. Similar to the stator vane redesign, parametric studies were carried out

based on the validated RANS transitional SST model by considering a gradual re-

duction in tip clearance from 5% to 2% in increments of 0.5% as displayed in Figure

8.10.

From the initial RANS results, an intriguing trend was discovered. As the tip clear-

ance was reduced, the efficiency of the rotor blade increased steadily from 80.1% at

5% clearance to 84.2% at 2% clearance. However, this was accompanied by a decline

in thrust from 24.25N to 22.61N. Weighing the trade-offs between these two target

performance parameters, a compromise approach is always necessary for the design of

a gas turbine component [190]. While higher efficiency is a desirable goal, manufactur-

ing constraints and the objective of increased thrust necessitate a balanced approach.

Taking these considerations into account, a tip clearance of 2.5% was deemed to be

an appropriate balance between increased efficiency and manageable manufacturing

complexities while also providing acceptable thrust levels. Further LES simulations

were also conducted to capture the transient flow physics in detail and compare the

performance difference between the original and redesigned rotor blades with half the

tip gap.

To comprehensively assess the flow field changes around the rotor blade for the re-

duced tip gap case, it is apparent that the alteration of the rotor blade tip gap imparts

significant modifications to the flow characteristics, especially in the vicinity of the

tip. By examining the velocity contours at multiple spans in proximity to the blade

tip (6%, 8%, 16% and 18%) as shown in Figure 8.11 and 8.12, the reduction of the

tip gap was found to have a notable impact on the flow separation behaviour close

to the shroud. For the flow structures, there are distinct high-velocity streaks near

the blade tips for the original tip clearance case. These are indicative of massive sep-

aration bubbles and tip leakage flows. The swirling patterns and vortical structures

observed, especially towards the later phases, also indicate the presence of secondary

flows. From the data at different phases for the 6% and 8% tip, the flow separation
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Figure 8.10: Tip Clearance Reduction of Wren100 Rotor Blades

behaviour observed on the suction side in the original design (left) is significantly sup-

pressed in the case with the reduced tip gap (right). The high-speed flow (depicted in

red) for the reduced tip gap case exhibits a higher degree of attachment to the blade

suction side, which suggests improved flow quality with a more efficient aerodynamic

profile close to the rotor tip. In addition, the reduction of the tip gap does not affect

the onset of the separation bubble.

Overall, for the spans closer to the tip, the impact of tip clearance is more pro-

nounced. The reduction in high-velocity regions is evident when comparing these

diagrams, showcasing the efficiency gains achieved by the redesign.

When moving away from the shroud, the effects of tip leakage become less domi-

nant. Instead, the flow is more influenced by the blade camber and overall geometry.

At these spans, the velocity distributions appear more uniform, suggesting a well-
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Figure 8.11: Near-Tip Sectional Velocity Contour (6% & 8% Tip) (Original Vs. Re-
designed)

behaved flow with reduced secondary effects. For the 16% and 18% tip spans, it can

be seen the influence of the tip gap on the flow field is less pronounced. However,

even at these distances away from the shroud, differences between the original and

reduced tip gap designs persist. The velocity contours for the original tip gap design

show a broader area of flow separation and a thicker boundary layer on the suction

side near the trailing edge compared to the reduced tip gap case.

To sum up, reducing the tip gap exhibits considerable promise in enhancing the

overall aerodynamic efficiency of the rotor blade, principally through improved flow

attachment and suppression of leakage flows and laminar separation at critical regions

near the blade tip. However, the uniform velocity distribution, especially near the

blade tips, can result in a reduced pressure differential across the blade. This, in turn,

can explain the observed reduction in thrust.

8.3.2 Influence of Leading Edge Redesign

As suggested in Chapter 6, parametric studies were carried based on the RANS

simulations with a gradual reduction in blade leading edge thickness to 70% of its

original value at root and mean spans to reduce the unsteady LE vortex. The initial
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Figure 8.12: Near-Tip Sectional Velocity Contour (16% & 18% Tip) (Original Vs.
Redesigned)

calculation results based on the steady RANS transitional simulations were compared

in Table 8.4.

P02 (bar) T02 (k) Thrust (N) η (%)
Yp,stator

(%)
Yp,rotor

(%)

Base 0.866 713.30 24.25 80.1 7.95 24.55
90% LE 0.863 712.73 24.40 80.0 8.06 24.48
80% LE 0.860 712.09 24.56 80.0 8.08 24.60
70% LE 0.858 711.53 24.72 79.9 8.04 24.72

Table 8.4: Wren100 MGT Redesigned Performance Comparison (Parametric Model)

Upon studying the modifications to the MGT rotor blade leading edge root and mean

span thickness, it was observed that reductions result in a consistent, although slight,

decrease in exit total pressure and temperature. Interestingly, there is an improve-

ment in thrust with each decrement, hinting at enhanced flow alignment around the

leading edge. This might be because a sharper leading edge can better delay or reduce

the size of the leading edge vortex, translating to slightly higher thrust. However,

isentropic efficiency shows a different trend, with a minor decline when the thickness

is reduced aggressively. Additionally, both stator and rotor stagnation pressure loss

coefficients exhibit subtle increases with decreased leading edge thickness, implying
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potential secondary flow enhancements or altered boundary layer dynamics. It also

suggests that the leading edge modifications of the MGT rotor blade might have en-

hanced its aerodynamics while introducing challenges for the stator.

To further explore the unsteady flow phenomena, high-fidelity LES results were gen-

erated for the 70% LE case to compare with the base performance.

For the mean span of the MGT rotor blade, the vorticity contours at different phases

were compared between the original and redesigned profiles.

Figure 8.13: MGT Rotor Mean Vorticity For Different Phases (120,000RPM) (Origi-
nal Vs. Redesigned)

From Figure 8.13, similar formation and propagation of leading-edge vortex can be

observed for the redesigned rotor blade. At the onset, it is evident that the reduction
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in the LE thickness has an appreciable effect on the evolution and strength of the

leading edge vortex at the mean span. The findings underscore a somewhat atten-

uated vortex strength on the suction side for the rotor blade with diminished LE

thickness as compared to the original design. This attenuation in vortex strength is

indicative of a slightly more streamlined flow structure around the modified blade

profile, suggesting that the thinner leading edge is less prone to forming strong vorti-

cal structures. The reduced vortex strength can be attributed to a variety of reasons

including altered pressure gradients, reduced stagnation zones, or smoother boundary

layer transition regimes due to the redesigned leading edge profile.

However, a notable observation comes forth at phase 1.0. The modified design, with

the reduced LE thickness, exhibits increased flow separation on the suction side, es-

pecially proximate to the trailing edge. These phenomena might be a consequence of

the interaction between the altered leading edge vortex dynamics and the boundary

layer. A diminished leading edge vortex might be influencing the pressure distribution

on the suction side in such a way that it promotes adverse pressure gradients towards

the trailing edge, thus fostering flow separation. The resultant flow separation could

be directly linked to the subtle escalation in the stagnation pressure loss coefficient

for the rotor blade with reduced LE thickness. Flow separation, especially near the

trailing edge, can introduce additional turbulent structures into the wake of the blade,

leading to increased mixing losses. Consequently, these losses are captured as a rise

in the stagnation pressure loss coefficient listed in Table 8.4.

For the root span, the reduced LE thickness case reveals similar overall vorticity

contours as the original design. However, the reduced LE thickness case seems to

have greater flow separation on both the pressure and the suction side. Considering

the endwall and strong secondary flow effect near the hub plane, the velocity vector

diagrams for the leading edge redesigned blade are compared against the original case.

In the redesigned blade with reduced leading edge thickness of the root and mean

span, the first discovery is the velocity distribution appears to be smoother, especially

around the root region. Secondly, the redesigned blade seems to show a reduced mag-

nitude and concentration of high-velocity regions near the root span, particularly on

the suction side. This suggests a potential reduction in secondary flows near the root.

The flow appears more streamlined, especially close to the leading edge, which could

mean a reduction in the inception and strength of vortices. Thirdly, both the orig-

inal and redesigned diagrams display different flow behaviours near the leading and
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Figure 8.14: MGT Rotor Root Vorticity For Different Phases (120,000RPM)

trailing edges. While it is clear that the leading edge in the redesigned blade appears

to manage the incoming flow slightly more effectively (leading to reduced secondary

flows as discussed), the trailing edge in both designs still shows some complexities.

In Figure 8.16 and 8.17, the Q-Criterion plots provide a visual confirmation of these

observations. They show slightly more pronounced and concentrated vortex struc-

tures in the redesigned rotor, particularly near the leading edge of the redesigned case.

This indicates that while the leading edge redesign may enhance the initial handling

of the incoming flow, it also alters the vortex dynamics significantly. This change

could potentially improve the blade aerodynamic efficiency by reducing undesirable

vortex activity.

However, both the original and redesigned rotor blades display differing flow be-

haviours near the leading and trailing edges. While the redesigned blade appears

to manage the incoming flow slightly more effectively at the leading edge, reducing

secondary flows as initially hypothesised, the complexities observed at the trailing
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Figure 8.15: MGT Rotor Velocity Vectors (120,000RPM, Phase 1.0)

edge in both designs remain significant. These complexities, evident from the per-

sistent presence of intense vortices and turbulent flow patterns at the trailing edge,

underscore the need for higher fidelity data to thoroughly analyse these areas. The

Q-Criterion plots particularly highlight the dynamic and transient interactions at the

blade trailing edge, suggesting that any improvements at the leading edge might be

offset by aerodynamic challenges at the trailing edge. Such findings highlight the

delicate balance required in rotor blade design, where modifications to one section of

the blade can have unintended consequences on other sections.

In summary, the CFD analysis supplemented by the Q-Criterion visualisation reveals

that the redesigned blade with reduced leading edge thickness results in less pro-

nounced leading-edge vortices, potentially leading to decreased aerodynamic losses

and thus improved thrust. The redesigned blade also seems to offer improvements

in flow management, particularly in reducing secondary flows on the suction side

near the root span. However, while there are noticeable benefits in terms of thrust

augmentationfrom 24.25N to 24.72Nthe gains are not significant enough to justify
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Figure 8.16: MGT Rotor Mid Span Q-Criterion (120,000RPM, Phase 1.0)

Figure 8.17: MGT Rotor Domain Q-Criterion (120,000RPM, Phase 1.0)

the accompanying drop in isentropic efficiencyfrom 80.1% to 79.9%. Consequently,

given these findings, the decision was to discard this particular redesigned rotor blade.

This decision emphasises the critical need for a balanced approach in rotor blade de-

sign, aiming to enhance thrust while maintaining or improving overall aerodynamic

efficiency.
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8.4 Results and Discussion

8.4.1 Rebuilt Wren100 Stator & Rotor Display

In the pursuit of redesigning the aerodynamic performance of the Wren100 MGT, a

series of CFD parametric studies were undertaken to critically assess the MGT stator

and rotor configurations. Based on the insights drawn from these studies, a refined

design for the MGT stator and rotor was proposed and subsequently realised using

the advanced SLM280 metal 3D printing technique, as elaborated in Chapter 3.2.3.

The modifications for the redesigned MGT stator vane encompassed:

• A reduction by one vane, thereby potentially influencing the flow characteristics

through the stator;

• A 50% decrement in the trailing edge thickness, aiming to enhance the flow exit

and minimise potential aerodynamic losses;

• A 10% reduction in the axial chord, effectively elevating the aspect ratio (AR),

potentially influencing the secondary flows of the MGT vanes.

Figure 8.18: Manufactured Redesigned Wren100 Stator Vanes

For the MGT rotor blade, the design alterations were:

• Halving the tip clearance, which could potentially influence the tip leakage flow

and the associated aerodynamic losses;
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• Implementing linear stagger angles, potentially ensuring a more consistent flow

path and reducing complexities associated with varying stagger.

Figure 8.19: Manufactured Redesigned Wren100 Stator Vanes

The resultant manufactured components are illustrated in Figures 8.18 and 8.19.

While the original intent was to incorporate these redesigned components into the

MGT engine for additional experimental validations, unforeseen technical constraints

precluded the realisation of this plan. Nonetheless, it is anticipated that these com-

ponents offer a fertile ground for future aerodynamic investigations. It remains a

promising avenue for subsequent researchers to harness these components in their

studies to further unravel the nuances of MGT aerodynamics.

8.4.2 Potential Problems for the Redesigned Components

8.4.2.1 Increased Mass Flow Rate

During the simulation process, it was noticed that the redesigned MGT components

would result in an increase in mass flow rate. Based on the CFD data, the changes

in mass flow rate for different parametric redesigns are listed in Table 8.5.
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Mass Flow Rate (kg/s) Changes

Original 0.117
Stator Reduce One Vane 0.121 +3.42%
Stator 50% TE Thickness 0.122 +4.27%
Rotor 50% Tip Clearance 0.116 -0.85%
Rotor Linear Stagger 0.119 +1.71%

Table 8.5: Potential Changes in Mass Flow Rate With the Redesigned MGT Com-
ponents

Several existing studies have investigated how the increased mass flow rate would

influence the gas turbine performance. In 2022, Kamranpey numerically studied the

impact of increased mass flow rate and different compressor pressure ratios. It was

found that the increase of mass flow rate would lead to the rise of the cycle net work,

which could potentially improve the overall performance of the turbine [191]. Despite

potential aerodynamic performance gains, the increased mass flow rate observed in

the redesigned Wren100 stator vane and rotor blade configurations could potentially

cause some problems based on engineering turbine design principles, which are listed

as follows.

• Thermal overload and Higher Mechanical Stress: A higher mass flow rate

can result in increased heat input to the turbine, especially for the combustion-

driven Wren100 MGT. This can lead to excessive temperatures in certain com-

ponents, potentially exceeding their material limits and reducing their lifespan.

• Alteration in Operating Points: An increased mass flow rate can shift

the operating point of the turbine on its performance map. This can lead to

conditions that the turbine was not originally designed for, potentially affecting

its performance and reliability.

• Operational Challenges: Control systems of the Wren100 MGT might need

recalibration or redesign to cope with the altered flow characteristics, especially

if the increase in mass flow rate was not initially accounted for in the design

phase.

Thus, while these redesign points have led to higher efficiency and thrust, for future

researchers to experimentally test the redesigned components, it is crucial to consider

these potential mass flow problems to ensure the overall structural integrity and

durability of the MGT.
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8.4.2.2 Aerodynamic Flow Matching Problem Between MGT Stator and
Rotor

In the domain of turbomachinery design and operation, the aerodynamic interaction

between stator and rotor components is paramount, especially when applying design

modifications to the entire MGT stage. For future researchers aspiring to utilise

the redesigned MGT stator and rotor components, careful consideration of aerody-

namic flow matching is essential to ensure optimal performance and reliability. The

key considerations based on existing studies in the field of gas turbine redesign are

summarised as follows.

• Stage Loading & Velocity Triangles: Although the MGT stator vane exit

angles remain unchanged, ensuring a matched velocity triangle at the stator

exit and rotor inlet is still crucial for future experimental or numerical studies.

This involves confirming that the absolute, relative, and whirl velocities are in

harmony to prevent off-design conditions and maintain the intended operational

performance.

• Pressure Distribution: When applying design changes to both stator and ro-

tor, a consistent pressure gradient could ensure a reduced potential for boundary

layer separation.

• Wake Interactions: As discussed earlier, the wake generated by the stator

vanes directly impacts the rotor blades. With the stator vane modifications,

the wake characteristics might have been altered. A proper understanding and

management of this wake are essential to mitigate rotor performance penalties,

such as increased aerodynamic loss.

In conclusion, while the redesigned MGT stator and rotor components offer promis-

ing prospects, meticulous attention to aerodynamic flow matching is indispensable.

Future research endeavours should incorporate comprehensive numerical and exper-

imental studies, ensuring that the redesigned components, when integrated, operate

cohesively and efficiently. Such an approach will ensure that the full potential of the

redesigned components is realised while maintaining system reliability and longevity.

8.5 Summary

In this chapter, a thorough analysis of the effect of the process and results associated

with the redesigned Wren100 MGT stator and rotor components has been presented
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based on the performance evaluated in Chapter 6. The investigation was conducted

for the Wren100 MGT stator and rotor with chord length under 10mm and under

the normal operating conditions of 120,000RPM. These modifications were conceptu-

alised based on the validated RANS and LES data acquired from parametric studies.

The utilisation of the SLM280 metal 3D printer ensured precision in the replication

of the design modifications. However, it is imperative to mention that the planned

replacement of the redesigned components in the Wren100 MGT engine for empirical

tests could not achieved due to the project time limits and technical contingencies.

8.5.1 Redesign Highlights

The observed trends of the parametric studies for the MGT stator and rotor are sum-

marised as follows.

1. MGT Stator Vane

• Base Pressure Loss Reduction (Number of Vanes): In the course of re-

fining the MGT stator vane, particularly in terms of vane count and trailing

edge thickness, a noticeable influence on the base pressure at the trailing edge

was observed. By moderately reducing one stator vane, a decline in base pres-

sure loss was achieved, leading to enhanced flow stabilisation beyond the wake

region. While a reduction in trailing edge thickness did result in marginally el-

evated trailing edge losses, the redesigned MGT stator vane showcased a more

consistent and elevated base pressure distribution.

• Wake Mixing Enhancement (Trailing Edge Thickness): The parametric

investigations into the reduced trailing edge thickness revealed improved wake

mixing characteristics. While initially, the thinner trailing edge caused a tempo-

rary increase in entropy compared to the original blade design, this high-entropy

condition was quickly dissipated. As a result, the thinner trailing edge led to

an overall increase in thrust, confirming the benefits of this design change.

• Enhanced Flow Acceleration & Separation (Aspect Ratio): Increasing

the aspect ratio of the MGT stator vane was observed to potentially amplify flow

acceleration and separation, predominantly on the suction side proximate to the

leading edge. Notably, while the elevated aspect ratio appeared to influence the
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peak dimensions of the separation bubble, its onset point was found to remain

unaffected.

2. MGT Rotor Blade

• Optimised Tip Behaviour (Tip Clearance): The strategic reduction of the

MGT rotor tip clearance brought about a marked improvement in the aerody-

namic behaviour near the blade tip. Specifically, there was a noticeable decline

in the flow separation tendencies within this region. Such flow alterations can

significantly influence blade performance. In this instance, by mitigating these

separation bubbles, the rotor blade showcased an enhanced isentropic efficiency,

which is paramount for higher turbine performance and achieving better energy

conversion rates.

• Root Secondary Effects Mitigation (Leading Edge Redesign): A sig-

nificant reduction of 30% in the leading edge thickness of the MGT rotor blade,

both at the root and mean span, notably decreased the pronounced secondary

effects previously observed near the root span. Intriguingly, despite this de-

crease in secondary losses, the overall aerodynamic performance of the rotor

blade remained largely unaffected. This suggests a potential compensatory in-

crease in other forms of losses, like profile and trailing edge losses, effectively

neutralising the advantages gained from the reduced secondary effects. The

interplay between these various losses underscores the intricate balance needed

in future rotor blade redesign.

In conclusion, the redesign journey of the MGT stator and rotor offered invaluable

insights into the complexities and nuances of turbomachinery performance optimisa-

tion. While some design changes did not yield the desired outcomes, they paved the

way for future iterative refinements
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Chapter 9

Conclusions and Recommendations

9.1 Introduction

This study delved into an in-depth analysis of single-stage micro gas turbines (MGT),

with a focus on the Wren44 and Wren100 engines provided by Turbine Solutions Ltd.

Due to the extremely small sizes of the MGT blades (chord less than 10mm), two

reverse-engineering (RE) methods were developed and assessed using detailed CFD

models. The research used the Wren100 jet engine test unit and a wind tunnel setup

for experiments. As mentioned in Chapter 1, while MGTs have a range of uses, they

have not been as extensively researched as larger-scale gas turbines. These small

turbines often face challenges that lower their efficiency and require more thrust.

Given the limited existing research on this topic, the following key findings emerged

from this study.

• Two unique reverse-engineering (RE) strategies based on laser-scanning and

novel iterative CFD techniques have been developed and compared. The direct

scan approach was found to be unsuitable for MGT components due to its

lack of fidelity. It was found both RE strategies have unique strengths and

limitations. The discrete (”what the part really is”) is better for high-quality

aerodynamics analysis, while the parametric (”what the part could be”) could

capture the blade overall performance with a few parameters, suitable for rapid

design modifications with numerical tools.

• The complete MGT gas path was simulated employing the renowned CFX soft-

ware suite, utilising both RANS and LES modelling techniques. Ensuring fi-

delity, the CFD models underwent rigorous verification and validation against

empirical data from jet engine tests and wind tunnel cascade experiments. The

baseline performance of the MGT, analysed using these RANS and LES models
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at various RPMs, is presented in Figure 5.23 and Table 8.1 with an error margin

of ±4.45% from the thrust sensor specifications.

• By applying the transient LES WALE model, a detailed aerodynamic perfor-

mance analysis was conducted for the Wren100 MGT under standard opera-

tional conditions (120,000RPM). It was discovered for both the MGT stator

vane and rotor blade, and the secondary losses are the biggest issue. Insights

gleaned from this analysis informed actionable redesign recommendations.

• Based on the parametric studies conducted, various modifications were sug-

gested for the MGT stator vane and rotor blade, leading to the manufacturing

of redesigned components. For the Wren100 stator, it was determined that

reducing the number of vanes, halving the trailing edge (TE) thickness, and in-

creasing the aspect ratio (AR) by 11% could significantly enhance performance.

These changes boosted the thrust from 24.25N to 29.95N, with an increase in

rotor isentropic efficiency from 80.1% to 81.1%. Additionally, for the MGT rotor

paired with the redesigned stator, halving the tip clearance was found to poten-

tially further elevate the isentropic efficiency to 83.4%, while still maintaining

the improved thrust levels.

• Investigations into different levels of surface roughness and their effects were

conducted through wind tunnel cascade experiments and LES WALE model

simulations, focusing on the Wren100 MGT performance from normal to peak

operational conditions. These studies led to recommendations for optimal sur-

face roughness maintenance. For the Wren100 stator, under two different oper-

ational scenarios, it was observed that surface roughness could eliminate lam-

inar separation bubbles near the leading edge on the suction side, potentially

delaying the onset of flow transition. This roughness could also enhance the

turbulence intensity in the main flow, mitigating the effects of secondary losses.

For the MGT rotor blade tip, increased surface roughness was found to not only

reduce the size of the separation bubble but also delay its onset. Additionally,

the heightened turbulence intensity resulting from increased roughness could

further diminish secondary effects such as tip leakage flows and corner vortices.

These objectives, detailed in earlier chapters, underscore the achievements of this

study. This concluding chapter aims to summarise the findings and offer directions

for future research in this area.
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9.2 Conclusions from Reverse-Engineering Strate-

gies

The thesis detailed the reverse-engineering (RE) techniques applied to the Wren44

stator and Wren100 single-stage MGT. During the RE of the Wren44 stator, it was

observed that the direct scanning method fell short of capturing the intricate de-

tails of the MGT components. As a result, for the Wren100 stator and rotor, the

research shifted towards utilising silicone rubber moulds and EP resin tooling in the

RE process. Surface roughness tests revealed a negligible difference, with the maxi-

mum roughness variance between the EP resin models and the original turbine parts

being approximately 2.79µm.

Two distinct RE approaches were adopted to construct the 3D geometrical representa-

tion of the MGT stator and rotor. These models underwent performance assessments

using a validated CFD solver. To establish initial conditions for iterative CFD simu-

lations and to corroborate the findings, experimental evaluations were conducted at

varied rotational speeds, ranging from 100kRPM to 140kRPM.

In the comparative assessment, it was found that simulations rooted in both RE

methods provided reliable predictions of engine performance. However, when con-

trasting the simulation outcomes derived from the two RE models with experimental

data, the discrete model displayed a slight advantage over the parametric model. This

difference can be understood by realising that solely depending on a limited number

of parameters for the RE of MGT blades might omit various blade attributes.

In conclusion, the study suggests a two-pronged approach. If there is only limited

blade information available for RE of MGTs or if redesigns are on the horizon, the

emphasis should be on ”what the part could be” (Parametric Model). Conversely, for

a detailed and precise representation, the focus should shift to ”what the part really

is” (Discrete Model), encompassing all blade attributes in the RE models. Adopting

the latter approach implies leveraging the mould and resin method, which, while

ensuring accuracy, might add to the duration and cost of the reverse-engineering

endeavour.
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9.3 Impact of Surface Roughness on MGT Blades

In this thesis, the intricate interactions between surface roughness and the aerody-

namic performance of the MGT stator and rotor have been extensively investigated

based on numerical and experimental methods in this study. Based on the compre-

hensive analysis, the following conclusions can be drawn.

• Based on the validated CFD models, the boundary layer thickness at various

locations and the average roughness Reynolds number for the Wren100 MGT

stator and rotor under normal and peak operating conditions were measured

and calculated.

• The flow fields around the Wren100 stator vane and rotor blade are inherently

3D. Thus, the influence of the same roughness height can vary across different

spatial regions of the blade, leading to diverse local effects even if the global

performance metrics appear similar.

• For the Wren100 MGT stator vane, roughness up to the original Sand Grain

(SG) magnitude does not pose significant aerodynamic concerns under stan-

dard operational conditions. Beyond this threshold, due to the prevalent low

Reynolds number environment, there is a nuanced interplay where strategically

increasing roughness can be leveraged to foster increased turbulence, which may

help in offsetting the pronounced secondary flow effects.

• The rotor blade of the MGT demonstrates heightened sensitivity to surface

irregularities. Hence, maintaining minimal roughness is paramount to safeguard

its aerodynamic efficiency. This is especially critical given the blade intricate

flow dynamics, where even slight roughness variations can markedly alter the

flow behaviour, including laminar-to-turbulent transition and wake dynamics.

• The MGT response to roughness is also influenced by its operational RPM. At

peak RPMs, such as 160,000 RPM, the system exhibits an increased sensitivity

to roughness changes. This can be attributed to the higher Reynolds numbers,

leading to a thinner boundary layer and hence, a more pronounced reaction to

surface roughness.

• The stator wake behaviour significantly impacts the downstream rotor. At

increased RPMs, the wake dissipating from the stator and propagating towards
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the rotor diminishes, leading to a more uniform flow incidence onto the rotor.

This modulation in wake behaviour, along with roughness variations, jointly

affects the rotor aerodynamic performance.

In light of these findings, it is clear that while surface roughness is a seemingly minute

detail, its implications on the aerodynamic performance of MGTs are profound. Care-

ful consideration of roughness levels, in conjunction with other operational parame-

ters, is pivotal in optimising turbine efficiency and longevity.

9.4 Experimental & CFD Analysis of the MGT

Turbine Aerodynamics and Parametric Redesign

The analysis undertaken in this thesis encompassed both experimental and compu-

tational methodologies to assess the aerodynamic performance of the Wren100 MGT

stator and rotor components, subsequently guiding the potential redesign suggestions

and parametric studies.

• Utilising validated CFD models, a profound understanding of flow characteris-

tics within the MGT blade passages was achieved. By leveraging both RANS

and LES models, the research provided intricate flow data. In particular, the

LES WALE model was instrumental in the transient analysis of the Wren100

MGT aerodynamic performance under various operating conditions.

• Initial findings highlighted several areas of inefficiencies in the original turbine

design. Aspects such as stator vane count, trailing edge thickness, aspect ratio

(AR), rotor tip clearance, and leading-edge thickness were identified as focal

points that could benefit from potential modifications.

• Based on the acquired aerodynamic data, a series of redesign suggestions were

proposed. The objective of these modifications was to enhance specific perfor-

mance parameters of the turbine. Adjustments to the stator vane count and

rotor tip clearance emerged as promising solutions to improve wake mixing, flow

acceleration, and separation behaviour. Similarly, considerations regarding the

leading edge thickness at the blade root and mean span were deemed pivotal in

tackling issues related to secondary aerodynamic effects.

• The combination of the CFD simulation results with experimental data under-

scored the reliability of the former. The detailed representation in simulations,
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utilising the parametric, proved invaluable in the field of MGT redesign. The

new version of the Wren100 stator and rotor were also manufactured for future

studies.

In conclusion, this in-depth exploration of MGT stator and rotor aerodynamics has

not only deepened the comprehension but also provided actionable redesign recom-

mendations. These insights represent a significant stride forward in improving turbine

performance and present a solid foundation for future advancements in this domain.

9.5 Recommendations for Future Research

The conducted research in this study has delved deeply into the intricate flow dynam-

ics within the MGT blade passages, revealing the challenges inherent in enhancing

engine aerodynamic thrust and thermal efficiency. As stated in Chapter 1, MGTs,

when compared with larger turbines, are characterised by their low Reynolds num-

bers, distinct aspect ratios, high RPMs, and notable tip gaps. Additionally, a void

exists in the literature pertaining to the influence of surface roughness on MGTs, espe-

cially those with an extremely small chord length of approximately 10mm. While this

dissertation has made strides in addressing these issues, certain constraints, including

the impacts of the COVID pandemic and engine unavailability, have underscored the

necessity for further research. Numerous avenues remain unexplored, emphasising

the need for a continued deep dive into MGT component aerodynamics.

9.5.1 MGT Whole Stage Modelling and Analysis

• While this study has successfully compared novel strategies for reverse-engineering

MGT components in Chapter 4 and 5, there is an avenue to refine these tech-

niques. Advanced imaging and scanning technologies could provide more precise

geometrical recreations and thus a more accurate starting point for aerodynamic

analysis and redesign.

• The simulations carried out in this thesis use RANS 4-equations transitional

SST and LES WALE models. However, more advanced turbulence models and

transient simulations could be adopted to capture intricate flow features more

accurately. This can provide a deeper understanding of the aerodynamics and

further refine design alterations.
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• The interaction between the stator wake and downstream rotor, especially under

varying roughness and RPM scenarios, warrants a more exhaustive study. It

would be beneficial to develop new numerical models that capture this interplay

with higher fidelity, ensuring a deeper understanding of the MGT aerodynamics.

• In Chapter 8, the parametric redesign efforts based on potential bottlenecks

primarily concentrated on a series of fundamental blade attributes. To further

enhance performance, exploration into advanced blade optimisation methods,

including blade lean and tip gap sealant, is recommended.

9.5.2 Experimental Methods

• For the current wind tunnel tests, fully controlled experimental environments

could not be achieved due to the project time and equipment limitations. Thus,

it is suggested to rebuild a bigger and more robust blade cascade lifting mech-

anism with additional sensors for better data quality.

• To dive deeper into the complex flow structures and turbulence dynamics, espe-

cially in regions of surface roughness, more advanced experimental techniques

like Particle Image Velocimetry (PIV) should be employed. This can provide a

granular insight into flow separations, vortical structures, and turbulence inter-

actions across varied roughness spectra.

• For the redesigned Wren100 stator and rotor, the new components were man-

ufactured and ready to be tested at the Propulsion lab of the University of

Sheffield. However, due to technical problems with the engine emission rig,

these experiments could not be conducted. It is thus recommended that such

tests are conducted to create a reference database for the numerical model val-

idation.
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Appendix A

CFD Model Reviews

A.1 Mathematical Equations

The Navier-Stokes equations, a set of nonlinear, second-order partial differential equa-

tions, provide the core mathematical framework for addressing various fluid dynam-

ics problems. These equations can assume different forms depending on the specific

problem being investigated. The conservation form of the Navier-Stokes equations,

as shown in Equations A.1, A.2, and A.3, assumes a Newtonian fluid, with both

momentum and energy conserved [100, 102].

∂ρ

∂t
+

∂(ρui)

∂xi

= 0 (A.1)

∂(ρui)

∂t
+

∂[ρuiuj]

∂xj

= − ∂p

∂xi

+
∂τij
∂xj

+ ρfi (A.2)

∂(ρe)

∂t
+ (ρe+ p)

∂ui

∂xi

=
∂(τijuj)

∂xi

+ ρfiui +
∂(q̇i)

∂xi

+ r (A.3)

A.1.1 RANS Turbulence Models

The Reynolds-Averaged Navier-Stokes (RANS) equations resemble the Navier-Stokes

equations in form, with the primary distinction being the use of mean velocities in

the RANS equations, as demonstrated in Equation A.4 and A.5 [100].

∂ρ

∂t
+

∂Ui

∂xi

= 0 (A.4)

ρ(
∂Ui

∂t
+ Uj

∂Ui

∂xj

) = −∂P

∂xi

+
∂

∂xj

(µ
∂Ui

∂xj

− ρui′uj′) + ρFi (A.5)
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As evident from Equations A.4 and A.5, the non-linearity of the ∂
∂xj

operation results

in the creation of new unknown terms on the right-hand side of Equation A.5 when

they are derived (the closure problem) [110]. In these equations, µ∂Ui

∂xj
represents the

laminar stress, while ρui′uj′ corresponds to the turbulent stress, which accounts for

the production of fluctuating velocities.

Consequently, the RANS equations cannot be directly resolved and necessitate the

development of empirical turbulence models to approximate the additional unknown

variables [105]. Several standard turbulence models can be applied within the scope

of this research project, including the k −  model, the k − ω model, and the Shear

Stress Transport (SST) model, among others.

A.1.1.1 k −  Turbulence Model

The transport equations for k and  are displayed in Equations A.6 and A.7, with the

modelled constants listed in Table A.1.

Dk

Dt
= −ui′uj′

∂Ui

∂xj

− +
∂

∂xj

[(υ +
υt
σk

)
∂k

∂xj

] (A.6)

Dk

Dt
= −ui′uj′

∂Ui

∂xj

c1 − c2
2

k
+

∂

∂xj

[(υ +
υt
σ

)
∂

∂xj

] (A.7)

Table A.1: Model Constants k − 
Cµ C1 C2 σk σ

0.09 1.44 1.92 1.0 1.3

The model constants in Table A.1 are based on empirical approaches and have been

progressively refined over time to enhance the accuracy of CFD predictions. In 1994,

Menter posits that even minor alterations to these constants can significantly influence

the model outcomes, necessitating extensive testing and comparisons between well-

documented research flows and turbulence models. Additional studies have further

emphasised the importance of selecting appropriate constants for specific applications,

such as in the context of gas turbine blade simulations [114].
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A.1.1.2 k − ω Turbulence Model

The k − ω turbulence model, as modified by Wilcox in 1988, can be expressed by

Equations A.8 and A.9.

Dk

Dt
= Pk − β∗ωk +

∂

∂xj

[(υ + σk
k

ω
)
∂k

∂xj

] (A.8)

Dω

Dt
=

γω

k
Pk − β∗ω2 +

∂

∂xj

[(υ + σω
k

ω
)
∂ω

∂xj

] (A.9)

The turbulent eddy viscosity (υt) can be calculated using the relation υt = k/ω, which

implies that ω is associated with the turbulent timescale. The model constants are

presented in Table A.2.

Table A.2: Model Constants k − ω
σk σω β∗ β γ
0.5 0.5 0.09 3/40 5/9

A.1.1.3 Transitional SST (γ −Reθ,t) Turbulence Model (4 Equations)

The transport equations for k (turbulence kinetic energy) and ω (dissipation rate) in

the four-equation transitional SST (γ−Reθ,t) turbulence model are similar to those in

the k − ω turbulence model. However, additional terms, such as the production (Pk)

and dissipation (Dk) of kinetic energy and the blending function (F1), are incorporated

into the transitional model as described in Equations A.10 and A.11.

∂(ρk)

∂t
+∇ · (ρUk) = ∇ · ((µ+

µt

σk

)∇k) + Pk −Dk (A.10)

∂(ρw)

∂t
+∇·(ρUw) = ∇·((µ+ µt

σk

)∇w)+
γ

νt
Pk−βρω2+2(1−F1)

ρσω2

ω
∇k : ∇w (A.11)

As shown in Equation A.10, the production of turbulent energy (Pk) is multiplied by

the turbulence intermittency (γ), which indicated the flow state locally. Thus, the

intermittency factor (γ) decides whether the term Pk exists or not, meaning if the

turbulence fluctuation always present, the γ is equal to one. The intermittency factor

(γ) is equal to zero when the flow is completely laminar. Physically, knowing the

value of γ means the information of the time percentage of the turbulence fluctuations

exists locally in the flow boundary layer. The dissipation term (Dk) also depends on
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the intermittency factor (γ), which Dk would be replaced by 0.1Dk if the boundary

layer is laminar. Thus, the third equation of this transition model is the transport

equation for γ shown in Equation A.12, where the Pγ and Dγ are the production and

dissipation terms.

∂(ργ)

∂t
+∇ · (ρUγ) = ∇ · ((µ+

µt

σγ

)∇γ) + Pγ −Dγ (A.12)

For the blending function (F1) in Equation A.11, it controls whether the k−  or the

k − ω turbulence model is used, which F1 would either be unit (near-wall) or zero

(free-stream). Previous research have shown that the k −  turbulence model cannot

predict the near-wall regions accurately as described in the last subsection. Therefore,

it would be better for the CFD user to avoid the turbulence model being switched

from k − ω to k − . Finally, the fourth equation of the γ − Reθ,t turbulence model

is shown as Equation A.13, which is the transport equation for a newly introduced

variable Reθ,t.

∂(ρReθ,t)

∂t
+∇ · (ρUReθ,t) = ∇ · [(µ+

µt

σθ,t

)∇Reθ,t] + Pθ,t (A.13)

Where the Reθ,t is a distance variable from the leading edge to the point that flow

transition occurs, which empirical relationships can only calculate its local values.

There are many shreds of evidence to suggest that the γ − Reθ,t turbulence model

gives superior predictions for engineer applications that involve transitional flow.

A.1.2 LES Models

From the textbook definition, the governing equations for LES simulations are de-

rived from the filtered NS equations, where the filtering operation separates the flow

field into resolved large-scale (U(x, t)) and unresolved small-scale (u′(x, t)) eddies.

According to Leonard in 1974, the general filtering operation is shown in Equation

A.14 and A.15 [121].

U(x, t) =


G(r, x)U(x− r, t)dr (A.14)


G(r, x)dr = 1 (A.15)
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The closure is normally achieved by applying eddy viscosity models. To calculate the

eddy viscosity related to the unresolved small-scale turbulence in the flow, subgrid-

scale (SGS) models are commonly applied, and the governing equations for the typical

models are illustrated as follows.

A.1.2.1 The Smagorinsky Model

The Samagorinsky model was proposed by Samagorinsky in 1963, which is the most

basic LES subgrid scale (SGS) model to close the equations for the filtered velocity.

The model can be treated as two components, which are the SGS stress tensor and

the eddy viscosity model by analogy to the mixing length hypothesis as shown in

Equation A.16 and A.17 [105].

τ = −2νrSi,j (A.16)

νr = l2sS = (Cs∆)2S (A.17)

Where τ is the SGS stress tensor, νr is the eddy viscosity of the residual motion, S is

the resolved characteristic filtered rate of strain, ls is the Samgorinsky length scale, ∆

is the filter width (computational grid size), and Cs is the model constant (normally

around 0.1-0.2) [105].

A.1.2.2 The Wall-Adapting Local Eddy-viscosity (WALE) Model

The Wall-Adapting Local Eddy-viscosity (WALE) model is also an SGS model com-

monly used in Large Eddy Simulation (LES) for simulating turbulent flows near walls.

Compared to the Smagorinsky model, a more complex equation to calculate the SGS

eddy viscosity is used by the WALE model as shown in Equation A.18 [122].

νt = (Cw∆)2
OP1

OP2

= (Cw∆)2 ·ϖ (A.18)

Where Cw is the WALE model constant, OP is the spatial operator. The WALE

model incorporates both the shear stress and the rotation tensor, with the underlying

operators derived from the square of the velocity gradient tensor. These operators

are defined in Equations A.19 and A.20 [122].

ϖ =
(gdi,jg

d
i,j)

3/2

(Si,jSi,j)5/2 + (gdi,jg
d
i,j)

5/4
(A.19)

262



gdi,j = Si,kSk,j + Ωi,kSk,j −
1

3
δi,j(S

2 − Ω2) (A.20)
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Appendix B

Wren100 MGT Data &
Interpolation

B.1 Roughness Data

The measured roughness data for the Wren100 MGT original and rebuilt stator-rotor

system are shown in the following tables.

Samples Ra (µm) Rz (µm)

Vane 1 2.236 14.471
Vane 2 2.153 12.474
Vane 3 2.395 12.888
Vane 4 2.170 12.179
Vane 5 2.140 11.919
Vane 6 2.480 14.515
Vane 7 1.755 11.456
Vane 8 2.491 14.350
Vane 9 2.773 16.898
Vane 10 3.274 19.631
Vane 11 3.218 18.762
Vane 12 2.510 17.329
Vane 13 2.538 14.512

Average 2.472 14.722

Table B.1: Original Stator Vane Roughness Measurements
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Samples Ra (µm) Rz (µm)

Vane 1 1.191 10.940
Vane 2 1.788 11.603
Vane 3 2.619 15.858
Vane 4 2.126 10.441
Vane 5 1.918 11.200
Vane 6 1.926 10.749
Vane 7 2.371 14.090
Vane 8 1.888 11.733
Vane 9 2.137 12.188
Vane 10 2.473 14.047
Vane 11 1.939 10.843
Vane 12 1.740 9.316
Vane 13 1.951 12.107

Average 2.005 11.932

Table B.2: Rebuilt EP Resin Stator Vane Roughness Measurements

Samples Ra (µm) Rz (µm)

Blade 1 2.272 12.735
Blade 2 2.879 16.432
Blade 3 2.569 15.525
Blade 4 3.119 16.629
Blade 5 2.441 13.197
Blade 6 2.137 12.192
Blade 7 2.754 18.447
Blade 8 3.072 18.312
Blade 9 2.775 16.986
Blade 10 2.736 15.580
Blade 11 2.521 14.155
Blade 12 2.509 13.734
Blade 13 2.592 15.620
Blade 14 2.571 16.655
Blade 15 2.443 15.390
Blade 16 2.862 15.881
Blade 17 2.455 14.936
Blade 18 2.115 10.915
Blade 19 2.781 15.325
Blade 20 2.809 16.734
Blade 21 2.313 13.725

Average 2.606 15.195

Table B.3: Original Rotor Blade Roughness Measurements
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Samples Ra (µm) Rz (µm)

Blade 1 1.783 10.525
Blade 2 1.854 10.312
Blade 3 2.591 15.345
Blade 4 2.756 16.325
Blade 5 2.486 15.380
Blade 6 1.943 12.184
Blade 7 3.067 20.933
Blade 8 3.411 21.082
Blade 9 2.159 14.091
Blade 10 2.951 17.867
Blade 11 2.116 13.160
Blade 12 2.813 14.903
Blade 13 2.353 13.671
Blade 14 2.123 12.127
Blade 15 1.829 12.036
Blade 16 2.695 16.895
Blade 17 1.948 14.031
Blade 18 2.868 20.345
Blade 19 2.163 14.216
Blade 20 2.665 16.487
Blade 21 2.512 16.744

Average 2.433 15.174

Table B.4: Rebuilt EP Resin Rotor Blade Roughness Measurements

B.2 Higher RPMs Iterpolation Code

The data interpolation tool that utilised simple Python codes is illustrated as follows.

Python Codes:

import numpy as np

# Lower RPM Data

rpm values = [rpm1, rpm2, ..., rpmi ]

monitored variable values = [y1, y2, ..., yi]

# Function to interpolate
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def interpolate(rpm):

if rpm < rpm values[0] or rpm > rpm values[-1]:

return None # Theta value is out of range

else:

for i in range(len(rpm values) - 1):

if rpm values[i] < = rpm < = rpm values[i + 1]:

# Linear interpolation formula

return monitored variable values[i] + (monitored variable values[i + 1] -

monitored variable values[i]) * (rpm - rpm values[i]) / (rpm values[i + 1] - rpm values[i])

# New rpm values to find variable values for

rpm to find = [rpm′
1, rpm

′
2, ..., rpm

′
i]

# Calculate monitored variable values

monitored variable values = [ ]

for rpm in rpm values:

monitored variable results.append(interpolate(theta))

# Print the results

for i in range(len(rpm to find)):

print(f”Theta: rpm to find[i],

Pressure: monitored variable results[i]”)
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