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This thesis describes validated improvements in the modelling of micron-sized particle

deposition within gas turbine engine secondary air systems. The initial aim of the research

was to employ appropriate models of instantaneous turbulent flow behaviour to RANS

CFD simulations, allowing the trajectory of solid particulates in the flow to be accurately

predicted. Following critical assessment of turbophoretic models, the continuous random

walk (CRW) model was chosen to predict instantaneous fluid fluctuating velocities. Particle

flow, characterised by non-dimensional deposition velocity and particle relaxation time, was

observed to match published experimental vertical pipe flow data. This was possible due

to redefining the integration time step in terms of Kolmagorov and Lagrangian time scales,

reducing the disparity between simulations and experimental data by an order of magnitude.

As no high temperature validation data for the CRW model were available, an experi-

mental rig was developed to conduct horizontal pipe flow experiments under engine realistic

conditions. Both the experimental rig, and a new particulate concentration measurement

technique, based on post test aqueous solution electrical conductivity, were qualified at

ambient conditions. These new experimental data compare well to published data at non-

dimensional particle relaxation times below 7. Above, a tail off in the deposition rate is

observed, potentially caused by a bounce or shear removal mechanism at higher particle

kinetic energy. At elevated temperatures and isothermal conditions, similar behaviour is

observed to the ambient data. Under engine representative thermophoretic conditions, a

negative gas to wall temperature gradient is seen to increase deposition by up to 4.8 times,

the reverse decreasing deposition by a factor of up to 560 relative to the isothermal data.

Numerical simulations using the CRW model under-predict isothermal deposition, though

capturing relative thermophoretic effects well. By applying an anisotropic Lagrangian time

scale, and cross trajectory effects of the external gravitational force, good agreement was

observed, the first inclusion of the effect within the CRW model.

A dynamic mesh morphing method was then developed, enabling the effect of large

scale particle deposition to be included in simulations, without continual remeshing of the

fluid domain. Simulation of an impingement jet array showed deposition of characteristic

mounds up to 30% of the hole diameter in height. Simulation of a passage with film-cooling

hole off-takes generated hole blockage of up to 40%. These cases confirmed that the use of

the CRW generated deposition locations in line with scant available experimental data, but

widespread airline fleet experience. Changing rates of deposition were observed with the

evolution of the deposits in both cases, highlighting the importance of capturing changing

passage geometry through dynamic mesh morphing. The level of deposition observed, was

however, greater than expected in a real engine environment and identifies a need to further

refine bounce-stick and erosion modelling to complement the improved prediction of impact

location identified in this thesis.



For Grandfather



Acknowledgements

Completion of a thesis requires the support and help of many people along the way.

Thanks must start with my supervisor, Prof. Matthew McGilvray, whose supervision

balanced guidance and direction with the freedom to own the research, enabling me

to develop as a researcher whilst enjoying the project until the end. Thanks also go

to Prof. David Gillespie, with whom I have greatly enjoyed working over the last five

years.

Thanks must also go to Rolls-Royce who supported the project, and those who

were involved at various stages; to Vince Galoul, to Dougal Jackson, and to Miles

Hawkyard. Their experience and input was always useful, and helped bring a different

perspective to the research.

To those I’ve shared the time with at Osney, and at Catz, cheers. Life wouldn’t

have compared without you guys. And finally to my family, and to Caro; nothing

more could have been wished for.



Contents

1 Introduction 1

1.1 Gas turbine operation . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Flight and operational experience . . . . . . . . . . . . . . . . . . . . 2

1.3 Aerosol science . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 Scope and outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Background and Literature Review 10

2.1 Parameters and flow regimes . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Particle motion theory . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.4 Numerical simulations . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3 Numerical Models 57

3.1 Eddy interaction model . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.2 Continuous random walk . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.3 Dynamic mesh morphing . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.4 Bounce-stick model for particle-wall impact . . . . . . . . . . . . . . 82

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4 High Temperature Experimental Campaign 89

4.1 Experimental domain . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.2 Dimensional analysis of particle motion . . . . . . . . . . . . . . . . . 90

4.3 Experimental rig design . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.4 Ambient temperature experimental campaign . . . . . . . . . . . . . 106

4.5 High temperature experimental campaign . . . . . . . . . . . . . . . . 115

4.6 Secondary investigations . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

i



5 Simulations of Pipe Flow Experiments 125

5.1 Numerical set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.2 Grid independence study . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.3 Ambient temperature simulations . . . . . . . . . . . . . . . . . . . . 128

5.4 High temperature simulations . . . . . . . . . . . . . . . . . . . . . . 137

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6 Simulations of Applications 144

6.1 Test case 1: Engine A rotor-stator cavity . . . . . . . . . . . . . . . . 144

6.2 Test case 2: impingement-driven deposition . . . . . . . . . . . . . . . 150

6.3 Test case 3: blockage of film-cooling holes . . . . . . . . . . . . . . . 158

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

7 Conclusions and Further Work 167

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

7.2 Further work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

Appendix A Dynamic Mesh Morphing 172

A.1 Solver dependency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

A.2 Grid dependency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

Appendix B Bounce-Stick Model 173

B.1 Model overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

B.2 Validation of implementation . . . . . . . . . . . . . . . . . . . . . . 174

Appendix C Experimental Design 177

C.1 Test piece design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Appendix D Calibration of Deposition Measurement Technique 180

D.1 Cell constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

D.2 Temperature compensation coefficient, α . . . . . . . . . . . . . . . . 180

D.3 Conductivity to concentration . . . . . . . . . . . . . . . . . . . . . . 181

D.4 Calibration of swabbing technique . . . . . . . . . . . . . . . . . . . . 182

Appendix E Uncertainty Analysis 183

Appendix F Experimental Method 185

Appendix G Ambient temperature test matrix 186

ii



Appendix H Ambient Experimental Results 187

H.1 Surface roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

H.2 Repeatability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

H.3 Secondary investigations . . . . . . . . . . . . . . . . . . . . . . . . . 188

Appendix I High temperature test matrix 192

References 193

iii



List of Figures

1.1 Indicative flight networks and airborne particulates . . . . . . . . . . 3

1.2 Pipe flow at ambient conditions from open literature. . . . . . . . . . 5

1.3 Engine A blade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 In-flight and engine test deposition . . . . . . . . . . . . . . . . . . . 7

1.5 Volcanic ash experiments and ’safe to fly’ assessment . . . . . . . . . 8

2.1 Control volume for derivation of deposition velocity . . . . . . . . . . 14

2.2 Pipe flow at ambient conditions from open literature. . . . . . . . . . 17

2.3 Turbophoretic effects . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4 Thermophoretic effects . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5 Comparison of expressions for thermophoretic coefficient . . . . . . . 24

2.6 Optical vs. aerodynamic particle sizing, from Chien et al. (2016). . . 30

2.7 Experimental data from the literature for turbulent flows . . . . . . . 35

2.8 Effect of manufacturing technique on nasal geometry simulations . . . 38

2.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.10 Experimental deposition on NGVs . . . . . . . . . . . . . . . . . . . . 41

2.11 Particle rebound upon wall impact. . . . . . . . . . . . . . . . . . . . 42

2.12 Deposition thickness on NGV from Bons et al. (2016). . . . . . . . . . 55

3.1 Non-dimensional fluctuating velocity components. . . . . . . . . . . . 59

3.2 Mesh sensitivity study for L&A simulations . . . . . . . . . . . . . . 61

3.3 V +
d against τ+p for discrete random walk model. . . . . . . . . . . . . 62

3.4 Body-fitted coordinate system . . . . . . . . . . . . . . . . . . . . . . 64

3.5 Dependence of deposition rate on time step. . . . . . . . . . . . . . . 67

3.6 New vs. old time step criteria . . . . . . . . . . . . . . . . . . . . . . 68

3.7 Deposition rate with varying Re. . . . . . . . . . . . . . . . . . . . . 70

3.8 CRW simulations without drift correction . . . . . . . . . . . . . . . . 71

3.9 Effect of integration time scale on deposition rate from DRW model . 72

3.10 Variation of dimensionless fluctuating velocities with Reτ . . . . . . . . 73

iv



3.11 Effect of varying DNS root mean square fluctuating velocity statistics. 73

3.12 V +
d against τ+p for discrete random walk. . . . . . . . . . . . . . . . . 74

3.13 Diagram demonstrating dynamic mesh morphing approach . . . . . . 76

3.14 Boundary layer smoothing method. . . . . . . . . . . . . . . . . . . . 79

3.15 Geometry for single hole impingement geometry. . . . . . . . . . . . . 80

3.16 Build-up of surface with DMM iterations . . . . . . . . . . . . . . . . 80

3.17 OBS model applied to experimental work of Taltavull et al. (2016) . . 84

3.18 Physical parameter effects on CoRn . . . . . . . . . . . . . . . . . . . 87

4.1 Domain of investigation in τ+p . . . . . . . . . . . . . . . . . . . . . . 90

4.2 Effect of Kn on thermophoretic coefficient . . . . . . . . . . . . . . . 93

4.3 fd vs. P+
Th for published experimental data . . . . . . . . . . . . . . . 96

4.4 Schematic of experimental rig . . . . . . . . . . . . . . . . . . . . . . 98

4.5 Test piece showing removable test insert. . . . . . . . . . . . . . . . . 99

4.6 Cross-sectional view of mixing chamber. . . . . . . . . . . . . . . . . 100

4.7 Ambient temperature test data and previously published studies . . . 108

4.8 Ambient temperature tests arranged by Re . . . . . . . . . . . . . . . 109

4.9 Experimental deposition by discrete particle diameter . . . . . . . . . 110

4.10 Ambient temperature tests arranged by Ek, p . . . . . . . . . . . . . . 111

4.11 Back calculated effect of particle re-suspension . . . . . . . . . . . . . 112

4.12 Experimental deposition by discrete Reynolds number . . . . . . . . . 113

4.13 Comparison of roughness effects at ambient conditions . . . . . . . . 114

4.14 Hot isothermal data plotted by dp and Re . . . . . . . . . . . . . . . 117

4.15 Hot isothermal data by kinetic energy . . . . . . . . . . . . . . . . . . 117

4.16 Surface roughness effects on high-temperature deposition . . . . . . . 118

4.17 V +
d vs. τ+p thermophoretic experiments . . . . . . . . . . . . . . . . . 119

4.18 fd vs. τ+p thermophoretic experiments . . . . . . . . . . . . . . . . . . 120

4.19 Normalised deposition fraction vs. thermophoretic parameter . . . . . 121

4.20 Gravitational effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.1 Numerical domain for simulations of experimental work . . . . . . . . 126

5.2 Grid independence study for experimental numerical simulations . . . 128

5.3 Simulations of experimental rig with CRW and DRW . . . . . . . . . 129

5.4 Circumferential distribution of deposition . . . . . . . . . . . . . . . . 130

5.5 Circumferential distribution of deposition, no gravity . . . . . . . . . 131

5.6 Lagrangian integral time scale effects . . . . . . . . . . . . . . . . . . 132

5.7 Anisotropic τ+L and relevant time step, dtL22 . . . . . . . . . . . . . . 134

v



5.8 Bounce-stick model applied to experimental rig simulations . . . . . . 135

5.9 Variation of impact angle and velocity distributions with particle size 136

5.10 Simulations of isothermal high temperature experiments . . . . . . . 138

5.11 Particle distribution at mixing chamber exit . . . . . . . . . . . . . . 139

5.12 Comparison of integration time steps . . . . . . . . . . . . . . . . . . 140

5.13 Normalised deposition fraction vs. τ+p for thermophoretic tests . . . . 141

5.14 V +
d vs. τ+p for thermophoretic experimental simulations . . . . . . . . 142

5.15 fd vs. τ+p for thermophoretic simulations with 0.01dt∗, dtL, 22 . . . . . 143

6.1 Engine A simulations: geometry and temperature profile . . . . . . . 145

6.2 Deposition simulation results . . . . . . . . . . . . . . . . . . . . . . . 148

6.3 Computational domain for impingement case . . . . . . . . . . . . . . 151

6.4 Particle size distribution for impingement simulations . . . . . . . . . 152

6.5 Build up of impingement plate surface due to particle deposition . . . 153

6.6 Averaged deposition profile of mounds under impingement jets . . . . 154

6.7 Effect of boundary conditions on build-up . . . . . . . . . . . . . . . 155

6.8 Effect of previous deposition on current particle rebound . . . . . . . 156

6.9 Computational domain of Wylie et al. test piece . . . . . . . . . . . . 158

6.10 Numerical and experimental deposition in the film-cooling holes . . . 160

6.11 Particle size distribution for VA simulations . . . . . . . . . . . . . . 161

6.12 Deformation of film-cooling hole mesh . . . . . . . . . . . . . . . . . . 161

6.13 Comparison of CRW and DRW tracking . . . . . . . . . . . . . . . . 162

6.14 Comparison of different ash ‘compositions’ and temperatures . . . . . 164

A.1 Solver precision sensitivity. . . . . . . . . . . . . . . . . . . . . . . . . 172

B.1 Normal coefficient of restitution regimes . . . . . . . . . . . . . . . . 174

B.2 Bounce-stick model case 1 . . . . . . . . . . . . . . . . . . . . . . . . 175

B.3 Bounce-stick model case 2 . . . . . . . . . . . . . . . . . . . . . . . . 176

B.4 Bounce-stick model case 3 . . . . . . . . . . . . . . . . . . . . . . . . 176

D.1 Calibration of deposition measurement technique . . . . . . . . . . . 181

D.2 Efficiency of swabbing technique. . . . . . . . . . . . . . . . . . . . . 182

H.1 Roughness profiles for test pieces EXPα, EXPβ . . . . . . . . . . . . 187

H.2 Repeatability of experiments . . . . . . . . . . . . . . . . . . . . . . . 188

H.3 Lift of off deposited particles. . . . . . . . . . . . . . . . . . . . . . . 189

H.4 Effect of non-dimensional test time on V +
d . . . . . . . . . . . . . . . 190

vi



Nomenclature

Latin
A Area (m2)
Ae Thermophoretic energy con-

stant (-)
Aii Drift correction (1/s)
Am Thermophoretic momentum

constant (-)
Cor Orifice constant (-)
C0 Bulk aerosol concentration

(kg/m3)
Cc Cunningham slip correction

factor (-)
CD Drag coefficient (-)
Ce Temperature jump coefficient

(-)
Cm Velocity slip coefficient (-)
Cm Solution concentration by

mass (kgNaCl/kgsol, ppm)
Cm,v Solution concentration by

mass (kgNaCl/m
3
sol)

Cv Solution concentration by vol-
ume (m3

NaCl/m3
sol)

c Distribution coefficient (-)
c Mean gas molecular velocity

(m/s)
D Flow Diameter (m)
Dd Droplet diameter (m)
dp Particle diameter (m)
dt Integration time step (s)
E Young’s modulus (Pa)
F Net force per unit mass on par-

ticle (m/s2)
f Friction factor (-)
fa Atomiser frequency (Hz)
fd Deposition fraction (-)

fd Normalised deposition fraction
(-)

fk, 1−4 Beresnev and Chernyak ther-
mophoretic functions (-)

G Solution conductivity (µS/cm)
g Gravitational acceleration

(m/s2)
h Channel half height (m)
IP Impaction parameter (m5/s)
J Particle wall flux (kg/m2/s)
k Turbulent kinetic energy

(m2/s2)
kB Boltzmann constant

(m2kg/s2/K)
kdiff Diffusion coefficient (-)
kg Gas thermal conductivity

(W/m/K)
kp Particle thermal conductivity

(W/m/K)
ksol Solution constant

(µS/cm/ppm)
L Length over which deposition

occurs (m)
l Particle length in bounce-stick

model (m)
lg Gas mean free path (m)
m Mass (kg)
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Chapter 1

Introduction

The jet engine has changed the way
wars are fought, the way power is
generated, and, with cheap and
widely available air travel, it has
changed the lives of millions...
arguably it has altered everyone’s
perception of the world

The Jet Engine
Rolls-Royce

1.1 Gas turbine operation

The gas turbine engine is undoubtedly one of the most influential inventions of the

twentieth century. From Whittle’s first demonstration engine in 1937, through to the

current generation of engines, the gas turbine’s high specific thrust, net work, and

overall efficiency have made it a mainstay of powered flight. Its high cycle efficiency

led to its introduction into land-based electrical power generation, accounting for

around 20% of world output. This study is based around the turbofan engine, but

applications to other types of high temperature flows are equally valid.

The modern gas turbine turbofan engine is an extremely complex machine, operat-

ing with overall pressure ratios of 40:1, and turbine entry temperatures (TETs) up to

2 000 K. Components in the hottest regions in the main gas path are frequently man-

ufactured from nickel-based superalloys; such TETs are significantly in excess of the

melting temperature of materials employed (∼ 1 600 K). Active and passive cooling

techniques (Han et al., 2000) are used to reduce the thermal loading and stresses on

these components, including thermal barrier coatings, and a range of methods using

1



air bled from the compressor as a coolant. These include air films wept onto the ex-

ternal (hot) surfaces, impinging jets on internal surfaces, and rib and pin-turbulated

cooling passages within components. Up to 20 % of the core air mass flow rate is

used to supply the secondary air system. Deposition within the secondary air system

leads to reduced component coolant flow rate due to blockage, which in turn can

lead to increased metal temperatures and drastically shortened component lifespans,

and potential in-flight failure. A further damage mechanism for hot components is

sulphidation, a high temperature corrosive attack. The major particulate damage

mechanism for the fan and compressor regions is erosion of metal surfaces by im-

pacting particles. A long term effect, particulate erosion roughens surfaces, reducing

engine efficiency, and increases tip gap clearances, reducing stall margin.

1.2 Flight and operational experience

Over the last 30 years there has been an increase in interest in small particulate mo-

tion within the gas turbine industry. This has been largely driven by the threats to

engine life and integrity caused by the ingestion of small particulates - sand, dust,

salt, and volcanic ash. Fig. 1.1a shows a map of the world civil flight network, indica-

tive of c.1980. It can be seen that the bulk of flying was done away from major areas

of airborne particulate matter. Since, the vast expansion of civil aviation has driven

a significant increase in the number of flight paths crossing through airspaces and at-

mospheres with potential to cause significant environmental damage to aero-engines.

This is seen in the indicative modern world flight network, Fig. 1.1b. With the

continuous increase of flights through more particulate-laden regions, the operational

concerns regarding ingested particles only grow.

Some of the primary deposition sites within an engine are shown on Fig. 1.1c.

The environmental damage mechanisms include fan and compressor blade erosion

and fouling effects from sand and volcanic ash ingestion (Webley and Mastin, 2009;

Casadevall, 1994) [marked 1], ice accretion on compressor stators [2], deposition on

nozzle guide vanes [3] and high pressure turbine blades [4], deposition within the

secondary air system [5]; blockage of film-cooling holes and deposition within cooling

channels. Several encounters of civil aircraft with volcanic ash clouds, flights BA

009, 1982 (Chambers, 1985) and KLM 867, 1989 (Casadevall, 1994), have led to

the aircraft involved experiencing stall and flame out of all four engines. During

the enforced gliding descent, enough ash was removed from the nozzle guide vanes to

allow engine restart, and both flights landed under limited power. Repair of the KLM
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(a) Indicative world flight network and areas of high airborne particulate concentration
(c.1980)

(b) Indicative world flight network and areas of high airborne particulate concentration
(modern)

(c) Deposition locations of particulate matter within a gas turbine (turbojet). Dashed lines
show secondary air system. 1. Fouling and erosion of compressor, 2. Ice accretion on
stators, 3. Deposition on nozzle guide vanes, 4. Deposition on high pressure turbine blades,
5. Deposition within secondary air system. Background image: Jeff Dahl, FAA Handbook.

Figure 1.1: Airborne particulates and regions of deposition within gas turbine engines
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aircraft and replacement of all four engines was estimated to have cost $80 million.

Operation of helicopters during the first Gulf War (Cardwell et al., 2010) saw massive

sand ingestion, which rendered engines inoperable after only a handful of missions.

These incidents in particular were a catalyst for wider research into small particulate

ingestion within the field of gas turbine technology.

1.3 Aerosol science

The bulk of the study of the characteristics of micron-sized particulate motion, dis-

persion, and deposition has been undertaken within the field of aerosol science, dating

from the 1950s. Initially an experimental and theoretical field, numerical simulations

now tend to dominate published output. The most widely referenced experimental

data remain the early vertical pipe flow experiments (Friedlander and Johnstone,

1957; Sehmel, 1968; Liu and Agarwal, 1974), shown in Fig. 1.2. V +
d can be con-

sidered volumetric deposition rate per unit area, non-dimensionalised. τ+p can be

considered a particle characteristic time, non-dimensionalised. This is discussed in

detain in section 2.1. Whilst there are a large number of experimental data in the

open literature, there are very few at the high temperature conditions relevant to gas

turbine secondary air systems (up to 900K), and for appropriate particle sizes and

materials.

1.4 Motivation

The initial motivation for this study originates with sulphidation corrosion seen in

the turbine section of a three-shaft civil gas turbine engine from the 2000s (‘Engine

A’ in all following discussion). Significant corrosive damage has been seen in the

shank pocket region of Engine A blades, Fig. 1.3. The shank pocket is a small region

within the secondary air system, located between each pair of blades, below the blade

platform and above the disc. Secondary air is pumped into the rotor cavity and up

the disc. This provides air to form the main gas path seal to stop ingestion of hot gas

under the blade platform, as well as coolant for the internal cooling passages within

the turbine blades. The front of the shank pocket is open to the rotor cavity, with

the back being sealed by the lockplate. Slight leakage out around the lockplate gives

a net mass flow rate through the shank pocket from front to back.

Sulphidation is a high temperature corrosive reaction, where sodium (from evap-

orated sea salt, for example) mixes with airborne sulphur (jet fuel, industrial envi-
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Figure 1.2: Summary of some key experimental data for particle deposition in vertical
turbulent pipe at ambient conditions. Adapted from Young and Leeming (1997).

ronments), forming sodium sulphate, Na2SO4 (Lai, 2007). Two forms of sulphidation

are noted, types I and II. The following discussion is a summary of Mason-Flucke

(2011). Type I sulphidation occurs at temperatures 800-950 ◦C, above the melting

point of Na2SO4. In this case the liquid salt dissolves the blade protective coatings,

allowing sulphur to diffuse into the metal. Type II sulphidation occurs at lower tem-

peratures (600-750 ◦C), where sodium chloride, NaCl, can combine with Na2SO4 to

reduce the melting point of the mixture. The mixture penetrates the protective oxide

layers of the blade metal. The blade metal substrate is nickel alloy with elements

including tantalum, aluminium, tungsten, chromium, cobalt, molybdenum, and ti-

tanium. Where the NaCl-Na2SO4 mixture becomes liquid, the least stable of these

alloying elements are able pass from the substrate to the surface of the liquid, where

they oxidise. Unlike the original oxides, these new oxide layers are not protective

to the blade metal. Temperature profiles for flight conditions indicate that Type II

sulphidation would be prevalent in the region where cracking is seen (Fig. 1.3).

In comparison to an earlier engine of similar geometry, ‘Engine B’, Engine A has

seen sulphidation attack after one tenth the flying hours in comparison to Engine

B. Operating conditions (gas and metal temperatures, pressures) for Engine A are

very similar to those in Engine B, however Engine B did not experience sulphidation

corrosion to any significant extent. It was proposed internally that the sodium chloride
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Figure 1.3: Engine A blade. Left : front view. Middle: suction surface surface. Right :
close-up of shank pocket. Location of cracking is shown by dashed blue line. Front
of cavity is on left of image, slot for lockplate can be seen on right hand side.

was transported to the shank pocket through the secondary air system, with the

particles being small enough to remain suspended in the gas, and depositing within

the shank pocket.

Initial simulations of rotor cavity geometries of both Engines A and B were carried

out by Dougal Jackson (Rolls-Royce), using two discrete random walk models for the

simulation of turbulent dispersion of particles - one available within ANSYS Fluent

(‘DRW’), and the other as an unvalidated user defined function (‘Dehbi DRW’, Dehbi

(2008b)), a ‘plug-in’ for the ANSYS Fluent CFD software. Both models were unable

to reproduce ambient experimental pipe flow data (see section 3.2.4). This led to the

conclusion that higher-fidelity modelling was required, and would need validation at

high temperatures.

As noted above, and seen in Fig. 1.1, a range of other particulates, namely

sand, ash, and dust, also cause issues within gas turbine engines. These particulates

behave in aerodynamic manner as those that catalyse sulphidation, but are generally

larger, and at high enough concentrations to build-up substantial deposit features.

The modelling of these particulates therefore should also consider temporal build up.

Thick deposition on nozzle guide vanes is shown in Fig. 1.4a from the BA009 incident,

where the throat area was calculated to be reduced by 10%. Thick deposition (5-8mm)

was seen in the Calspan full engine tests, Figure 43 of Dunn (1990).

Blockage of film-cooling holes representative of a HPT blade leading edge has

been seen in experiments (Fig. 1.5a) and full engine tests. The eruption of the Ey-

jafjallajökull volcano, ‘Eyja’, in Iceland, 2010, closed European airspace for six days,
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(a)

Figure 1.4: Ash deposition on nozzle guides vanes, flight BA009 (Clarkson et al.,
2016)

caused the cancellation of around 95 000 flights, at an estimated economic cost to the

airline industry alone of around £1bn. During, and following, the airspace closure

there were substantial discussions regarding the maximum airborne ash concentra-

tion in which aircraft could be safely operated. A ‘safe to fly’ chart was produced by

Rolls-Royce, attempting to put known incidents, experiments, and operating condi-

tions into context on the chart. Following re-evaluation of the known events, this was

reassessed, and an updated ‘safe to fly’ chart produced, Fig. 1.5b (Clarkson et al.,

2016).

A fundamental problem for attempting to apply such methods and calculations

is the lack of modern full engine data. The Calspan full engine tests used engines

contemporary to c.1990; turbine entry temperatures have risen around 300 ◦C since

(Clarkson et al., 2016). Inertial deposition has been shown to be well correlated to

gas and surface temperatures above a particulate material-dependent temperature

threshold by a number of experimentalists, meaning the older, lower temperature

tests/encounters have reduced applicability to modern engines. This is problematic

for engine manufacturers, as engine architecture has also changed significantly. Certi-

fication of gas turbine engines by the EASA and FAA has become more stringent with

regards to particulate ingestion, requiring more consideration of particulate matters

during the design process.

Whilst the above studies have shown that deposition can become large relative to

component size, this is a facet that has previously been barely considered by numerical

simulations carried out within the field. With only a couple of exceptions, numerical

simulations have always considered deposition on a clean geometry, with deposition
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(a) (b)

Figure 1.5: Left : Ash blockage of experimental film-cooling holes (Wylie et al., 2017).
Hole diameter: 0.6 mm. Right : Updated Rolls-Royce ‘Safe to fly’ chart (Clarkson
et al., 2016).

trends assumed independent of time. This is unable to capture the transient nature

of deposition within engine components - blockage of film-cooling holes, for example,

would lead to decreasing coolant flow rate for a constant pressure margin. This

would cause component temperatures to rise, potentially increasing the likelihood of

particles depositing on impact.

1.5 Scope and outline

The scope of the thesis comprised three major aims. The first was to assess the models

for turbulent dispersion of particulates available within commercial software and also

the academic sphere. This led to conclusions that the continuous random walk model

(‘CRW’, Dehbi (2008a)) provided significantly better predictions of deposition than

other available, industry-friendly models. More detailed assessment and development

of this model was carried out.

Validation of such a numerical model requires appropriate high temperature ex-

perimental data. Hence the second aim of the thesis was to design, build, and run

an experimental rig to produce these data. A horizontal pipe flow configuration was

used. The temperatures were chosen by Rolls-Royce to be representative of two flight

conditions. A sodium chloride aerosol was chosen as a representative material of that

found in gas turbines.
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The third aim was to extend the numerical modelling to account for the effects

of large-scale deposition on both the flow and particle impacts. This was done by

integrating the deposition history, and updating the mesh to take account of this.

To address question of whether a particle deposits or rebounds upon impact, a stick-

bounce model from the open literature was applied.

The thesis is structured as follows:

Chapter two provides an overview of particle motion within, and deposition from,

turbulent flows. A review of the open literature is presented, taking in both the gas

turbine and aerosol science fields, and focusing on high temperature flows.

Chapter three concerns small particulate numerical modelling in further detail.

The discrete and continuous random walk model for the turbulent motion of sus-

pended particulates are discussed in detail. Further development of the CRW model

is carried out. A dynamic mesh morphing technique to update the geometry of a

numerical domain based on the deposition history is then developed. A model for

wall-particle interaction at impact is implemented from the literature, and further

assessed.

Chapter four presents the design, build, and results of an experimental test cam-

paign for high temperature particle deposition. Experiments were carried out at

ambient and high temperatures.

Chapter five presents the numerical modelling of the pipe flow experiments using

the numerical techniques discussed in chapter three. Where the simulation does not

reproduce experimental trends, investigations are carried out to reduce the disparity.

Chapter six applies the above numerical techniques to three engine-relevant test

cases: a rotor-stator cavity and lower blade geometry, an impingement jet geometry,

and a film-cooling geometry.

Chapter seven concludes the thesis, closing with a discussion of the directions

which further research could take.
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Chapter 2

Background and Literature Review

This chapter initially presents important background concepts related to the study.

The open literature is then discussed and assessed. Published works of particular

relevance and importance to this study are highlighted.

The characters ũi and ṽi are used to indicate gas and particle velocities respec-

tively. The velocities are split into time-averaged mean components, Ui and Vi, and

instantaneous fluctuating components, ui and vi, following Reynolds decomposition.

ũi = Ui + ui (2.1)

ṽi = Vi + vi (2.2)

2.1 Parameters and flow regimes

We begin from the expression for Stokes drag on a sphere of diameter dp,

FD = 3πµgdpVrel, (2.3)

where µg is the gas dynamic viscosity, and Vrel is the relative particle velocity,

Vrel = ũ− ṽ. (2.4)

Using particle mass,

mp =
1

6
πd3p (2.5)
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the acceleration of the particle due to Stokes drag is found,

aD =
18µg
ρpd2p

Vrel. (2.6)

The particle relaxation time, τp, is defined as the ratio of relative velocity to

particle acceleration,

τp =
|Vrel|
aD

=
Ccρpd

2
p

18µg
. (2.7)

where Cc is the Cunningham slip correction factor,

Cc = 1 +
2lg
dp

(
1.26 + 0.40e

−0.55dp
lg

)
, (2.8)

which is added to correct for slip effects for small particles.

The bulk gas characteristic time, τg, is the ratio of characteristic dimension l to

characteristic velocity U ,

τg =
l

U
, (2.9)

In the case of pipe flow, which will be widely discussed in this thesis, the charac-

teristic dimension is the pipe hydraulic diameter Dh,

Dh =
4Axc
P

, (2.10)

where Axc is the cross-sectional area of the flow, and P the wetted perimeter. The

characteristic velocity is taken as the bulk mean velocity U g. The common expression

for τg then follows:

τg =
Dh

U g

. (2.11)

The ratio of the particle to bulk fluid characteristic times, is the Stokes number,

Stk =
τp
τg

=
ρpd

2
p

18µg

U g

Dh

. (2.12)
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The Stokes number is widely used to describe particle response to a given flow

condition. Stokes numbers less than one indicate that particle motion will be influ-

enced by, and follow, fluid streamlines. Stokes numbers greater than one indicate that

a particle is likely to have a ballistic trajectory and will be unable to follow changing

fluid streamlines.

The friction velocity, u∗, is defined by,

u∗ =

√
τw
ρg
, (2.13)

where τw is the wall shear stress and ρg the gas density. Wall shear stress can be

calculated from the Fanning friction factor f ,

f =
τw

1
2
ρgU2

g

. (2.14)

The Blasius expression for turbulent pipe flow is then used to relate friction factor

to bulk Reynolds number,

f =
0.0791

Re0.25
, (2.15)

where Reynolds number in terms of a characteristic flow velocity and diameter as

above,

Re =
ρgU gDh

µ
=

4ṁg

πµgDh

. (2.16)

The second expression shows Re rearranged in terms of gas mass flow rate ṁ,

which is a convenient form for use with experimentally-measured terms.

Wall shear stress can also be calculated from the pressure gradient,

τw =
Dh

4

dP

dz
, (2.17)

where dP/dz is the axial pressure gradient over the region of interest. This derivation

comes from considering the balance of wall shear stress and pressure over a control

volume.

A near-wall flow characteristic time, τg, w, can be defined,
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τg, w =
µg

ρg (u∗)2
=

νg

(u∗)2
. (2.18)

where νg is the gas kinematic viscosity. The ratio of particle relaxation time to near-

wall flow characteristic time gives non-dimensional particle relaxation time, τ+p ,

τ+p =
Ccρgρpd

2
p(u
∗)2

18µ2
. (2.19)

The coefficient of skin friction is defined

Cf =
τw

1
2
ρgU2

g

, (2.20)

being the ratio of wall shear stress to dynamic pressure. τ+p can be rearranged in

terms of non-dimensional groups Stk, Re, Cf ,

τ+p = Stk ·Re · Cf . (2.21)

Expressed in more physical terms,

τ+p =
characteristic particle time

characteristic flow time
· gas inertial force

gas viscous force
· wall viscous force

gas inertial force
, (2.22)

τ+p =
characteristic particle time

characteristic flow time
· wall viscous force

gas viscous force
. (2.23)

It can be seen that the non-dimensional particle relaxation time is the Stokes

number scaled by the ratio of wall to bulk viscous forces. Non-dimensional particle

relaxation time gives an indication of a particle’s response to changing flow conditions.

Very low τ+p (τ+p � 1) values indicate particles are responsive to the flow conditions,

and are able to follow fluid streamlines. For τ+p ∼ 1, particles are still able to follow

fluid streamlines (to a lesser extent), but motion is significantly effected by turbulent

eddies, which are able to ‘kick’ particles around, causing stochastic motion. As τ+p

increases (τ+p � 1), particles behave in a ballistic manner, similarly to large Stokes

numbers, where the particle response to turbulent eddies decreases, and particles

gain significant momentum from only the largest eddies. In wall-bounded flow, τ+p
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Figure 2.1: Control volume for derivation of deposition velocity

is a more appropriate parameter for characterising particle behaviour that Stk, as it

accounts for viscous effects in the wall region in a manner the Stokes number does

not.

Particle deposition flux J is the mass flow rate of particulate matter, ṁdep, to a

surface of area As,

J =
ṁd

As
. (2.24)

The mean bulk flow concentration of particulate matter over the area which de-

position is occurring, C0, is the ratio of mass of particulate in the bulk flow, m0 to

the flow volumetric flow rate,

C0 =
m0

Q̇g

. (2.25)

The particle deposition velocity Vd is the ratio of deposition flux to mean bulk

concentration,

Vd =
J

C0

, (2.26)

which describes the deposition rate of particles from a flow.

The deposition velocity, Vd, can also derived specifically for a pipe flow condition

using a control volume analysis. Consider the length of pipe shown in Fig. 2.1, where

Q̇g is gas volume flow rate,
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Q̇g = π
D2
h

4
U g, (2.27)

and C is concentration at a given axial position z, and N is particle deposition flux

(N and C must in the same terms, either mass or number). An area-averaged mean

axial velocity, U g, is used,

U g =

∫ Dh/2

0
urdr∫ Dh/2

0
rdr

, (2.28)

and an area-averaged concentration or count, C, which varies in the axial direction,

C =

∫ Dh/2

0
crdr∫ Dh/2

0
rdr

. (2.29)

Applying a control volume to an axial length dz, it is seen that

Q̇gC = Q̇g

(
C − ∂C

∂z
dz

)
+NdS ⇒ −Q̇g

∂C

∂z
dz = NdS, (2.30)

where the increment of surface area is given by

dS = πDhdz. (2.31)

From the definitions of Q̇g, dS, and noting that as we are using area-averaged U g

and C, the partial derivatives become full derivatives in the axial direction, we have

−πD
2
h

4
U g
dC

dz
dz = −NπDhdz ⇒ −

Dh

4
U g
dC

dz
= −N. (2.32)

Thomson (1987) defines particle deposition flux N as the product of C and Vd,

the deposition velocity,

N = VdC. (2.33)

Substituting this into Eq. 2.32 gives
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−Dh

4
U g
dC

dz
= −VdC. (2.34)

Integrating from inlet to outlet axial positions and concentrations, an expression

for Vd can be found,

−Dh

4
U g

∫ Cout

Cin

dC

C
= −Vd

∫ L

0

dz ⇒ −Dh

4
U gln

(
Cout
Cin

)
= VdL, (2.35)

therefore

Vd =
1

4

DhU g

L
ln

(
Cin
Cout

)
. (2.36)

The deposition fraction, fd, is the ratio of deposited mass, md, to the inlet mass,

min,

fd =
md

min

=
md

md +min

=
Cin − Cout

Cin
=

Cd
Cd + Cout

, (2.37)

where the second expression assumes a uniform particle density, ρp. Rearranging for

Cout and substituting into Eq. 2.36,

Vd =
1

4

DhU g

L
ln

(
1

1− fd

)
, (2.38)

which is a form more convenient for experimental measurements. The appearance of

the ln() term in Eq. 2.36 in comparison to Eq. 2.26 is due to the latter assuming a

constant mean concentration across the whole area of deposition, whereas Eq. 2.38

accounts for variable C over the deposition length L.

Vd can be non-dimensionalised by the shear velocity to give non-dimensional par-

ticle deposition velocity,

V +
d =

J

C0u∗
=

1

4

Dh

L

U g

u∗
ln

(
1

1− fd

)
. (2.39)

In the absence of significant body forces except those due to relative gas motion,

particle motion can be divided into three regimes, Fig. 2.2. This shows some of

the most widely referenced experimental data including Friedlander and Johnstone
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Figure 2.2: Summary of some key experimental data for particle deposition in vertical
turbulent pipe at ambient conditions. Adapted from Young and Leeming (1997).

(1957), Sehmel (1968), and Liu and Agarwal (1974). These experiments were all car-

ried out in turbulent vertical pipe flow for particle diameters 0.1-100µm at Reynolds

numbers of 4 000−50 000, over a range of particle types, and at ambient temperatures

and pressures.

Three distinct regimes of deposition can be seen. In the diffusional regime (τ+p

≤ 0.3), Brownian diffusion of particles dominates deposition characteristics. Particles

are small enough to have their motion affected by the momentum of impacting gas

molecules. Very little dependence on particle inertia (τ+p ) is seen. As τ+p increases,

particles enter the diffusion-impaction regime, (0.3 <τ+p < 20), where particles have

enough inertia to be affected by turbulent eddies, which can give the particles suf-

ficient wall-normal velocity to transit through the boundary layer, and deposit onto

boundary surfaces. A strong dependence on τ+p is seen, with V +
d ∝

(
τ+p
)2

(Liu and

Agarwal, 1974). A wide spread of data is seen, up to three orders of magnitude for τ+p

= 2. The particles with the highest inertia are found in the inertia-moderated regime

(τ+p ≥ 20), where particle response to turbulence fluctuations decreases as particle

inertia becomes to large too be affected by all but the largest eddies.

Based on expected particle sizes (0.5-10µm) and standard secondary air systems

conditions (Tg, ρg, u
∗), τ+p values are expected to lie within the diffusion-impaction and

inertia-moderated regimes. This thesis focuses on particle motion in the diffusion-
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impaction regime and the hugely significant effect that turbulence can have on depo-

sition characteristics.

The vast majority of fundamental research into the motion of micron-sized partic-

ulates has been carried out in the field of aerosol science. Here simple flows, frequently

pipe and channel geometries, and bends, have been analysed theoretically, and as-

sessed experimentally and numerically. Flow conditions (Tg, Pg) are close to ambient,

with both laminar and turbulent flows considered. Due to the highly turbulent nature

of gas turbine flows, particle motion in laminar flows is not considered further here.

The definitions below are pertinent to the following discussions related to turbu-

lence.

Isotropic: turbulence with fluctuations invariant with direction. Anisotropic tur-

bulent fluctuations are unequal in space. For example bulk flow far from domain

surfaces in pipes or channels is usually considered isotropic.

Homogeneous : turbulence which is invariant with position. In inhomogeneous

turbulence, turbulent statistics vary with position. Bulk flows can often be considered

homogeneous; boundary layer regions are inhomogeneous.

2.2 Particle motion theory

At gas turbine conditions the following forces are initially considered: drag, tur-

bophoresis, thermophoresis, gravity, lift, and Brownian motion. Net particle acceler-

ation is thus

d2x

dt2
= aD + aTu + aTh + aG + aL + aB, (2.40)

where aD is the acceleration due to drag, aTu that due to turbophoresis, aTh due to

thermophoresis, ag due to gravity, aL due to Saffman lift, aB and due to Brownian

motion. The individual accelerations are now discussed in detail.

2.2.1 Drag

Aerodynamic drag on a particle is the dominant force experienced in the flows of

interest to this investigation. The general drag equation,

FD =
1

2
ρgV

2
relCDApr, (2.41)
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where Vrel is the relative relocity of the object, and Apr the projected area of the

moving object in the direction of motion. Drag coefficient CD is specific to object’s

geometry. We limit ourselves here to spherical particulates. Equating this with Stokes

drag (Eq. 2.3),

FD = mpa
D =

1

2
ρgV

2
relCDApr = 3πµgdpVrel, (2.42)

where projected area Apr = π
4
d2p. With this substitution and rearranging for CD gives

an expression for the drag coefficient in Stokes flow:

CD = 24
µg

ρgVreldp
=

24

Rep
, (2.43)

where particle Reynolds number is defined:

Rep =
ρpVreldp
µg

. (2.44)

Returning to Eq. 2.41, and substituting Eq. 2.5,

aD =
1

2
ρgV

2
relCDA

(
6

πρpd3p

)
=

6

8
VrelCD (ρgVrel)

(
1

ρpdp

)
. (2.45)

Multiplying top and bottom by dp
18µg

, and collecting terms, gives the familiar ex-

pression for particle drag,

aD =
1

τp

CDRep
24

Vrel. (2.46)

In the case of Stokes flow, the expression reduces to Eq. 2.6. For larger Rep, a

different expression (Schiller and Naumann, 1935) for CD is used:

CD =
24

Rep

(
1 + 0.15Re0.687p

)
, (2.47)

for 1 ≤ Rep < 400. Whilst the drag coefficients discussed here are of a spherical

formulation, a number of other formulations exist including non-spherical and Stokes-

Cunningham.
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2.2.2 Turbophoresis

Turbophoresis is a force experienced by particles due to fluctuating velocity gradients

within the flow (Young and Leeming, 1997). This process is also often referred to as

‘turbulent diffusion.’ As particles gain more momentum from the regions of higher

velocity fluctuations, particles move to regions of lower fluctuating velocity. Of par-

ticular importance for deposition are the wall-normal fluctuations, which can divert

particles from following fluid streamlines though the boundary layer to walls.

For a particle with fluctuating velocity vi in the i-th direction, Caporaloni et al.

(1975) give the power dissipated against the viscous drag force (Eq. 2.3) as

Pvisc, i = FD, ivi = 3πµgvivi. (2.48)

The energy dissipated by the motion is the product of viscous power and particle

relaxation time,

Evisc, i = Pvisc, iτp = 3πµgviviτp. (2.49)

The force on the particle is the derivative of the change in energy, and is known

as the turbophoretic force, FTu, i,

FTu, i = mpaTu, i = −dEvisc, i
dxi

= −3πµgτp
dvivi
dxi

. (2.50)

Substituting for mp and τp, and rearranging for aTu, i gives the turbophoretic

acceleration of the particle:

aTu, i = −d (vivi)

dxi
. (2.51)

The turbophoretic force can be seen to move particles down the gradient of turbu-

lence intensity to areas of low turbulence intensity. Modelling the particle Reynolds

stress term, vivi is difficult as it must be related to the equivalent fluid term, uiui.

Young and Leeming (1997) suggest the following relation

−d (vivi)

dxi
= −d (Γuiui)

dxi
, (2.52)
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(a) (b)

Figure 2.3: Turbophoretic effects. Left : Indicative RMS fluid wall-normal velocity
fluctuations. From Young and Leeming (1997). Right : Nominal particle tracks re-
sulting from fluid wall-normal fluctuating velocity profile. Adapted from Young and
Leeming (1997).

and took an expression for Γ from Reeks (1977), based on particle relaxation time

and and eddy lifetime, τe,

Γ =
τe

τe + τp
, (2.53)

where τe is calculated from the turbulent kinematic viscosity, νt,

νt = uiuiτe. (2.54)

In the case of pipe flow, the most important fluctuating velocities are in the

wall normal direction. The root mean square wall-normal fluctuating velocity profile

against non-dimensional wall distance y+,

y+ =
u∗y

ν
=
ρgu

∗y

µ
, (2.55)

is shown in Fig. 2.3a, with the same profile and effect on particle motion sketched

in Fig. 2.3b. Here the effect of the particles gaining wall-normal momentum in the

near-wall region can be seen driving motion towards the walls. The effect in the bulk

region is less strong due to smaller gradients within the flow.
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Turbophoresis/turbulent diffusion is the primary reason for the increase of V +
d in

the diffusion-impaction regime. Particles are large enough to gather sufficient wall-

normal momentum from turbulent eddies to deviate from the fluid streamlines, but

not large enough to follow ballistic trajectories.

Because of the difficulties in relating vivi to uiui, as discussed above, capturing

turbophoretic effects numerically (in a steady solution) is usually done by attempting

to model the gas fluctuating velocities. This is then added to the mean flow velocity

U to give instantaneous gas velocity ũ. Such models are discussed in detail in section

2.4.3.

2.2.3 Thermophoresis

Thermophoresis is a force due to momentum exchange from gas molecules impacting

a particle. It is experienced by the particle in the negative direction of temperature

gradient, and proportional to the gradient’s magnitude, Fig. 2.4a. In the case of

hot gas and cool wall, an increase in particle deposition rate is seen (‘increasing’

thermophoresis). In the reverse case with cool gas and hot wall, the rate of particle

deposition is decreased (‘decreasing’ thermophoresis).

(a) Thermophoretic effect. (b) Φ vs. Kn for varying Λ

Figure 2.4: Left : Thermophoretic effect; particle force down the temperature gradient.
Right : Variation of thermophoretic coefficient withKn and Λ. From Healy and Young
(2010).

The thermophoretic force experienced by a particle is given by

aTh = Φ
µ2
gdp

2ρgmp

∇Tg
Tg

, (2.56)
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where ∇Tg is the gas temperature gradient, and Φ the thermophoretic coefficient.

The thermophoretic coefficient is a function of thermal conductivity ratio, Λ, and

Knudsen number, Kn. The thermal conductivity ratio is given by

Λ =
kp
kg
, (2.57)

where kp is the particle thermal conductivity, and kg the translational component

only of thermal conductivity,

kg =
15

4
µgR, (2.58)

and R the specific gas constant (air: 287 J/kg/K). The Knudsen number is the ratio

of molecular mean free path length lg to particle radius rp,

Kn =
lg
rp

=
2lg
dp
. (2.59)

Various expressions for molecular mean free path length lg exist; the following is

used in this study from Healy and Young (2010),

lg = µg

√
π

2Pgρg
. (2.60)

Four regimes of Knudsen number are usually identified. Low Kn (< 0.001) condi-

tions are referred to as the ‘continuum’ regime. This describes ‘normal’ fluid dynam-

ics. The ‘slip flow’ regime is defined as 0.001 < Kn < 0.1, where the particle is ap-

proaching the gas mean free path length, with the ‘transition’ regime, 0.1 < Kn < 10,

above. The high Kn (� 10) conditions are referred to as the free molecular regime.

Early expressions for the thermophoretic coefficient were valid only for a particular

Kn regime. Epstein (1929) was the first to address thermophoresis in this manner,

producing an expression for Φ valid in the limit of low Kn,

Φ =
−12πKtc

2 + Λ
. (2.61)

where Ktc = 1.10 is the thermal creep coefficient. The expression is seen to be inde-

pendent of Kn. At high Kn conditions, Waldmann (1959) produced an expression

for Φ,
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(a) Coefficients for Eq. 2.65
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(b) Comparison of Φ expressions

Figure 2.5: Left : Coefficients f11, f21, f31, f41 for the solution of the expression of
Beresnev and Chernyak (1995) for Φ. Right : Differing expressions for Φ; Λ varies 3,
30, 300, top to bottom for each expression.

Φ =
−2π

Kn
(2.62)

which is seen to be independent of Λ. In this case, dp � lg, hence impacting molecules

are assumed to only make contact with the particle once, and leading to the particle

having no effect on the velocity distribution of gas molecules.

Neither the expression of Epstein, nor Waldmann is valid in the slip flow or transi-

tion regimes, in which a significant increase in Φ can be seen, Fig. 2.4b. Here thermal

slip flow is the dominant cause of the thermophoretic force. Thermal slip flow oc-

curs in slightly rarefied gases, where molecule-particle, rather than molecule-molecule

impacts are more frequent. Upon impacting a particle, the molecule’s temperature

will tend towards that of the particle. This leads to molecules from a cold region

increasing in mean velocity (c = kBTg), and vice versa. This causes a flow of gas

molecules close to the particle’s surface from the cooler to hotter side of the particle,

and hence an opposing force on the particle down the temperature gradient.

Brock (1962) produced an expression for Φ in the continuum and slip-flow regimes,

Φ =
−12πKtc (1 + CeΛKn)

(1 + 3CmKn) (2 + Λ + 2CeΛKn)
. (2.63)
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The constants were then adjusted by Talbot et al. (1980), which produced an

interpolation valid (in theory) for all Kn. Here Cm and Ce are velocity slip and

temperature jump coefficients,

Cm =
2− αm
αm

Am; Ce =
2− αe
αe

Ae, (2.64)

where Am and Ae are constants, (Am u 1.14, Ae u 2.18 from Beresnev and Chernyak

(1995)). αm and αe are momentum and energy accommodation coefficients respec-

tively which define the impact of gas molecules on the discrete particulate surface.

These are usually assumed equal to unity as their ‘values are seldom known’ (Healy

and Young, 2010). This expression reduces to the expressions of Epstein (Eq. 2.61)

and Waldmann (Eq. 2.62) in the limits of low and high Kn respectively.

Widely referred to as the Talbot model, it has been extremely widely used (for

example Romay et al. (1998); Luo and Yu (2006); Abraham et al. (2010)), due to

the range of Kn, and ease of implementation for numerical calculations. However,

whilst convenient for use, the Talbot formulation over-predicts Φ substantially in the

slip-flow and transition regimes for high Λ particle-gas combinations.

Beresnev and Chernyak (1995) produced an analysis based on the S-model, a

higher-order linearisation of the Boltzmann equation collision integral than the (more

widely used) BGK equation. The formulation for thermophoretic coefficient Φ is

dependent on a number of functions, fk,1, for k = 1− 4,

Φ =
−2π

Kn

[
f11 + Λf21

f31 + (1 + 2.5ΛKn) f41

]
. (2.65)

Numerical solutions for fk,1 are tabulated for varying R (=
√
π/2Kn) in the

original paper. These are shown in Fig. 2.5a. This necessitates interpolation in order

to use this formulation for Φ in any practical calculation, adding further complexity.

Sagot (2013) assessed the Talbot and Beresnev and Chernyak expressions for the

thermophoretic coefficient against a number of experimental datasets available in the

literature. They came down firmly in favour of the Beresnev and Chernyak expression,

which predicted the experimentally-measured Φ better for 16 of the 18 data sets.

The remaining two were poorly predicted by both expressions. These particle-gas

combinations had extremely low thermal conductivity ratios Λ < 1, which is not

representative of the materials in this study (Λ > 50).

Attempting to rectify this drawback of the Beresnev and Chernyak formulation,

Young (2011) used the Grad’s 13-moment approach to produce an expression for the
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thermophoretic coefficient at low Knudsen numbers (Kn < 0.2). An interpolation

was constructed to link the new low Kn expression to the Waldmann free-molecular

limit (Eq. 2.62). The complete expression of Young, valid for all Kn, is therefore

Φ =
−12π [Ktc (1 + ΛCeKn) + 3CmKn (1− Λ + ΛCeKn)]

[1 + 3Kn exp(−Cint/Kn)] (1 + 3CmKn) (2 + Λ + 2ΛCeKn)
. (2.66)

where Cint = 0.5 is a interpolation constant fitted by Young. The Talbot et al. (1980),

Beresnev and Chernyak (1995), and Young (2011) expressions for Φ are plotted in Fig.

2.5b. Three values of Λ are shown, 3, 30, 300, top to bottom. Interpolation for the

Beresnev and Chernyak function is done for Φ rather than fk1, as the interpolation

was found fluctuate significantly with the latter approach.

The differences between the expressions are significant in the slip-flow regime

are substantial. The Talbot expression is large in comparison to the other expres-

sions, and when compared to the experimental data in Fig. 2.4b, can be seen to

be unrepresentative of high Λ conditions. The Beresnev and Chernyak, and Young

expressions are closer over the range of Kn. The Young expression predicts reversed

thermophoresis in the slip-flow and transition regimes for Λ ≥ 50. The Beresnev

and Chernyak expression predicts reversed thermophoresis for Λ ≥ 500, though the

magnitude is 20 times lower than that predicted by the Young expression. During

reversed or ‘negative’ thermophoresis, particles are able to move up the temperature

gradient due to the thermal creep flow changing direction (the ‘second mechanism

of thermophoresis’). Reversed thermophoresis has only been demonstrated by one

published experimental work (Bosworth et al., 2016), and was found to be around 5%

of the thermophoretic force in the ‘usual’ direction.

The literature is conflicted over which expression for Φ provides the best match

to experimental data. One of the objectives of the experimental work within this

study is to assess the above expressions for use with numerical calculations of high Λ

aerosol particulates that can be found in engine environments, such as NaCl.

2.2.4 Gravity

Gravitational effects are included using acceleration due to gravity in the appropriate

direction, scaled by the ratio of difference between particle and fluid density, to the

particle density,

aG = g
ρp − ρg
ρp

. (2.67)
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For the case of our solid particulates in air, ρp � ρg, therefore ag = g is used.

2.2.5 Lift

The Saffman lift force (Saffman, 1965) is lift due to shear flow. As it is proportional

to the density ratio ρg/ρp, it is more appropriate to suspensions in dense fluids. The

much-cited Kallio and Reeks (1989) work showed that the inclusion of the Saffman

lift force gave closer numerical results to the Liu and Agarwal (1974) data for τ+p ≤ 5,

but over-predicted V +
dep for 5 < τ+p < 20. The lift force is given by

aL = 6.46
ρg
ρp
d2p
√
νκVrel, (2.68)

where κ is the local velocity gradient. The lift force is not applied during this study

as it is considered important only for sub-micron particles (ANSYS, 2011a; Dehbi,

2009; Slater et al., 2003; Chibbaro and Minier, 2008).

2.2.6 Brownian

Brownian motion is a stochastic process where solid particles of extremely low inertia

(τ+p < 0.3) follow a randomised path due to impact of gas molecules. This process is

prevalent in the diffusional deposition regime, and is modelled as a Gaussian random

process,

aB = ξ

√
πS0

∆t
, (2.69)

where ξ is a Gaussian random number (zero mean, unit variance), and S0 the spectral

density,

S0 =
216νkBTg

π2ρgd5p

(
ρp
ρg

)
Cc
, (2.70)

where kB is the Boltzmann constant. Due to the extremely low τ+p values for such a

force to become significant, it is not considered further in this study.
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2.3 Experimental

Particle deposition experimental rigs work on a collectively similar basis, where a

dispersed (solid or liquid) phase is suspended in a moving fluid (almost universally

air). The amount of aerosol that is deposited on a specific area, the test section,

is measured by one or more of the following techniques (section 2.3.4), from which

the values of V +
d or deposition fraction can be calculated. Measurements of particle

size or concentration are often made using optical laser-based equipment. Airborne

concentration measurements can also be used in order to calculate deposition without

using a ‘wet chemistry’ or optical approach.

2.3.1 Particle types

Dispersed phase particulates can be formed from a number materials. Engine-environment

particulates include sand, dust, volcanic ash, and sea salts (Cardwell et al., 2010).

These materials can be quite variable in composition, size distribution, and properties.

Those materials used within aerosol science are frequently initially either in solution

or powder form, including olive oil, aloic acid, dioctyle phythalate, salts, methylene

blue, and sugar (TSI, 2009). Powder aerosols are produced and pre-ground to a

particular size distribution, depending on specification. Liquid materials can also be

tagged with fluorescent tracer (section 2.3.4.1).

2.3.2 Particle generation methods

A range of techniques for particle generation exists, depending on the required num-

ber, size, and distribution of particles. Generated particle distributions can be mono-

disperse (nominally a single particle with a small standard deviation) or poly-disperse

(diameters over a range). Depending on the testing requirement, either can be appro-

priate. Experimental work for model validation has generally used mono-dispersed

particles, whereas engine-environment particles are generally sieved to a certain size

range and are therefore poly-disperse.

2.3.2.1 Vibrating orifice atomisers

Vibrating orifice aerosol generators (VOAGs) produce aerosol particles from a solution

containing the desired particle material as a solute. The solution is pumped through

an orifice (10-40 µm diameter), which produces a (larger) droplet of solution. Air is

then used to disperse the droplets and dry them to their final solid size. Solution
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concentration is determined by required final particle diameter; mass flow rate of

particulate is defined by solution flow rate. Orifice frequency is derived from solution

flow rate (Eq. 4.12). Tuning of the frequency must then be undertaken to ensure that

(a) particles are mono-disperse and (b) the mono-disperse particle size is the correct

size. This is due to orifice manufacturing tolerances (TSI, 2009).

2.3.2.2 Powder atomisers

Powder-based atomisers produce aerosols from a pre-sized powder or particulate mass.

The powder can be dispersed into the air stream in a number of ways (fluidised bed,

venturi aspirator (TSI)), however these atomisers can struggle with agglomeration of

the powder, in particular for very small particles (< 1 µm). They can also be coated

with various substances for calculation of particle deposition rates (section 2.3.4.1).

Many of the large or engine-representative experimental rigs use custom-built

particulate dispersion systems: some form of rotating screw, disc, or valve is used to

bring a metered amount of solid/powder particulate mass into an air stream, which is

then mixed into the main flow (for example Walsh et al. (2006); Wylie et al. (2017);

Prenter et al. (2016)). The higher temperatures and mass flow rates required by such

experiments tends to make small-scale atomisers and techniques inappropriate.

2.3.3 Particle size and concentration

Real-time particle sizing can be achieved using optical methods. Optical particle

sizers (OPS) use a laser-scattering principle (TSI, 2012). The aerosol particles pass

individually though a laser beam, some of which is scattered. The intensity of the

scattered light is measured, from this the number of particles present and their size

is calculated, based on calibration. Particles are sorted into ‘bins’ of a specific width.

Particle size resolution is inversely proportional to particle size; large particles have

wider bins.

Aerodynamic particle size (APS) measurements give the volume equivalent par-

ticle diameter of unit density sphere, by measuring time of flight through the mea-

surement volume. APS measurements are generally more accurate than those of an

OPS, as they do not rely on laser-scattering, which can be affected by the particle

material (refractive index). A volume-equivalent (density-adjusted) diameter can also

be calculated. APS units are however 2-3 times more expensive than OPS ones, and

also less portable.

Attempts have been made to transform OPS-measured distributions to APS sizes,

for example Chien et al. (2016). Oleic acid and sodium chloride, NaCl, particles were
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Figure 2.6: Optical vs. aerodynamic (volume-equivalent) particle sizing for NaCl,
from Chien et al. (2016). Optically-measured particle size seen to be larger volume
equivalent size. Linear fit shown in blue as used for Eq. C.1.

generated in the range 0.7-11 µm, and measured by both OPS and APS methods.

For NaCl particles, the OPS measurements were found to be larger than those APS-

calculated, Fig. 2.6. Here Dop is the optical particle diameter, and Dve the volume-

equivalent diameter.

Particle concentrations within the flow can be measured directly using the same

equipment for sizing, as counting of the particles is necessary to form the distribu-

tions. More precise distributions can be made through the use of an isokinetic nozzle

(Sippola and Nazaroff, 2014), where the air speed entering the nozzle is matched to

the free stream velocity. This leads to the particle size distribution within the nozzle

being equal to that in the main stream, rather than the inertial preferential selection

of particles without matched velocities.

2.3.4 Deposition measurement techniques

Experimental methods for measuring particle deposition fall broadly into four cate-

gories: wet chemistry, optical, concentration, and mass-based. Each have particular

advantages for given scenarios, and an appropriate choice of experimental measure-

ment technique is important in order to gain valid data from any experimental particle

deposition work.
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2.3.4.1 Wet Chemistry

Wet chemistry is a widely used technique: a solvent is used to wash the deposited

particles from the test piece (Sippola and Nazaroff, 2004; Healy and Young, 2010).

Based on a known amount of the solvent, concentrations of deposited species in

the washing solution are found, and deposited mass calculated. If an exit filter is

employed to catch all non-deposited particles (Sun et al., 2013), the same process

can be employed to verify the total mass of particles/species for deposition at domain

exit. Fluoroscopic methods measure the resultant fluorescence of the washing solution

(Liu and Agarwal, 1974; Healy and Young, 2010) using a fluorometer. Particles are

initially tagged with a fluorescent tracer, for example uranine. An equivalent process

using ultraviolet spectroscopy was used by Wilson et al. (2011). Long experimental

times are sometimes required to deposit detectable amounts of the aerosol - Sippola

and Nazaroff (2004) ran experimental times up to 144 hours.

Swabbing (and then mass spectrometry of the swab) of the affected areas is used

when collecting data from engines, and has been applied as a technique in this lab-

oratory for measuring particle deposition. There are some difficulties with this tech-

nique. Significant differences can be seen in swabbing efficiency (fraction of deposited

substance collected) between different operators (Parry-Crooke, 2013). The possible

spatial resolution is generally coarse, which limits the process to integral deposition

measurements only. Swabbing efficiency is calculated from calibrations. A solution

containing the test solute (NaCl, for example) is produced, at a known concentration.

A known mass of the solution is deposited by syringe onto a test coupon, and allowed

to evaporate. Swabbing of the surface is then undertaken. The reported collected

mass is then compared to the initial mass of solute in the solution to give swabbing

efficiency.

2.3.4.2 Optical methods

This approach uses imaging of the surface (either during or post-test) to size and

count the particles present. The surface image can be post-processed using image

recognition software to provide the particle statistics. This can then be easily turned

into the standard deposition data knowing the imaged area and aerosol mass flow rate.

Kvasnak et al. (1993) and Barth et al. (2013) developed such methods and applied

them to isothermal channel flow. Barth et al. mounted the microscope directly

beneath the test section so were able to assess temporal effects on deposition - this
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was seen to be linear with time until agglomeration began to occur on the wall/lens

at long experimental times.

Optical methods for particle deposition measurements have the advantage of

giving a much finer spatial resolution than wet chemistry methods, and with on-

experiment mounting can give deposition rates with time. However this requires

optical access, which is challenging for high temperature experiments. Whilst high

spatial resolution is achievable, this generally comes at the cost of imaging a small

area at once. Particle agglomerates are difficult for computer vision to count, leading

to high uncertainties when many particles are deposited.

2.3.4.3 Concentration-based methods

Measurement of particle concentration using optical methods (section 2.3.3) at inlet

and outlet of the test section allows deposition rates to be calculated quickly, and for

different particle sizes at once if a poly-disperse aerosol is used. There are advantages

of speed (multiple flow rates can be undertaken in one run of the experiment), and

integral deposition can be measured over a whole domain. This method has also

been applied to complex domains (for example the mouth-throat geometry of Kelly

et al. (2004)), though at the cost of spatial resolution. Lee et al. (2006) applied this

technique to experimental temperatures up to 360 ◦C; the sampled high-temperature

air was diluted 50:1 to reduce the temperature to levels acceptable to the OPS (≤ 50
◦C). Thermophoretic effects would have to be taken into consideration in the sampling

system, as the tubes are likely to be significantly cooler than the flow at points, driving

thermophoretic deposition and altering the sampled values.

2.3.4.4 Mass-based methods

Collecting the deposited mass from a surface and weighing it, or calculating the

change in mass of a component is a simple method to measure integral deposition.

The deposited mass must however be large enough to be measured without significant

error on a balance. Deposition of this scale is found in some gas turbine experiments,

and this method has been used in a number of studies, for example Whitaker et al.

(2016b); Prenter et al. (2016).

3D scans of a test surface before and after the experiment occurs can be subtracted

to give the deposition profile across a surface. This method gives high surface resolu-

tion, and is particularly appropriate for deposition onto complex surfaces where the

spatial distribution may be highly non-uniform. Both the studies referenced above

used such scanning before the deposited mass was weighed. A combined approach
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could also be used to determine the mean density of deposits, useful for numerical

studies attempting to simulate the thickness of such deposits.

2.3.5 Experimental data: simple flows

Much of the experimental data in the field of aerosol science has been obtained at

ambient and isothermal conditions. The simplest geometries are straight pipes, Fig.

2.2, and channels/ducts. Deposition data is frequently presented as integral values

over the whole test piece (or axial sections thereof). Particle sizes generally range

from 0.1− 200 µm, spanning the three deposition regimes as described in section 2.1.

In many cases the liquid droplet aerosols generated can be approximated as giving

an all-stick boundary condition.

The experimental data of Liu and Agarwal (1974) for turbulent pipe flow have

become the most widely referenced experimental data in this field. Experiments were

undertaken at ambient conditions, for Re = 10 000 and 50 000. The test section was

a vertical pipe, L/D = 80.3. Aerosol particles were produced from olive oil, with a

fluorescent tracer (uranine). Mono-disperse particles dp = 1.4−21µm were generated

(0.21 ≤ τ+p ≤ 774). Their data, Fig. 2.7a, showed almost no dependency of V +
d on

Reynolds number. The authors reported V +
d ∝

(
τ+p
)2

in the diffusion-impaction

regime. No experimental uncertainty was reported, though repeated experiments

showed differences < 3% in V +
d , extremely low in comparison to other published

experiments.

Other widely referenced experiments for ambient pipe flow include Friedlander

and Johnstone (1957); Sehmel (1968), whose data are seen on Fig. 2.2. Their data

are comparable to that of Liu and Agarwal (1974), but have a wider spread of up to

three orders of magnitude.

Montgomery and Corn (1970) investigated deposition from horizontal turbulent

flow at high Reynolds numbers (48 000− 360 000). They showed their initial results,

using a uranine-methylene blue aerosol, were strongly influenced by particle charge,

increasing deposition by up to 30× over their later, neutralised, experiments. The

effect of particle charge decreased with increasing Re. The authors did not consider

their V +
d results strongly correlated with τ+p , as vertical experiments have tended to

show, which is possibly a characteristic of horizontal flows.

Sehmel (1972) used a large-scale horizontal wind tunnel (60×60 cm cross section),

generating Reynolds numbers 92 000−550 000, for particles 0.1-28 µm. Measurements

were taken on the passage floor and ceiling. The increase in deposition velocity Vd

between ceiling and floor for 2.5 and 13 µm particles was 28.0 and 2.6× respectively.
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Re-entrainment of particles from both surfaces was seen, but at a higher rate from the

duct ceiling. When surfaces were make ‘sticky’ with petroleum jelly, re-entrainment

of particles into the bulk flow was still observed for particle diameters greater than

20µm.

Closely related are a number of horizontal channel flow experiments; Kvasnak

et al. (1993) investigated deposition of varying solid particulate types in the size

range dp 1-45µm, in turbulent horizontal duct flow (Re = 15 000). The test section

was made sticky to particles to attempt an all-stick boundary condition. Optical

measurement techniques were used. Results, whilst showing significant scatter, indi-

cate an increasing trend of deposition with increasing particle size, Fig. 2.7d. The

data is self-consistent, and shows a reduced dependency of V +
d on τ+p in compari-

son to the vertical orientation. Sippola and Nazaroff (2004) undertook experimental

work to simulate deposition within an air conditioning duct. The duct was a square

section, with Reynolds numbers in the range 28 400 - 116 200, and particle diameters

1 − 16µm. Their data was collected for ceiling, (vertical) walls and floor regions,

allowing gravitational effects to be investigated. Generally good agreement with the

Liu and Agarwal data is seen, though other experimental data has shown a rise in

V +
d for τ+p < 10−2, which is not seen here. The effect of gravity is clearly seen, with

the floor of the passage seeing dimensionless deposition velocities two orders of mag-

nitude higher than the ceiling in general. Experimental set-up was well-considered,

and experimental uncertainty around 10%.

A different approach was taken by Barth et al. (2013), who used optical microscopy

to measure the deposition rate with time of particles to the floor of a duct. Deposition

rate was seen to be independent of time for all but the largest particles (5.8 µm),

but deposition was seen to decrease for increasing bulk velocity, proposed due to a

reduction in gravitational settling.

The early study of Matsui et al. (1974) showed that under gravitational (horizon-

tal) conditions, deposition fractions on top and bottom surfaces of the pipe did not

equalise until Re = 30 000 for their 3.7µm particles, a reasonable match for their cal-

culations. Gravitational effects were strongest for Re < 10 000, and their calculations

also showed this was the case in general for smaller particles: deposition was predicted

to be equal between top and bottom surfaces for 10µm particles at Re ∼ 4 000, but

not until Re ∼ 100 000 for 0.3 µm particles. Deposition velocity in low speed turbu-

lent flows, Re = 4 000− 10 000, was shown to be a much weaker function of Reynolds

number than for higher speed flows, Re > 10 000. These points indicate a highly

complex interaction between turbulent diffusion and gravitational motion.
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(a) Liu and Agarwal (1974). (b) Pui et al. (1987).

0 0.5 1 1.5
Stokes number (-)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

D
ep

os
ite

d 
fr

ac
tio

n 
(-

)

Pui et al. (1987)
Liu and Agarwal (1974)

(c) Comparison of deposition fraction. (d) Kvasnak et al. (1993).

Figure 2.7: (a): straight, vertical pipe flow. (b): flow through 90◦ bend. (c): com-
parison of the deposition fraction between vertical pipe flow and 90◦ bend geometries.
(d): horizontal channel flow.
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These studies agree on a number of points. Deposition increases with τ+p in the

diffusion-impaction regime when rebound or re-suspension of particles is not consid-

ered. Horizontal flows in general have higher V +
d for the same τ+p than horizontal

flows, and this can vary substantially between floor, wall, and ceiling measurements.

However, a number of effects are not so clear cut. The effect of Reynolds number is

a significant area of disagreement, with some studies showing Reynolds-independence

of deposition, whereas other show banding of data by Re on V +
d vs. τ+p plots. The in-

teraction between gravitational and turbophoretic effects is complex, and how this in-

teraction changes with Reynolds number. Most experimental studies in pipe/channel/

duct flows address particle rebound by attempting to reduce it using sticky surfaces -

those studies that have ‘allowed’ rebound or re-suspension of particles are incoherent.

This is likely due to such an effect being a complex interaction of factors, which the

experiments were not designed to address.

A development of this is the introduction of bends to these flows. An increase in

deposition fraction is generally seen with increasing particle Stokes number. In the

absence of rebound this tends to full capture for Stk > 5; for example see experi-

mental data of Pui et al. (1987), Fig. 2.7b. Here the centrifugal forces acting on the

fluid set up two counter-rotating secondary flow vortices within the flow. Particle

motion is also strongly affected by the centrifugal force experienced by the particle

due to streamline curvature. A comparison of pipe and bend flows, Fig. 2.7c, shows

that the bend-induced secondary flows increase deposition significantly in compari-

son to straight pipe flow at the same Stk, especially for small Stk. Sun et al. (2013)

found similar results to Pui et al. (1987) for larger particles, but significantly higher

deposition fraction for particles of lower Stk. Wu and Young (2012) produced an

intensive study of inlet channel, 90◦ bend, and outlet channel, indicating that down-

stream deposition trends were significantly altered by the bend. The bend raised V +
d

by around an order of magnitude for all τ+p considered (0.8-46). After the bend, V +
d

returned to pre-bend levels for the larger particles, but stayed elevated by 1-500% for

0.8 < τ+p < 7.8 particles.

Thermophoresis has been investigated experimentally, again frequently for pipe

flow. Healy and Young (2010) carried out experiments on annular flow between heated

and cooled annular, concentric surfaces, and showed that a temperature difference of

less than 30◦C between surfaces can drive substantially different dimensionless de-

position velocity statistics. The thermophoretic effect is shown to be strongest for

smaller particles, in particular in the diffusional regime. Of particular interest in the

secondary air system is the ‘hot wall, cold gas’ situation, where thermophoresis acts
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to move particles from the hot wall region to the cooler bulk flow region, reducing

deposition. Romay et al. (1998) investigated thermophoretic deposition for NaCl and

PSL (polystyrene latex) spheres in vertical pipe flow. Attempts were made to de-

couple the turbophoretic and thermophoretic effects, an important but complex task.

Assumptions made about the nature of the coupling seem to be somewhat arbitrary

Deposition fraction data presented is an order of magnitude higher for isothermal

conditions than has been published by others (see above), and it appears to be plot-

ted erroneously, as their figures showing V +
d against τ+p line up against that of Liu

and Agarwal (1974), which is not the case based on the raw data of Romay et al.

The study of Tsai et al. (2004) developed this with further thermophoretic pipe

flow experiments. Applications of the theory of Romay et al. (1998) with the ther-

mophoretic coefficient of Talbot et al. (1980) showed good agreement with the exper-

imental data for NaCl. Knudsen numbers were in the range 1-4, hence sitting in the

transition regime. These data are not likely to be applicable to engine conditions, as

the particles of interest at engine conditions are larger, and the gas mean free path

lower.

The vast majority of published experimental data represents ‘increasing’ ther-

mophoresis (Tg > Tw). Almost no experimental data is available for Tg < Tw, which

is the main direction of interest for the study of particle deposition within the sec-

ondary air system. Only Healy and Young (2010) present such data, though this

is of mixed use as the deposition rates were extremely low, leading to measurement

difficulties and a number of possible inconsistencies within the data set. The authors

were however able to develop a reasonably consistent gas temperature profile within

the annular section, which itself is a challenge.

Other experimental studies include that of Zhang and Chen (2006), who made

point concentration and velocity measurements of particle-laden flow within a full-

scale room geometry. This was part of a combined experimental-numerical study,

which showed successful simulations of their experimentally measured concentrations

(section 2.4.6).

A number of studies have addressed oral delivery of pharmaceutical drugs by

aerosol. Deposition fraction or efficiency is frequently reported against an impaction

parameter IP ,

IP = d2aQ̇g, (2.71)
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Figure 2.8: Five different experimental geometries from the same MRI scan of a
nasal geometry indicating the huge dependency on manufacturing technique (surface
finish/roughness). From Kelly et al. (2004).

where da is the particle aerodynamic equivalent diameter, and Q̇g the gas volumetric

flow rate. Eq. 2.71 is multiplied by ρp in some publications. Due to the complex

nature of these geometries, it is often necessary to make simplifications, and deposition

fraction is seen to vary significantly due to differing surface finishes. The work of Kelly

et al. (2004) compared five physical implementations of a MRI (magnetic resonance

imaging) nasal scan, the integral deposition results of which are seen in Fig. 2.8.

Deposition occurred at IP values an order of magnitude lower for the roughest test

piece, ‘swift’, than the smoothest, ‘viper’, indicating a huge dependency on surface

finishes. However, the ‘Guilmette’ test pieces were smoother than the ‘SLA’ version,

yet saw higher deposition. Spatial resolution of deposition, which was not measured,

would help address such issues.

Most experimental studies have considered particle-wall impacts to be ‘all stick’,

and have used a range of techniques to reduce rebound effects, when necessary. These

include double-sided tape (Friedlander and Johnstone, 1957), petroleum and glycerine

jellies (Sehmel, 1972), and Freon Tetrafluoride (Kvasnak et al., 1993). The latter

study noted than marks were seen in the Freon coating, indicating particle rebound

occurring in spite of it. Whilst studies have addressed particle rebound characteristics

for various materials (section 2.3.6), few have given much consideration to the effects

on net deposition rate. In many environments, including gas turbines, ‘all stick’ is not

a necessarily a representative boundary condition. This area of the field that requires

further investigation.
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2.3.6 Experimental data: gas turbine flows

Engine-representative experimental work has investigated a range of main gas path

geometries using engine(-scale) components at engine-representative temperatures.

These studies have shown that particle temperature can have a significant effect on

rate of deposition; above an adherence or softening temperature the rate of deposition

has been seen to increase very significantly.

Previous studies connected to this thesis begin with the work of Ireland (2010),

which set out the requirements for an experimental rig to produce validation data

for the Dehbi DRW model. An experimental rig was designed and built (McGilvray

et al., 2011), and several experimental campaigns carried out (Parry-Crooke, 2013;

Wedd, 2014). These showed promise, but difficulties relating to particle generation,

and control of the experimental conditions, were noted.

Engine-scale deposition, where more significant deposition structures are built,

also is affected by particle-particle erosion, where impacting particles may have enough

kinetic energy to remove sections of deposit. This adds a significant level of tempo-

ral complexity to such modelling. The effect was captured by Clum et al. (2014)

experimentally using video recording of the build-up of mounds under impingement

jets. This was observed to be an unsteady process, whereby deposit mounds increased

and decreased in size, especially those growing down from a horizontal surface. It was

seen by Whitaker et al. (2016a) larger particles (0-10, and 0-20 µm sievings) were able

to remove blockage caused by smaller particles (0-5 µm sieving). These experiments

were carried out up to 886 K, significantly below the sintering temperature of the

Arizona road dust material (∼ 1 400 K). In general particle removal of deposition has

not received a great deal of research attention, likely due to the complexity of the

problem.

The erosion of metal surfaces by particulate matter has, however, received more

investigation. This is usually an aspect more considered in relation to the cold end

of the engine, in particular fan and compressor erosion. Particles sizes at this point

in the engine are in general larger than in the hot section, as the centrifugal effects

of the fan and compressor tend to cause larger particles to be removed from the core

flow. Hamed and Tabakoff (2006) provide a useful overview of erosion in turboma-

chinery. The Calspan full engine tests (Dunn (1990), summarised in Dunn (2012))

indicated significant compressor blade damage and performance deterioration; blade

trailing edges were sharpened and blade tips eroded away. The removal rate of a

surface undergoing erosion was investigated experimentally (for example Wakeman

and Tabakoff (1982)). The removal rate is usually reported in terms of eroded volume
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or mass of metal per unit mass of impacting particulate. This is useful in the case

of fan/compressor studies, but less appropriate for the simulation of particle-deposit

erosion, where a net change of deposited mass, the difference between deposited and

eroded mass, mdep, net = mdep −mero, may significantly influence deposition rate and

shape. In the related field of ice crystal deposition, where large-scale deposits are

frequently seen, attempts to model erosive effects of ice on ice have used empirical

and semi-empirical expressions, for example Currie et al. (2014). It is likely such an

approach could be undertaken for particulates such as sand, ash, and dust, and would

form a useful first step towards accounting for these effects. As appropriate validation

data is not readily available, and it is outside the scope of this thesis to investigate

particle-particle erosion experimentally, the subject is not considered further, except

for discursive purposes.

Studies have been carried out on nozzle guide vane (NGV) geometries using the

TuRFR experimental rig at Ohio State University. Initially build by Jensen et al.

(2004) to test deposition on engine-scale NGVs, recent studies using this equipment

include Casaday et al. (2014b) and Prenter et al. (2016), who both assessed the

effects of combustor hot streaks on NGV deposition rates, Fig. 2.9. Unsurprisingly

the hot streak was seen to increase deposition when clocked directly onto a vane, in

comparison to a uniform temperature profile baseline case. Slot cooling of the vane

reduced integral deposition by 3.5× in comparison to the hot streak deposition case.

Interestingly deposition was also reduced upstream of the coolant slot. This may be

indicative of the fact that the temperatures achieved experimentally were close to a

particle sticking threshold temperature - deposition appears to stop abruptly in this

region.

Whitaker et al. (2016b) investigated the effects of free-stream turbulence on NGV

deposition. Fly ashes with mean diameters of 4.6 and 6.5 µm were used; increasing

free-stream turbulence from 6 to 9% was found to increase deposition by factors of

1.77× and 1.84× respectively for the particle diameters. No uncertainty was reported

for deposition rate/mass. Though not discussed in their paper, the traces of deposition

thickness make interesting comparisons; for the larger 6.5 µm particles (Figure 10

of original paper, top) the increase in deposition is mainly at the leading edge, in

contrast to the 4.6µm particles (original figure, bottom) for which deposition was

seen to increase fairly uniformly across the whole pressure surface. This may indicate

that between these particle size distributions, turbulent diffusion and inertial effects

are changing the deposition characteristics. This experimental rig has a tendency to

40



Figure 2.9

Figure 2.10: Deposition on NGV pressure surfaces for differing inlet temperature
profiles. B: uniform; HS: hot streak; HS+C: hot streak and coolant slot. Taken from
Prenter et al. (2016).

shed deposit during the cooling process (see Lundgreen et al. (2016) for example),

which puts some doubt on their quoted values of deposited mass.

Clum et al. (2014) carried out experiments to assess build up of particulates under-

neath impingement jets. Rate of build up was found to be a function of composition

and temperature. This work is simulated in chapter 6. These findings corroborate

a number of studies of deposition in secondary air systems; Walsh et al. (2006) and

Cardwell et al. (2010) investigated sand ingestion and blockage of film-cooling holes.

Both reported increased rate of hole blockage with increasing metal temperature,

above a threshold.

This approach was extended by Wylie et al. (2017), who compared blockage trends

for varying volcanic ashes, film hole geometries, temperatures, and ash loadings for a

high pressure turbine blade leading edge passage with film-cooling holes. Deposition

was reported in terms of a reduction in flow parameter (RFP), where flow parameter

is a normalised mass flow rate. The extensive study indicated that particle (gas)

temperature was a first-order effect, with very substantial increases in RFP over

threshold temperatures, which where themselves ash type dependent.

Whitaker et al. (2016a) assessed a NGV leading edge passage with an impinge-

ment liner and film-cooling. Deposition was reported in terms of blockage, a frac-
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tional reduction in mass flow rate. Different PSDs were used, with the 0-5 µm sample

increasing hole blockage, and 5-10, 0-10, and 0-20µm distributions less likely to de-

posit, and able to remove previously formed deposits. Maximum temperatures of

866 K were used, significantly below those expected in a NGV leading edge passage.

These temperatures would also be below expected sintering or melting temperatures

of the particulate material, Arizona road dust.

The work of Kueppers et al. (2014) and Taltavull et al. (2016) demonstrated

that ARD and such test dusts do not represent volcanic ash when treated thermally.

Whilst both materials are high in silica (SiO2) the silica component of volcanic ash

(Eyja, matching the study of Wylie et al. (2017)) was found to be highly glassy, and

hence amorphous and unstructured, whereas the silica component of ARD is highly

crystalline. The glassy volcanic ash undergoes glass transition and softening at a

significantly lower temperature (650-700 ◦C) than ARD melts (∼ 1 700 ◦C). Onset

of sintering was observed for volcanic ash at 850 ◦C, at 1 100 ◦C for ARD, and 1 400
◦C for the MIL test sand, indicating that the materials have substantially different

structures and responses to thermal conditions, and therefore substitution of one

material for another must be done with consideration.

2.3.6.1 Wall-impact

The characteristics of particle rebound upon impact at gas turbine conditions - tem-

peratures, velocities, materials - are highly complex, and is a field of research which

remains largely empirical. A number of studies have addressed this problem experi-

mentally, where data is usually presented as coefficient of restitution, CoR, the ratio

of rebounding to incoming velocities. This is done for both the normal (CoRn) and

tangential (CoRt) directions. Velocities and angles are defined in Fig. 2.11.

Figure 2.11: Particle rebound upon wall impact.

Early studies included Wakeman and Tabakoff (1982), and Tabakoff et al. (1987),

who measured rebound characteristics as part of surface erosion. Gas turbine materi-

als (Inconel, stainless steel, aluminium, titanium, and fly ash and sand) were tested,
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at velocities up to 450 m/s and temperatures to 1 100 K. Tabakoff et al. (1987) also

included the distribution of CoR values as a function of impact angle (β1 in their

paper), which indicates that the spread of CoR values at a nominal impact angle is

a function of that impact angle.

A frequently used technique is particle shadow velocimetry (PSV), the particles

pass between a high-speed video camera lens and a back-light before and after impact.

The particle therefore leaves a shadow in each image, which is processed to give

particle velocities. Bons et al. (2015) used such a technique to assess the impact

of quartz on aluminium. They employed four differing but widely-used methods for

the calculation of CoR values, demonstrating the advantages of individual particle

tracking and calculation over field-averaging approaches, but at significantly higher

computational cost.

Three fly ashes were assessed by Whitaker and Bons (2015) on stainless steel

surfaces. Differences in CoR were reported with particle composition, but not with

the two temperatures used, 295 K and 395 K. Reagle et al. (2014) carried out ex-

periments for Arizona road dust (ARD) particles impacting a stainless steel surface.

Gas temperatures up to 1 073 K were achieved, and particle velocities to 102 m/s.

However their experiment was operated at a constant mass flow rate, temperature-

velocity coupling the system, making it difficult to unpick the corresponding effects.

Correlations of CoR as a function of impact angle were presented.

The above experimental works tend to come with the same caveats in relation

to the demands of the current current study. Firstly, particle sizes used for rebound

studies are typically large (> 50µm), for ease of capture on camera. As particle-

wall adhesion is proportional to d2p, and particle kinetic energy proportional to d3p,

the response of the smaller particulates (0-10µm) in this current study is different.

Secondly, experimental rebound conditions are attained to reduce the deposition of

the particulate matter, as rebound is desired, hence there is little data available for

the effects of particulate matter impacting previously deposited particulate matter.

Thirdly, fly ash, which is frequently used for such experiments due to its availability,

is not representative of the various volcanic ashes found across the globe. Fly ash,

which is formed from the burning of pulverised coal during power generation, tends

to be spherical in shape, whereas volcanic ashes are frequently shard-like (see figure

1 of Kueppers et al. (2014)). These considerations must be taken into account.
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2.4 Numerical simulations

As within almost every field of engineering, the improvements in computing power

and capability over the last 50 years have made numerical simulation of particulate-

laden flows a significant area of research. Numerical simulations offer significantly

better resolution of deposition data than experiments, be it spatial trends, concen-

tration profiles, or particle tracks. Simulations of particle deposition tend to offer the

usual numerical advantages over experiments regarding time/cost. If modelling on

an engine-scale can be carried out this would be hugely advantageous.

However the fidelity of numerical simulations with regards to particle dispersion

and deposition remains, on the whole, significantly lower than other fields (for example

aerodynamics or heat transfer). This is in the main due to two factors. The first is

the random nature of turbulence and therefore the stochastic interaction between

suspended solid and continuous phases. This interaction is the most challenging

aspect of current numerical modelling. The second factor is the mechanics of impact,

whether a particle adherers or rebounds upon contact with a wall.

A wide range of solutions has been proposed for numerical modelling of particle

motion in turbulent flows, with different levels of fidelity and tractability. Before

making a choice of numerical approach, the desired ‘cost’ and output should be un-

derstood.

2.4.1 Continuous phase solution

The following is an overview of the general approaches for continuous phase modelling

that have been applied to simulations of particle motion and deposition.

2.4.1.1 Reynolds-Averaged Navier-Stokes, RANS

The vast majority of published work on particle deposition, from both the aerosol

science and gas turbine fields has used the Reynold-averaged Navier-Stokes (RANS)

method. Here the Navier-Stokes momentum equations are time-averaged, hence so-

lution provides a steady, mean flow solution. However the time averaging process

introduces six mean fluctuating velocity components for three-dimensional flows, usu-

ally denoted uiuj. These mean fluctuating velocity components are referred to as the

Reynolds stresses. Attempts to provide further equations for the solution of the

Reynolds stresses by taking moments of the RANS equations leads to an increasing

number of products, which themselves must be solved.
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A method for the solution of the RANS equations is to model the Reynolds stress

terms, thus closing the equations, and rendering them soluable. Frequently this is

done by making an analogy to molecular viscous stresses, by assuming a propor-

tionality between the mean flow velocity gradients and the Reynolds stresses, with an

effective ‘turbulent viscosity’. This is known as ‘first-order’ closure. The two-equation

eddy-viscosity turbulence closure models are the most widely used form of first-order

closeure. The various formulations of the k-ε (standard, re-normalisation group, real-

isable, low-Reynolds) and k-ω (standard, SST) models are the most frequently used.

Their utility lies in their stability and ease of use, and their shortcomings are well

known. For certain classes of flows, they can produce good results in comparison to

experimental or higher order model results.

To attempt to rectify the problem of anisotropic turbulence, Durbin (1991) pro-

duced the v2 − f model which solves for the wall-normal velocity fluctuations v2,

in addition to turbulent kinetic energy and turbulent dissipation rate. The model

has been shown to give good predictions in comparison to the Reynolds stress model

(Lou and Razinsky), but it is not widely used in industrial applications due being

less stable and less available than the two-equation models above.

The Reynolds stress model (RSM) solves the individual Reynolds stresses directly,

leading to six extra equations. This is a second-order method. This increases com-

putational time, however the RSM is able to capture anisotropy of turbulence. It

performs significantly better for separated and rotating flows than the eddy viscosity

models.

2.4.1.2 Large eddy simulation, LES

Large eddy simulation and the associated variants (detached eddy simulation, DES,

hybrid methods etc.) have not seen widespread application to particle motion simula-

tions in general. When LES has been applied to particle simulations, it has been in a

similar manner to simulations employing RANS methods - a stochastic model is still

required in the boundary layer (modelled) region. Dehbi (2011) simulated a throat

geometry using LES, showing improvements over RANS solution in comparison to

experimental data. Liu et al. (2007) also assessed a throat geometry, with their LES-

based results indicating better comparisons to experimental data than either the eddy

interaction model (EIM), for which deposition was too high, or mean flow tracking,

for which deposition was too low. Berrouk et al. (2008) simulated the experimental

work of Pui et al. (1987). The results were promising, however the application of

a stochastic model for particle-turbulence interaction was shown to have very little
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effect on the overall results, likely due to the particle body forces due to streamline

curvature being significantly larger.

2.4.1.3 Direct numerical simulation, DNS

Within the field of aerosol science a number of researchers and groups have applied

direct numerical simulation techniques to the solution of particulate flows. Due to the

vast computational requirements (Ncells ∝ Re9/4) those seen have almost exclusively

been for low speed flows in simple geometries, for example the pipe flow of Thakurta

et al. (1998), or the channel flow of Marchioli et al. (2003, 2008).

Data extracted from DNS indicate the unsteady manner in which aerosol parti-

cles interact with and approach solid walls from a turbulent flow. In the diffusion-

impaction regime this appears to be driven by ‘sweep’ and ‘ejection’ mechanisms,

the former drawing particles down into the boundary layer, the latter removing them

away to the bulk region. This data also provides important data against which the

validity of lower-order codes can be assessed - for example fluid and particle nor-

malised velocity profiles, particle-fluid covariances, and higher moments. Such data

have been essential to the development and validation of Langevin-derived models for

instantaneous fluid velocity as seen by a solid particle, discussed below.

The fidelity of DNS comes at a very significant computational cost, the Reτ = 155

channel flow simulations undertaken in Marchioli et al. (2008) were reported to have

taken 8-10 months each. Here Reτ is friction Reynolds number, based on shear

velocity,

Reτ =
u∗l

νg
=
ρgu

∗l

µg
, (2.72)

where l is the channel half height for channel flow simulations. This time frame is

clearly unacceptable in an industrial context, not accounting for the required increase

in complexity of geometric and flow conditions.

2.4.2 Continuous-discrete phase coupling

The vast majority of researchers have applied a serial approach to numerical simula-

tions of particle tracking, where the continuous phase is solved first, followed then by

some manner of particle tracking. The assumption is made that particle concentra-

tion is low (volume ratio < 1e−6), hence the discrete/solid phase has no effect on the

continuous phase, allowing a one-way coupling.
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When the simulated conditions have a volume ratio > 0.001, the effect of the

particles on the bulk flow, and particle-particle interactions must be simulated. In

the middle domain, volume ratio 10−3 − 10−6, the effect of the suspended phase on

the bulk flow is small, and frequently ignored (Venturini and Rispoli, 2012).

2.4.3 Discrete phase

The formulation of the equations of particle transport in a flow can be described as

Eulerian or Lagrangian. The fully-Eulerian formulation, as proposed by Kallio and

Reeks (1989) treats the solid phase as a second continuous phase, solving ensemble-

averaged conservation equations similarly to the fluid phase. The Eulerian approach

is most suitable for high volumetric ratios, where particle-particle and particle-gas

effects cannot be ignored (Dehbi, 2008b). Whilst less computationally intensive

than Lagrangian tracking, Eulerian modelling has difficulties with implementation

of boundary conditions and particle density discontinuities.

The Lagrangian approach, where the Newtonian equations of motion are solved

for individual particles, is more widely utilised by researchers. Particles are tracked

individually, solving the equation of motion along their path. In the case of turbulent

flows, large numbers of particles must be tracked in order that stationary particle

statistics are formed. This makes the Lagrangian approach more computationally

expensive, however its relative ease of implementation and calculation, in combina-

tion with the continuous decrease in cost of computing power, has resulted in its

widespread use.

Numerical simulations of particulate-laden gas turbine flows have almost exclu-

sively been undertaken using a Lagrangian approach. Due to the low particle loadings

experienced in operation (Whitaker et al., 2016a; Wylie et al., 2017) particle-particle

interaction can be ignored, and a one-way coupling between gas and particle motion

can be assumed (Venturini and Rispoli, 2012).

The most widely used stochastic methods are discussed in Table 2.1. The contin-

uous random walk (CRW) model of Dehbi (2008a) was chosen for further assessment

and use, based upon its good predictions of experimental deposition, and relative ease

of use in industrial configurations.

2.4.4 Analytic models

The first major model for turbulent particle deposition was published by Friedlander

and Johnstone (1957). Known as the ‘free-flight’ model, particles are transported by
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turbulent mechanisms to a wall-normal distance defined as the ‘stopping distance’,

S. The authors referred to this distance as an effective particle radius, based upon its

inertia. The particle drifts in free-flight across the remaining distance (S) to the wall.

The experimental work of a number of authors has disproved the free-flight theory,

though it found use for a substantial period of time.

Wood (1981) published two analytic models for deposition to smooth and rough

surfaces. These use the particle diffusivity from the Einstein equation to model de-

position in the diffusional and diffusion-impaction regimes. Roughness is defined in

terms of sand grain roughness. The model constants were tuned against the data of

Liu and Agarwal (1974), and has found widespread use due to its simplicity and ease

of calculation.

Fan and Ahmadi (1993) produced a model based on coherent turbulent vortical

structures in the near-wall region. Limiting trajectories are calculated for particles in

a turbulent sweep that just touch the wall before being returned to the bulk flow. The

model provides ‘reasonable predictions’ of deposition velocity for a range of density

ratios, Reynolds numbers, and roughnesses, according to the authors. The model was

extended by Kvasnak et al. (1993), who accounted for particle rebound effects using

an energy-based boundary condition, giving a critical approach velocity, above which

rebound would occur.

2.4.5 Boundary conditions

2.4.5.1 All-stick

An ‘all-stick’ boundary condition captures all particles which come within one parti-

cle radius of the wall. Particles are then removed from the domain. This boundary

condition is representative of many published studies on particle deposition where ex-

perimentalists have chosen to use either liquid aerosols, or have actively made surfaces

sticky to particles. Whilst useful for the assessment of numerical models without con-

sideration of impact effects at boundaries, it is not necessarily representative of the

particle-wall impacts that occur in gas turbines, where particles are seen to rebound

upon impact.

2.4.5.2 Rebound

A number of models for particle-wall impact have been developed, with ranging ap-

plicability. A number of critical viscosity models have been developed based on the
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concept of Walsh et al. (1990). Here particle viscosity µp is related to particle tem-

perature through the relation

µp = ATp exp(B/Tp), (2.73)

where A and B are constants. The ‘critical viscosity’, µc, is that at which it is deemed

to become perfectly sticky. The probability of sticking (i.e. fraction of depositing

mass) is then calculated from

p(Tp) =

{
µc
µp

for µp > µc

1 for µp ≤ µc.
(2.74)

Tuning of parameters A, B, and µc must be done for particle/surface pairings.

Brach and Dunn (1992) produced a model for low-speed impacts which accounted

for loss of kinetic energy due to deformation and adhesion in two independent pro-

cesses, and was a step forward in terms of generality of model.

Kim and Dunn (2007) produced two models for particle impact, implementing

them using a Fluent UDF. Alongside the material properties the model used a number

of tunable constants, which are generally unknown a priori and were best-fitted by the

authors. The validation cases shown indicated good reproduction of the experimental

data chosen.

Singh and Tafti (2013) developed a model for particle rebound, dividing the pro-

cess into four separate steps that occur in series: elastic deformation, elasto-plastic

deformation, sticking, and rebound. Reproduction of experimental results was rea-

sonable in general, though the calculation process quite involved.

Bons et al. (2016) attempted to produce a ‘simple physics-based model’ into which

the relevant material properties could be inserted, and in theory used a priori. The

model, discussed further in chapter 3, accounts for elastic and plastic deformation, ad-

hesion, and shear removal. Good reproduction of a number of experimental cases rele-

vant to gas turbine conditions was demonstrated, though the authors noted that tun-

ing of the physical parameters (inc. particle material yield stress, composite Young’s

modulus, surface free energy) had been undertaken, in some cases significantly away

from their nominal values. The model is however reasonably straightforward to im-

plement as a Fluent UDF for CFD applications.

50



2.4.6 Numerical simulations: simple flows

Numerical simulations within aerosol science have been focused on internal flows

in the main. Pipe, duct, and channel flows form the bulk of the published work,

focusing on the simulation of a small number of well-referenced experimental results

(in particular those of Liu and Agarwal (1974)). Kallio and Reeks (1989) also had

success with modelling of the same data, but using an eddy-tracking approach. Their

conclusions suggested a move towards a ‘two-fluid’, i.e. Eulerian-style, method should

be pursued for reasons of computational efficiency. The work of Tian and Ahmadi

(2006) indicated good reproduction of the Liu and Agawral experimental data, though

simulations were carried out in 2D. Zonta et al. (2013) used DNS simulations with

Lagrangian particle tracking of swirled gas flow in a stationary tube to show that

the capture efficiency is increased under these conditions. Dehbi (2009) showed that

the CRW model (discussed below) predicted experimental thermophoretic deposition

(Dumaz et al., 1993; Tsai et al., 2004) with good fidelity, generally within experimental

error (20%). Particle simulations without the CRW-calculated fluid fluctuations over-

predicted deposition by around 1-400%. Across all test cases τ+p < 0.24, hence the

CRW model has not been tested under thermophoretic conditions for larger particles

or the diffusion-impaction regime, 0.3 < τ+p < 20.

Other widely used internal flow geometries include those based on human thoracic

and nasal passages, generally studying the effectiveness of aerosol drug delivery into

the lungs. A thorough review of the subject is provided by Kleinstreuer and Zang

(2010). Idealised geometries are generated based on CT scans of patients; these are

usually averaged across a number of scans. Matida et al. (2003) simulated a mouth

geometry; results, using the k-ω turbulence model and the EIM showed mixed success

at reproducing experimental data, with their best comparisons occurring with a some-

what unlikely inlet velocity of 70 m/s. Feng and Kleinstreuer (2014) applied a dense

discrete phase model (DDPM) to simulate particle-particle interactions, matching

deposition efficiency reasonably in comparison to an experimental correlation. The

DDPM model took around 1700× longer than one-way fluid-particle coupling, and

around 17× longer than two-way fluid-particle coupling.

Ghahramani et al. (2014) applied the continuous random walk model (CRW) to

an upper airway geometry. Matching to experimental deposition fractions at lower

IP values was reasonable; at higher IP simulated values were significantly lower than

experimental (2-10×). In comparisons to the continuous random walk, the discrete

random walk model was not able to capture the shape of the deposition fraction-

Stokes number curve. This study was repeated (Ghahramani et al., 2017) using LES.
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Instantaneous velocities were set equal to the filtered velocity in the resolved regions

of the simulation, and the fluctuations ignored in the modelled regions. Overall depo-

sition trends were remarkably similar between the two publications/models, though

still notably under-predicting experimental deposition. The regions in which specific

particle sizes were depositing did however change between the models, though no

comparisons were made to experimental data to indicate which simulation method

might be preferred.

Zhang and Chen (2006) investigated vertical particle concentration profiles in a

office-like room geometry. Simulations using the k-ε turbulence model and the Fluent

DRW produced generally good replication of their own experimental work; the DRW

model being successful in the isotropic region away from boundaries.

The recent work of Dehbi et al. (2017), recirculating particle-laden flow within

a cubic cavity, showed that their LES simulation reproduced the decay in airborne

particle concentration as seen in the partner experimental study to a high degree

of fidelity. Their calculations indicated that thermophoresis only has a small effect

on their particle motion calculations. For dp = 0.5 µm, thermophoresis was around

one sixth of the strength of the drag force, for dp = 5 µm, it was a negligibly small

fraction.

2.4.7 Numerical simulations: gas turbine flows

Numerical simulations of particulate-laden gas turbine flows have been carried out

largely for external flows. Deposition within the combustor was considered by Dun-

ham et al. (2011), who used a critical viscosity model to calculate deposition prob-

ability. An initial experimental test case was nominally used to assess the sticking

model, though no comparisons were shown to experimental data. Compressor fouling

was considered by Suman et al. (2014a,b), who developed sticking probability cor-

relations based on a single set of experimental data (Poppe et al., 2000). This was

applied to their compressor blade geometry, though no comparisons were made to

experimental data. This work was extended within the same group (Suman et al.,

2016), where a holistic model was formulated for the ingestion of particulate matter

and fouling of compressor blades. Their methodology is outlined in Figure 1 of their

paper, which includes a filtration profile, airborne particulate size distribution, and

an adhesion probability, giving overall spatially-resolved blade contamination. Unfor-

tunately, again no experimental data were used for validation of the computations.

Deposition onto nozzle guide vanes (NGVs) has been the subject of a number of

computational papers. Casaday et al. (2014a) investigated the effects of hot streaks
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on deposition build-up rate in comparison to experiments. Despite significant tuning

of the critical viscosity model they were unable to match deposition trends around the

full circumference of the vane, citing the model’s independence from particle diameter

and impact velocity. This was extended by Prenter et al. (2016) who computationally

showed good matching of deposition rates (using the same critical viscosity sticking

model as above), but erroneous high deposition rates near the trailing edge, where

experiments showed negligible deposition. Whitaker et al. (2016b) assessed the effects

of free-stream turbulence on NGV deposition rates; their simulations were not able to

capture the full increase in deposition rate with increasing particle size and turbulence

intensity. They noted that the discrete random walk model was not able to fully

capture the physics of turbulent dispersion.

Borello et al. (2014) demonstrated a reduction in deposition onto film cooled

NGVs, using a two-stage critical viscosity model, which gave different probabilities

for sticking on a clean surface and also onto a previous deposit. No comparisons

were made to experimental data. Agati et al. (2016) extended the sticking model of

Thornton and Ning (1998) to high temperatures through the use of volume fraction-

weighted component properties (Young’s modulus and Poisson’s ratio). Polynomial

expressions for the temperature dependence of individual material properties were

produced but only reported graphically.

Venturini and Rispoli (2012) numerically studied high temperature (1 293 K) depo-

sition of pulverised coal ash onto a representative heat exchanger pipe. Thermophore-

sis was ignored. Particles sized 8-52 µm were injected into the U-RANS simulation.

Deposition thickness was calculated by adding the deposition from the three discrete

particle sizes. Comparisons to experimental data were limited to a single photograph

from a referenced study.

Numerical simulations have also been carried out for internal geometries, rep-

resentative of secondary air systems components. Wylie et al. (2017) carried out

simulations of their experimental work for deposition in film-cooling holes. Qualita-

tively the results showed similar trends to the experiment, including the variation of

deposition location/blockage with varying angle of hole.

2.4.8 Deposition thickness and domain updating

Two distinct methods are used for calculating the thickness of deposits on a surface

after a specified mass of particulate has been injected into the domain. The first

is to run particle tracking and calculate a scaled deposited mass based on the local

deposition fraction from the particle tracking. The scaled deposited mass can then be
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projected normal to the surface to calculate a deposited thickness. We refer to this as

the ‘projected thickness’ method. Published works which have used such a method

include Venturini and Rispoli (2012); Peng et al. (2016); Borello et al. (2012).

Although this projected thickness method is computationally cheap and simple to

implement, it does not allow for unsteady trends in the development of the deposited

profile. It has been noted, for example by Bons et al. (2016) that the grid should be

regenerated at intervals to account for the aerodynamic effects of large scale partic-

ulate accretion. With reference to figure 19 of their paper, shown as Fig. 2.12 here,

they state ‘this deposit structure is large enough to modify the flow streamlines and

thus the trajectories of subsequent particles. For the model to capture this effect, the

vane surface would have to be modified and regridded at regular intervals during the

steady solution. It is expected that this would result in a broader leading edge deposit

structure as observed experimentally.’ It is immediately clear from Fig. 2.12 that

there is a significant difference between the experimentally-observed deposition (grey

profile, from Prenter et al. (2014)) and their calculations (black). Experimentally,

the leading edge deposit spreads thickly onto both the suction and pressure surfaces,

more than 20% of the way along the latter from the leading edge. The computational

projected deposition thickness was very localised to the leading edge, only spreading

down 5% of the pressure surface.

Such deposition would also be likely to negatively effect the capacity of the nozzle

guide vanes, altering the engine operating point. Without being able to capture the

thickening of the vane surface, this effect on engine operation cannot be simulated.

Updating of a CFD domain due to deposition has been implemented for ice accre-

tion on compressor blades and engine cowls, for example Cao et al. (2016). The ice

phase tends to be tracked in an Eulerian manner (similarly to the gas itself) due to

the high number concentrations seen. Good reproduction of experimental results have

been shown by Shen et al. (2013). However there have been limited attempts to apply

such a scheme to deposition of ash or sand in hot stage components. The deposited

thickness, shown to be non-negligible relative to component size in experimental and

engine experience cases (Lundgreen et al., 2016; Prenter et al., 2016), is ignored,

meaning that its effect on the continuous flow field, heat transfer distributions, and

further particle trajectories is not accounted for. One notable exception was the work

of Casaday et al. (2014a), who used a series of 2D axisymmetric simulations to explore

deposition under an impingement jet. Calculation of surface adjustments was carried

out in MATLAB before remeshing was undertaken. Simulation results matched the

partner experimental study (Clum et al., 2014) reasonably well, however the critical
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Figure 2.12: Normalised deposition thickness on a nozzle guide vane against wetted
distance for experimental and numerical studies. Taken from Bons et al. (2016).
Substantial difference seen between experiments (grey) and their simulated projected
deposition thickness (black).

shear stress sticking model was tuned using fairly arbitrary parameters to match the

experimental data. Remeshing the whole domain at every iteration was acceptable

for this 2D axisymmetric geometry, but is considered a computationally expensive

process for larger, more complex 3D domains.

The above calculations were done by exporting the geometry and deposition to

external software, where the necessary geometric changes were made, and the do-

main fully remeshed in a third piece of software. A preferable approach would be to

undertake the calculation and remeshing processes within the flow solution software

itself (Fluent). We refer to this as ‘dynamic mesh morphing.’ This would be likely to

significantly reduce calculation time and make the whole process more user-friendly.

Such a scheme is described in section 3.3.

2.5 Summary

Based on the above review, a number of main points are pertinent to the thesis.

Experimentally, a rig based on pipe flow conditions is the simplest to construct,

and measure deposition from. Instrumentation of such a configuration is also more

straightforward, with regards to measuring surface and flow temperatures. Differences

are noted between vertical and horizontal pipe flow measurements, due to gravita-
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tional effects. This must be considered. Particle generation from solution was seen to

be the most reliable method to generate a highly mono-disperse aerosol, which makes

comparisons to numerical simulations cleaner. Wet chemistry or optical assessment

of test surfaces to measure deposition post-test appear to be appropriate methods.

Numerically, a large number of flow and particulate models are available. These

should be limited to those appropriate for industrial applications, which places limits

on the achievable fidelity of such simulations. This narrows the flow simulations to

turbulence modelling (k-ε, k-ω, RSM etc.), rather than resolved simulations. Models

for the fluid fluctuating velocities must be robust, and be limited in their dependence

on DNS data that requires updating. This suggests the generalised Langevin models

are not appropriate, favouring the normalised Langevin models. Lagrangian particle

tracking, though more computationally expensive than a two-phase Eulerian solution,

gives high resolution deposition predictions, and allows bounce-stick modelling to be

applied with greater ease, important for capturing particle-wall interaction in gas

turbine realistic flows.
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Chapter 3

Numerical Models

This chapter presents detailed discussion of four key numerical models. Initially

the eddy interaction/discrete random walk and continuous random walk models for

calculation of the fluid fluctuating velocities are described. Further assessment and

validation of the continuous random walk model is then undertaken.

Following this, the dynamic mesh morphing method is developed. This is a nu-

merical approach for updating a numerical domain based on deposition history. This

is able to capture the manner in which heavy deposition changes the surfaces on which

it occurs.

The final section of the chapter concerns the implementation of a bounce-stick

model from the literature for particle-wall impacts. Areas of model strength and

weakness are discussed.

3.1 Eddy interaction model

The eddy interaction model (EIM), or discrete random walk (DRW) model was in-

troduced in section 2.4.3. The development of the eddy interaction model was a

first major step towards capturing the stochastic effects of turbulence on suspended

particles (Gosman and Ionnides, 1983). Conceived in order to model the dispersion

of fuel droplets in isotropic turbulence in internal combustion systems, it has found

extremely wide-spread use within the gas turbine community. Individual particles

exist in a series of capturing eddies. The particle remains within a specific eddy until

the particle crosses the eddy, or the eddy expires.

The eddy velocity (instantaneous fluid velocity) in the i-th direction is calculated

from the Reynolds stress uiui and Gaussian random variable (zero mean, unit vari-

ance) ξ,
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ui = ξi
√
uiui. (3.1)

When the EIM is applied to simulations utilising the two-equation turbulence clo-

sure models, isotropic turbulence is modelled. The mean square fluctuating velocities

are equal, and derived from the turbulent kinetic energy,

√
u2i =

√
u2x =

√
u2y =

√
u2z =

√
2k

3
, (3.2)

where k is the turbulent kinetic energy. The eddy lifetime, τe is calculated from the

Lagrangian time scale TL,

τe = 2τL, (3.3)

or from

τe = −τL ln(r), (3.4)

where r is a uniformly distributed random number, 0 < r < 1. The Lagrangian time

scale is calculated

τL = 0.15
k

ε
, (3.5)

where ε is the turbulent dissipation rate. The eddy velocity is constant whilst the

particle is within the eddy, making it a zero-order function.

The EIM/DRW, whilst relatively straightforward to implement and use, has a

number of drawbacks. The largest of these is a tendency to over-predict deposition by

orders of magnitude (Tian and Ahmadi, 2006), in part due to the use of isotropic fluc-

tuating velocities. In order to reduce this discrepancy, the continuous phase solution

can be calculated using the Reynolds stress model, RSM. This allows anisotropic fluc-

tuating velocities to be calculated from the principal (density-normalised) Reynolds

stresses Rii,

ui = ξi

√
Rii. (3.6)
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Figure 3.1: Comparison of non-dimensional fluctuating velocity components in three
principle directions (streamwise, wall-normal and spanwise) from channel flow DNS
data and equivalent calculated from isotropic turbulence.

It was noted that the use of isotropic fluctuating velocities was a primary cause

of the over-prediction of deposition rates. Whilst an acceptable assumption in the

bulk region where turbulence is largely isotropic, the assumption does not hold in

the boundary layer region (defined as y+ < 100) where the turbulence is strongly

anisotropic. This can be seen in Fig. 3.1, where the normalised root mean squares

fluctuating velocities σ+
i are plotted against non-dimensionalised wall distance y+,

σ+
i =

ui
u∗
, (3.7)

where ui is calculated from Eq. 3.6. Coloured lines show the three principle di-

rections (streamwise, wall-normal, spanwise) from a direct numerical simulation of

channel flow (Dreeben and Pope, 1997). The black dashed line shows the isotropic

value as calculated from Eqs. 3.2 and 3.7. It can be seen that the isotropic value is

representative of the streamwise value, but over-estimates both the wall-normal and

spanwise components significantly. For y+ < 10, use of the isotropic fluctuating ve-

locity over-predicts the wall-normal component by more than an order of magnitude.

59



3.1.1 Simulations using DRW

To assess the numerical models in this chapter, simulations of the experimental data of

Liu and Agarwal (1974) (‘L&A’) were carried out. L&A carried out particle deposition

experiments for turbulent pipe for Re = 9 800 and 50 000, in a 1.27 cm diameter ×
1.08 m length pipe at ambient conditions. Particles were generated from an olive oil

and uranine solution, over a range of sizes (1.4-21 µm).

3.1.1.1 Numerical simulation set-up

All numerical simulations were carried out using the ANSYS 14.5 suite; ANSYS ICEM

14.5.7 for grid generation and ANSYS Fluent 14.5 for simulation solution. A mesh

sensitivity analysis for the simulations of the Liu and Agarwal experiments discussed

below was carried out. The chosen grid was unstructured tetrahedral elements with 25

prism layers, an expansion ratio of 1.1, with an initial cell height of 30 µm. This gave

a y+ value of 0.8 for all but the first 5mm of the passage, which was not considered for

deposition calculations, following Liu and Agarwal (1974). After comparisons to other

turbulence models, calculations were undertaken using the realisable k-ε model. The

energy equation was solved, density calculated from the ideal gas law, and dynamic

viscosity calculated from Sutherland’s law. Numerical convergence of residuals was

obtained for continuity below 10−3, and below 10−6 for x, y, z-velocities, energy,

turbulent kinetic energy, and turbulent dissipation rate. A coupled pressure-velocity

scheme was used, along with the third order MUSCL spatial discretisation scheme.

All simulations use injections distributed evenly over the inlet face of interest. Due

to the strong dependence of deposition fraction on particle size, it was necessary to

define finer injection grids (larger numbers of injections) for smaller particles in order

to gain the required stationary deposition statistics. The finest grid was 126 000 par-

ticles, the coarsest 7 600 particles. The ‘all stick’ discrete phase boundary condition

is used.

3.1.1.2 Sensitivity analysis

A mesh sensitivity study was carried out, which is shown in Fig. 3.2. Four meshes

were constructed, 1.10 - 4.15 M cells. Axial velocity profiles (Fig. 3.2a) were seen to

be almost invariant with mesh size. Wall shear stress values quickly approached an

asymptotic value, the 1.1 M cell mesh was 2.5% higher on average than the 3.36 M

mesh, with the 1.27 and 1.38 M cell meshes within 0.5% of the finest mesh.
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Figure 3.2: Mesh sensitivity study for L&A simulations. (a): Axial velocity profile at
mid length of the pipe (z = 0.50 m). (b): Wall shear stress against axial position. (c)
Turbulent kinetic energy profiles for varying turbulence models for 1.38 M cell mesh.

Profiles of turbulent kinetic energy against normalised radial position are shown

in Fig. 3.2c. Three orders of spatial discretisation (first order upwind, second order

upwind, and third order MUSCL, are used with the chosen turbulence models. The

realisable k-ε model, ‘rke’, is able to match the peak in k in the boundary layer much

more closely than the k-ω shear stress transport model, ‘SST’, in comparison to that

calculated by the Reynolds stress model, ‘RSM’.

The simulations presented below were therefore carried out using the 3.36 M cell
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Figure 3.3: Non-dimensional deposition velocity V +
d against τ+p for the CRW and

DRW particle deposition models. Grey area shows extent of key published deposition
data (Friedlander and Johnstone, 1957; Sehmel, 1968; Liu and Agarwal, 1974).

mesh, with third order spatial discretisation of the realisable k-ε model.

3.1.2 Simulation results

Simulations of the L&A data using the discrete random walk are shown in Fig. 3.3.

Trials with both the realisable k-ε and RSM turbulence models were carried out; little

improvement was seen in the RSM simulations. Obtaining a fully converged and

stable continuous phase solution using the RSM turbulence model can be extremely

challenging for engine-realistic flows, which places an inherent limit on the usability

of the DRW model in combination with this model.

3.2 Continuous random walk

3.2.1 Model description

The CRW model of Dehbi (2008a) is another model for the instantaneous fluid fluc-

tuating velocity as seen by a particle, based upon the normalised Langevin equation

(Iliopoulos et al., 2003). The general form of the increment in normalised fluctuating

velocity is given by
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d

(
ui
σi

)
= −

(
ui
σi

)
dt

τL
+

√
2

τL
dξi + Aidt. (3.8)

Here σ is root mean square fluctuating velocity, τL the Lagrangian time step, dξ

a Gaussian random number with zero mean and variance dt, therefore is solved as an

incremental Weiner process, dξ = ξ
√
dt, and Ai the drift correction. The model is

calculated in two layers, the bulk and boundary layer regions. The division is defined

by y+ = 100. The root mean square fluctuating velocity σ is defined differently for

either layer. In the bulk region it is isotropic,

σ1 = σ2 = σ3 = σ =

√
2k

3
, (3.9)

where k is the turbulent kinetic energy. In the boundary layer, turbulence is strongly

anisotropic. The model accounts for this using normalised fluctuating velocities, σ+,

σ+ =
σ

u∗
, (3.10)

which are functions of y+. These correlations are calculated from ensemble averages

of the Reynolds stresses in channel flow DNS, in the streamwise (index 1), wall-normal

(2), and spanwise (3) directions:

σ+
1 ≡

σ1
u∗

=
0.40y+

1 + 0.0239(y+)1.496
, (3.11)

σ+
2 ≡

σ2
u∗

=
0.0116(y+)2

1 + 0.203y+ + 0.0014(y+)2.421
, (3.12)

σ+
3 ≡

σ3
u∗

=
0.19y+

1 + 0.0361(y+)1.322
. (3.13)

To make these orthogonal directions applicable to an arbitrary geometry, a body-

fitted coordinate system (BFCS, Fig. 3.4) is applied within the boundary layer region.

The streamwise direction is calculated from the bulk flow. The wall-normal direction

is calculated from the face normal vector of the nearest wall face. The spanwise

direction is then calculated from the cross product of the first two vectors.
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Figure 3.4: Body-fitted coordinate system for use in boundary layer. From Dehbi
(2008a).

The Lagrangian integral time scale τL is a spatially-varying property of the fluid

(turbulence), which characterises large-scale turbulent motion. The Lagrangian in-

tegral time scale is assumed isotropic following the DNS study of Bocksell and Loth

(2001). Again the definition is split at y+ = 100; for the bulk region,

τL =
2

c0

k

ε
, (3.14)

where c0 = 14, from the DNS of Mito and Hanratty (2002). In the boundary layer

region, fits of non-dimensional Lagrangian integral time scale, τ+L are used from Reeks

(1977):

τ+L =

{
10 for y+ ≤ 5,

7.122 + 0.5731y+ − 0.00129 (y+)
2

for 5 ≤ y+ ≤ 100,
(3.15)

where τ+L is defined

τ+L =
τL
τg, w

= τL
ν

(u∗)2
. (3.16)

The drift correction Ai in the bulk region is defined as

Ai =
∂

∂xi

(
uiui
σi

)
1

1 + Stk
=

1

2σi

∂σ2
i

∂xi

1

1 + Stk
=

1

3σ

∂k

∂xi

1

1 + Stk
, (3.17)

where isotropic turbulence (Eq. 3.9) has been invoked to get from the second to

third expression on the right hand side. In the boundary layer the drift correction

formulation differs,
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Ai2 =
∂

∂x2

(
u2ui
σi

)
1

1 + Stk
. (3.18)

Dehbi eventually only considers the drift correction in the wall-normal direction,

due to difficulties calculating the product u1u2, stating that this assumption ‘should

not alter the predictions significantly since it is the turbulent motion in the wall normal

direction which controls the overall particle dispersion and deposition physics.’

The model algorithm is as follows. Two preliminary calculations are undertaken

for each volume cell; to locate the nearest wall face and store that distance, vector,

and the corresponding friction velocity, and secondly to store the gradients of kinetic

energy.

For each particle step the model calculates the particle’s non-dimensional wall

distance, y+p ,

y+p =
u∗yp
ν

(3.19)

where u∗ is the friction velocity at the nearest wall cell, and yp the distance from

particle centre to that nearest wall cell. If y+p > 100 the particle is considered to be in

the bulk flow. If the particle is in the boundary layer region (y+p ≤ 100), the particle is

transformed into the BFCS. Eq. 3.8 is solved for the increment of fluctuating velocity,

with the appropriate values of σi and Aii.

The increment of fluctuating velocity is transformed back to the global coordi-

nate system if necessary, and is added to the mean flow velocity vector to give an

instantaneous fluid velocity as seen by the particle. This introduces the turbophoretic

acceleration to the particle’s motion.

Numerical integration is carried out using the first order implicit Euler method,

leading to the expression for the normalised fluid velocity fluctuation at the current

time step n,

[
ui
σi

]n
=

[
1

1 + dt
τL

]n([
ui
σi

]n−1
+

[
ξi

√
2dt

τL
+ Aidt

]n)
. (3.20)

Trials using the Euler-Maruyama method showed the first order implicit Euler

scheme to be preferable. Our initial implementation of the CRW model was provided

by Ghahramani et al. (2014). This takes the form of a series of User Defined Functions

(UDFs) for Fluent. Verification of the Ghahramani implementation against the Dehbi
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original can be found in Ghahramani et al. (2014). This showed the that model

reproduced the simulations as carried out by Dehbi with high fidelity.

The CRW model has been previously assessed in a number of configurations by its

author, in the main. These are listed in Table 3.1, with a brief comment regarding the

nature of the assessment. It can be seen that assessment of the CRW model is lacking

for horizontal and gravitational conditions, and also for thermophoretic conditions for

particles in the diffusion-impaction regime.

Flow/conditions Publication Comments

Vertical pipe
flow

Dehbi (2008a) Shown for τ+p > 6. Reasonable match
to L&A data using a 3D structured
grid.

Bends Dehbi (2008a) Good reproduction of the Pui et al.
(1987) correlation, using RSM. Tur-
bulent enhancement of deposition
for medium-inertia particles. Low
Reynolds number (4080) used.

Channel flow Dehbi (2010b) Good reproduction of the mean and
root mean square particle velocity pro-
files in axial and wall-normal direction.
Fluid-particle statistics were not con-
sidered. The gravitational force was
zero.

Thermophoresis Dehbi (2009) Good prediction of two sets of ex-
perimental thermophoretic data, using
the Talbot thermophoretic coefficient.
Not tested for τ+p > 0.24.

Throat Dehbi (2008a);
Ghahramani et al.
(2014); Dehbi (2011)

RSM and CRW closer to experimen-
tal data than LES. Deposition over-
predicted at low Stk, Re, and under-
predicted at high Stk, Re.

Mixing Dehbi and de Crechy
(2011)

RSM and CRW not successful, but use
of DES (detached eddy simulation) in-
dicated ability to capture the mixing
of two scalars.

External Dehbi and Martin
(2011)

Deposition simulated onto array of
spheres. For Stk > 0.3, results were
very promising.

Table 3.1: Flow conditions under which the CRW has been validated against experi-
mental data
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Figure 3.5: Plot of non-dimensional deposition velocity against non-dimensional par-
ticle relaxation time, showing the strong dependence on integration time step dt seen,
for varying values of dt.

3.2.2 Integration time step

When solving the normalised Langevin equation (Eq. 3.8), the numerical integration

time step dt must be correctly defined. A strong dependency of deposition fraction

on time step was seen, as highlighted by Fig. 3.5. This presents simulated deposition

statistics for the L&A experiments, as in the previous section. Here fixed values of dt

are used, dt = 10−4, 10−5, min(10−6, 0.1τp), where the latter is the time step criterion

proposed by Dehbi. Ghahramani et al. proposed that dt = min(10−7, 0.1τp) fitted

the selected data to a greater extent.

In response to this dependency, a new definition of the time step was formed.

From the work of Sawford (1984, 1985), it is understood that dt� τL, and as t� tk

(τL and tk are the Lagrangian and Kolmagorov time scales respectively) we assume

dt� tk. This then leads to

tk � dt� τL. (3.21)

Taking a geometric mean of tk and τL as a method to fulfil the inequality gives

dt =
√
tkτL. (3.22)
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Figure 3.6: Top: Comparison of predicted deposition based on new and Dehbi time
step criteria. Spread of published vertical pipe flow experimental data for reference.
Bottom: actual time step values for above simulations (4 µm particle).
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The definition tk = Re−0.5τL from Sawford (1985) is then into substituted Eq.

3.22, leading to

dt =
τL

Re0.25
. (3.23)

This new definition of the integration time step was implemented within the CRW

UDF and applied to the above simulation, Fig. 3.6a. A maximum time step of

10−4 s was allowed. A significant improvement can be seen over the whole diffusion-

impaction regime. The actual values of the time step with y+ are shown in Fig. 3.6b.

A 4 µm particle is shown, however particle size does not affect the new time step

definition, and only affects the Dehbi criterion for dp < 1.3 µm in this flow. The dip

in the new time step line (top) is due to the division of τL calculation (Eq. 3.15,

3.14). It is observed that the new time step definition is 20 − 100× larger than the

Dehbi criterion. The time step, and its effect on the results, is discussed more below.

Simulations were undertaken at varying Re in order to demonstrate the applica-

bility of the new time step definition at a range of Reynolds numbers, as shown in

Fig. 3.7. L&A’s data for varying Re (Re = 10 000, 50 000) is also plotted to indicate

the low-Re dependence on deposition that should be expected. The trend within the

simulation results is extremely strong in general, with the exception of the lowest data

points within both the Re = 10 000 and 20 000 sets, which over-predict deposition by

a factor of ∼ 2.

That some dependency of the results on the time step exists may be partially a

function of the model formulation. From inspection of Eq. 3.20 it can be seen that

the stochastic and drift correction terms have different dependencies on
√
dt and dt

respectively. Hence, as dt becomes smaller, the drift term (Eq. 3.17-3.18) becomes

smaller faster than the stochastic term, becoming negligible for small dt.

The drift correction term was noted (Dehbi (2008a) and citations therein) to

significantly improve comparisons to experiments; simulations without the drift term

(MacInnes and Bracco, 1992) showed non-physical drift or diffusion of tracer particles

into the boundary layer region, which would increase the rate of deposition. The drift

correction term is dependent on the reciprocal of Stokes number (Eq. 3.17-3.18), as

smaller particles, towards the tracer limit, are more susceptible to the non-physical

drift. Hence reduction of the Aidt term may reduce the effect of the drift correction.

An investigation was carried out into the magnitude of the drift correction by

setting Ai to zero. The resultant simulations, Fig. 3.8, showed that without the

drift correction, the CRW model over-predicts deposition similarly to the DRW. The
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Figure 3.7: Deposition statistics at varying Reynolds number using new time step
definition, showing applicability at a range of Reynolds numbers.

integration time step was also varied from 0.1dt, dt, 10dt, where dt is calculated as

Eq. 3.23. Without the drift correction, there is almost no dependence on time step of

the model; over the time steps shown the relative shift from the mean at each value

of τ+p was 0.6-7.5%. This implies that the different dependencies on dt in the CRW

model are a possible cause of the observed time step dependency.

It is observed that the time step of Dehbi does not appear to reproduce the Liu

and Agarwal experimental data particularly well in these simulations. Two main

reasons are given for this. Firstly, Dehbi chose to publish his simulations for τ+p

> 5.5, which excludes half of the diffusion-impaction regime. The reason for this

is not given in his paper, though when Ghahramani showed a smaller τ+p point (τ+p

= 1.7), this simulation was an order of magnitude from the experimental data. A

second point is that the Liu and Agarwal simulations shown in this chapter used the

3.36 M cell mesh, which the mesh sensitivity study showed produced convergence

of the deposition results using the new integration time step. For the finer mesh,

the Dehbi time step showed closer reproduction of the experimental results than

larger time steps, which may be partly responsible for the disparity. Dehbi (and

upon reproduction, Ghahramani) also appear to have used a finer boundary layer

mesh back calculating from the given mesh description suggests an expansion ratio

of ∼1.05, which was not trialled in this study. Such a mesh requirement would be
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Figure 3.8: Effect of removing the drift correction, Eq. 3.18, 3.17, from the CRW
model. Time step varied 0.1dt, dt, 10dt, where dt is calculated as Eq. 3.23.

prohibitive for industrial applications in terms of both size and difficulty. A further,

intensive mesh study could address such issues.

It is also noted that the CRW model is not alone in showing a dependency of V +
d

on dt. Investigations were carried out into the DRW model as implemented in Fluent,

Fig. 3.9. Two particle sizes, 1 and 5 µm, were used. The integration time step was

varied directly using the ‘step length factor’ option, Fig. 3.9a. Here the nominal value

to dt is divided by the step length factor, and both axes are normalised to the value

at a relative step size of 1.0. Whilst the larger particles (5 µm) showed a negligible

dependency, the smaller particles (1 µm) showed a significant change in deposition

fraction with changing dt, reducing by one fifth. When the eddy lifetime was (Eq.

3.3 was adjusted via the constant in Eq. 3.5, a strong dependency of deposition rate

on eddy lifetime τe is noted, Fig. 3.9b.

It is seen that the approach taken to redefining the time step in the current study

is different to that of Dehbi and Ghahramani et al., who chose to link theirs to the

particle relaxation time, rather than to a fluid time scale, as done in this study. Other

published models and simulations have followed attached their time step to τp; Dehbi

(2010a, 2011) chose to use dt = 0.1τp in later publications using the same CRW model

without comment as to the change. Arcen and Taniere (2009) used τp-linked time

steps, though varied this with τ+p . However a number of other authors have linked
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Figure 3.9: Effect of changing integration time scale on deposition rate from DRW
model. Left : scaling integration time step. Right : scaling eddy lifetime. Scaling is
relative to the initial values proposed by in User Guide (ANSYS, 2011a).

their time step to the fluid conditions; Sawford (1985) used dt = 0.1τL, and Taniere

and Arcen (2014) used dt+ = 0.1, where the non-dimensionalisation was undertaken

using the fluid wall time scale τg,w, Eq. 2.18. Sommerfeld (2003) used a criteria

dt = min (τp, τL, τc), where the final term is a collision time scale. Finally, Mehel

et al. (2010) used a fixed time step of dt = 10−4. It can be seen that there are a range

of approaches used within the literature, without any particular conclusion regarding

the pros and cons of specific approaches.

3.2.3 Reynolds-independence of DNS statistics

The quoted statistics are taken from the simulation of Dreeben and Pope (designated

‘DP’, Dreeben and Pope (1997)) at Reτ = 395 (Re = 13 000 based on bulk velocity

and channel height). It is stated that these statistics show only a slight Re-dependence

for two-dimensional flows. In order to investigate this assumption, the DNS of Kim,

Moin and Moser (designated ‘KMM’, Kim et al. (1987)) and Moser, Kim and Moin

(designated ‘MKM’, Moser et al. (1999) for channel flow were used to construct corre-

lations of the same form as those used in the model. The KMM and MKM simulations

were undertaken at Reτ = 180, 395, 590, (Re = 5 280, 12 970, 20 510). Fig. 3.10 shows

the dimensionless fluctuating velocity correlations.
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Figure 3.10: Variation of dimensionless fluctuating velocities (streamwise, wall-
normal, spanwise) with friction Reynolds number Reτ against dimensionless wall
distance. Data from Dreeben and Pope (1997); Kim et al. (1987); Moser et al. (1999).
Reτ increases moving upwards through each coloured region.
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Figure 3.11: Simulation of L&A experimental data atRe = 9800. Correlations forReτ
= 180, 395, 590 used to demonstrate near-independence of deposition characteristics
from DNS statistics used.
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Figure 3.12: Non-dimensional deposition velocity V +
d against τ+p for the CRW and

DRW particle deposition models.

Simulations of the Liu and Agarwal vertical pipe flow experiments were carried

out, varying the non-dimensional fluctuating velocity statistics used to investigate any

potential dependence. The new correlations based on the data of KMM and MKM

were implemented within the CRW user defined function. The L&A simulation results

are shown in Fig. 3.11. Despite the Re-dependence seen in some parts of the boundary

layer region, it appears that the deposition predicted is mainly dependent on the non-

dimensional fluctuating velocity statistics in the near-wall region of the boundary

layer (y+ < 10), where correlations collapse to a single curve in each direction. This

is particularly the case with the wall-normal profile; it is proposed that this direction

dominates the deposition trends seen.

In light of this it is suggested that for ambient conditions, the assumptions of Re-

independence are reasonable. However this may not be the case for high temperature

flows; limited DNS data for applicable flows at high temperature could be found in

the open literature, though the work of Duan and Martin (2011) indicates that high

and low enthalpy boundary layers closely resemble each other.

3.2.4 Comparison of CRW and DRW models

The Re = 10 000 simulations for both the continuous and discrete random walk mod-

els are shown in Fig. 3.12. Across the diffusion-impaction regime (0.3 < τ+p < 20),
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the CRW model is seen to perform better, except at the diffusion-impaction/inertia-

moderated junction. This matches the findings of other researchers, who have pub-

lished similar findings. Hence going forwards, the CRW is preferred, as even in these

simple flows is is seen to produce deposition predictions orders of magnitude closer

to experimental data than the DRW.

3.3 Dynamic mesh morphing

This section describes the development of a dynamic mesh morphing method for up-

dating a numerical domain based on the deposition history. This approach takes

advantage of inbuilt functionality within Fluent for the transfer of boundary move-

ment into the volume mesh. Capability was built to determine the motion of the

boundary, using user defined functions. This domain updating method runs deposi-

tion simulations in pseudo time, allowing the assessment of unsteady deposition rate

and trends with injected mass/time.

3.3.1 Description

In order to simulate the coupled effect that deposited particles have on the flow

geometry and hence continuous phase solution, a method for moving the domain

boundaries has been developed. This is integrated into ANSYS Fluent using the

UDF capabilities, and makes use of existing dynamic mesh capabilities offered within

Fluent (for fluid-structure interaction etc.). The advantages of such an approach are:

• Speed : carrying out the mesh adjustments within Fluent, rather than exporting

the mesh to ICEM and re-meshing, is many times quicker.

• Ease of calculation: access to the required mesh data (surface points and face

normals etc.) is simple in Fluent.

• Ease of use: scripting of the functions that carry out the mesh morphing process

is straightforward and mean as many iterations as required can be looped.

Such an approach comes with the caveat that as the mesh is not fully regenerated

at each mesh morphing iteration, the quality of the mesh can deteriorate over time. To

some extent this can be offset by reducing the injected mass per iteration. Exporting

the domain surfaces to ICEM and carrying out a full re-mesh is sometimes necessary

to continue the simulation.
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Initially the mesh and continuous phase solution are generated. The mesh-morphing

iteration loop is then carried out (Fig. 3.13), made up of the following three parts:

1. particle tracking, 2. dynamic mesh morphing, 3. re-convergence of the continuous

phase solution.

Figure 3.13: Diagram demonstrating dynamic mesh morphing approach

3.3.2 Implementation

The dynamic mesh morphing approach presented here requires two fundamental

parts: firstly recalculation of the domain boundary, and secondly redistribution of

this boundary movement into the volume mesh. The description below is done in

reference to triangular surface elements (unstructured meshing); a similar method

could be applied to the quadrilateral surface elements used in structured meshing.

3.3.2.1 Boundary node movement

The new boundary node locations are calculated based on the deposited mass assigned

to each node. During the particle tracking phase, a mass flow rate per deposited

particle is assigned by the solver (ANSYS, 2011c). This is integrated in time, assuming

steady injection into the domain. Once a particle has deposited on a surface face,

deposited mass mdep is distributed to nodes. This is carried out based on location of

particle, xp, node, xin, and deposited face centroid, xc. A distribution coefficient is

defined, α; this splits the deposited mass either equally between nodes (if deposition

has occurred centrally on the face) or assigns it to single node (if deposition has

occurred close to a node):
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α =
min (xp − xin)

c (xp − xc)
. (3.24)

Here c is a distribution constant to weight allocation of deposited mass towards

a node (c > 1) or towards the centroid (c < 1). Index i are the nodes of the face on

which deposition has occurred, the ‘deposited face’. If α < 1 all deposition volume

due to the impacting particle is assigned to node i (nearest to deposition). If α ≥ 1

deposited volume is divided equally between all nodes of the deposited face. This

approach reduces the likelihood of a ‘spiky’ mesh resulting from large individual node

movement relative to surrounding nodes. It is reasonable to assume some distribution

of deposition as each tracked particle represents a number of individual particles,

depending on the specified injection mass flow rate. Individual node deposited masses

are summed once per iteration, and stored in user defined memory (UDM) within

Fluent.

Upon completion of particle tracking each node is checked for deposition in UDM.

If deposited mass has been assigned to a node, displacement δn is calculated. Node i

is displaced in the direction n̂i given by an average of the (unit) face normals of the

j surrounding faces,

n̂i =

∑j n̂j∣∣∣∑j n̂j

∣∣∣ . (3.25)

Deposited volume, Qdep, is calculated from deposited mass and converted to indi-

vidual node displacements. This assumes that the displaced volume generated from

individual node displacements, Qdisp, can be combined using linear superposition, and

hence that individual node displacements can be calculated individually. Displacing

nodes individually relative to all surrounding nodes produces a j-sided pyramid de-

formation in the boundary mesh. An initial guess at node displacement δn (pyramid

vertex height) can be made assuming a pyramid with a base formed from a regular

j-sided polygon, base area Ab equal to the sum of the face areas surrounding the

node. The vertex height for any such pyramid is given by

δ =
3Qpy

Ab
=

3Qdep

Ab
, (3.26)

where Qpy is pyramidal volume. Hence the node displacement δn is calculated, δn =

δnn̂i. From the sum of initial node position x0
n and δn, the displaced node position
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x1
n is calculated. The displaced volume is calculated by dividing the pyramid into j

tetrahedra, each formed from the three nodes of a face and sharing x1
n as the fourth

vertex. Tetrahedral volume Qtet is calculated from the scalar triple product,

Qtet =
1

6

(
x1
n − x1

f

)
·
(
x1
n − x2

f

)
×
(
x1
n − x3

f

)
, (3.27)

where xkf are the nodes defining the initial position of the surface face j. Scalar triple

product gives parallelepiped volume, twice the tetrahedral volume, hence the factor

of 1/2.

Summing the individual tetrahedral volumes gives Qdisp, which is similar to Qdep.

Differences occur when the individual boundary face cells are not uniform in area. The

ratio of Qdep/Qdisp is then used to scale δn to produce an updated value, and hence δn,

accounting for non-uniform face sizes. The final node position x1
n is recalculated and

returned to Fluent for every displaced node. Total deposited and displaced volumes

were reported at the end of each mesh morphing iteration.

3.3.2.2 Volume mesh

Once the domain boundary has been redefined, the attached volume mesh is adjusted

to accommodate the node displacements. This is carried out by feeding calculated

node displacements into the dynamic meshing functions within Fluent. Two methods

are available for transferring boundary movement to the volume mesh: boundary

layer deformation and diffusion-based smoothing. Both are described in ANSYS

(2011a). Boundary layer deformation, Fig. 3.14, is capable of retaining the prism layer

structure to quite a high degree of fidelity; whole wall-normal stacks of prism nodes

are moved, retaining the boundary mesh expansion ratio. This is highly desirable

for continued solution of both the continuous and discrete phases. This method was

capable of withstanding very large deformations, including individual iteration steps

larger than the first cell height.

The second method for transferring boundary displacement into the volume mesh

is diffusion-based smoothing. This absorbs the displacement based on either the local

cell volume or cell centroid to wall distance, both relative to a mesh average.

Whilst diffusion-based smoothing was found to be in general more robust than

boundary layer deformation, the actual boundary layer mesh is not retained to the

same level of fidelity. Hence the boundary layer smoothing method was chosen for

use in this study.
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(a) Undeformed mesh

(b) After one mesh morphing iteration

(c) After four mesh morphing iterations

Figure 3.14: ‘Boundary layer smoothing’ method demonstrating retention of bound-
ary layer mesh despite significant deformation.

3.3.3 Initial demonstration of DMM technique

Particle-laden flow through a single impingement jet was used as an initial demon-

stration of the DMM technique, Fig. 3.15. Gas enters through the top surface, is

impinged onto the bottom surface, and exits the domain through all sides of the

lower box. Deposition and build-up occur on the dark blue portion of the bottom

surface, where the mesh can be seen to be deformed. Flow conditions are as specified

in section 6.2 where appropriate: impingement hole diameter Dh = 0.71 mm, spac-

ing z/Dh = 2.0, Rejet = 1000, particle size distribution as Fig. 6.4. The ‘all stick’

boundary condition is applied.

Fig. 3.16 shows six points in the build-up process. Plots are coloured by nor-

malised deposition height δ: the ratio of deposition height δ to the impingement hole

diameter Dh. As more DMM iterations are run, the mesh surface deforms upwards,

into the domain.

3.3.4 Dependencies

The solution dependency on solver precision and mesh sizing was investigated. Solver

precision was shown to lead to maximum differences of 1.8% in deposition height,
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Figure 3.15: Geometry for single hole impingement geometry. Inlet is on the top
surface, where particles are injected uniformly. DMM is applied on the lower surface.
Gas is vented out of the domain from all four sides of the lower box. Region where
DMM is occurring is enlarged on right.

(a) 0 iterations (b) 4 iterations

(c) 8 iterations (d) 12 iterations

(e) 16 iterations (f) 20 iterations

Figure 3.16: Build-up of surface with DMM iterations. Contour colour indicates
deposition height normalised by impingement hole diameter, δ/Dh.

however the single precision calculation was 15% faster for the same calculation.

Mesh size produced small (< 5%) differences in deformed volume, and it was seen

80



than extremely fine mesh was likely to deform into negative volumes. Details of these

investigations are given in Appendix A.

3.3.5 Discussion of modelling considerations

Based on experiences developing and implementing the dynamic mesh morphing

method, a substantial amount of time was invested in finding appropriate modelling

approaches. The following lists some of the fundamental considerations investigated.

3.3.6 Meshing considerations

Mesh size: it was generally found that an extremely fine surface mesh would not

necessarily give a robust computational domain, as the mesh becomes folded more

easily. Smaller particle injections are then required (see below), increasing computa-

tional time.

Tetrahedral volume mesh: Initial generation of an octree mesh, followed by re-

meshing using the Delaunay algorithm was seen to produce robust meshes in general,

due to slower growth away from the boundary layer mesh.

Boundary layer mesh: It was generally seen that a fine boundary layer mesh

with expansion ratio re = 1.1 was likely to withstand large deformation more suc-

cessfully than meshes with higher expansion ratios as the boundary layer mesh can

be deformed as a more homogeneous unit.

Inlet/outlet boundaries: avoiding morphing inlet or outlet planes where pos-

sible was found to be beneficial to solution stability. Movement of these boundaries

was found to encourage divergence of the continuous phase solution. Adding ‘buffer’

surface zones where DMM was not occurring between a morphed zone and a boundary

reduced this problem.

3.3.7 Particle injection considerations

Number of particles/mass/injection: each injected ‘particle’ in Fluent in fact

represents a mass flow of particles to reduce computational effort. This is reported

as ‘frequency’ by Fluent. We found a frequency of the order of 500 (each particle

tracked by Fluent having the mass of 500 actual particles of that size and density)

was a reasonable balance of resolution and computational time.
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3.3.8 Simulation considerations

‘Boundary layer’ vs. ‘diffusion’ methods: the ‘boundary layer’ method offered

by Fluent for transferring surface motion into the volume mesh was far preferred to the

‘diffusion-based’ smoothing method, discussion above. However it was liable to failure

when two zones were selected to be morphed, due to a bug in Fluent (v.14.5.7). We

avoided this through use of a single deforming zone, however this should be addressed

in a more robust manner. The same problem was not detected for diffusion-based

smoothing.

Continuous phase iterations: the continuous phase solution was updated ev-

ery five mesh morphing iterations in general. This was found to be a reasonable

compromise between accuracy and computational time. Significant differences were

seen for the impingement geometry based on the number of mesh iterations between

continuous phases solution; here the continuous phase was resolved every mesh itera-

tion for the first ten mesh iterations. 50-80 continuous phase iterations were generally

required to reduce residuals to their initial levels.

3.4 Bounce-stick model for particle-wall impact

Whilst an all-stick boundary condition has been used in the previous simulations in

this chapter, and in fact widely within the field or aerosol science, it is not necessarily

representative of particle-wall impacts in gas turbines. To address this, the particle-

wall impact model of Bons et al. (2016), the ‘bounce-stick’ model, was implemented

as a Fluent user-defined function, UDF. The ‘simple physics-based model’ offers a

replacement to the various flavours of ‘critical variable’ options (shear stress, velocity,

viscosity) available in the literature. The particle is modelled as a cylinder, impacting

in an end-on orientation. Elastic-plastic deformation is modelled, with the effects of

adhesion and shear-removal considered. The impact model considers all four elements

of the impact to be occurring at once, rather than the sequential approach favoured

by other authors (Singh and Tafti, 2013).

The model is adapted to particular particle/surface combinations through the

use of a number of physical parameters: particle yield stress σy, composite Young’s

modulus Ec, surface free energy γ, and impulse ratio µimp. Coefficients of restitu-

tion in both the normal (CoRn) and tangential (CoRt) directions are calculated for

application to the particle velocity.

The model is highly dependent on these key material properties. These are gener-

ally difficult to measure experimentally, and little data exists in the open literature.
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They can be estimated from the rule of mixtures based on the data for the individual

elements of the compounds. Bons et al. initially used the rule of mixtures, then

tuned these constants for a range of appropriate materials for gas turbines based on

the experimental data.

In this study, the bounce-stick model was initially implemented in MATLAB to

confirm it was working as described, section 3.4.1. The implementation was then

transferred to Fluent as a user defined boundary condition. A graphical user interface

(GUI) was built to allow model physical constants to be varied easily.

3.4.1 Validation of implementation

Bons et al. published three validation cases for their model in the original pa-

per. These were reproduced to demonstrate that the implementation used in this

study matches the original. These are shown in Appendix B.2, indicating our version

matches the original.

3.4.2 Further validation case

A further validation case was assessed, modelling the experimental work of Taltavull

et al. (2016). This study investigated the effects of particle temperature, velocity, and

impingement angle on deposition trends for volcanic ash on stainless steel. Gas and

particles were heated with a plasma torch and impinged upon a stainless steel coupon

at angles of 30-90◦. Particle sizes were reported to span 1-150 µm, with a median value

by volume of 30µm. Particle temperatures and velocities at impact were calculated

from CFD. Results were presented as integral deposited mass fraction. The calculated

particle temperatures were demonstrated to span the glass transition region.

The particle size distribution, Fig. 3.17a, was sampled and linearly interpolated

to a finer grid in dp. Three cases were run, A (Tp = 600 ◦C, below glass transition), B

(Tp = 700 ◦C, glass transition occurring), and C (Tp = 900 ◦C, above glass transition,

but before melting). Variables a, b, and c were adjusted to give closer reproduction

of the experimental data, a = 0.7, b = 0.14, c = 0.1. Material parameters used were

Ep = 136 GPa, γ = 0.3 J/m2. Yield stress was correlated and fitted based on the

glass transition curve for the ash as published by the authors, Fig. 3.17b.

Model results for deposited mass fraction are presented in Figs. 3.17c-3.17e. The

results reproduce the more normal impact angles well, but less well the oblique angle

(30◦). This is in keeping with the other validation cases which indicate the model is

more successful for normal impaction angles.
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Figure 3.17: OBS model applied to experimental work of Taltavull et al. (2016).
Three experimental cases with increasing gas and particle temperatures.

84



3.4.3 Effect of main parameters

The effect of the six main physical parameters (dp, ρp, σy, Ec, γ, µimp) on the normal

coefficient of restitution is outlined below and in Fig. 3.18. The parameters are

assessed for varying dp within the range of interest.

3.4.3.1 Particle size

In the ideal case, γ = 0, particle size does not affect the normal coefficient of restitu-

tion, Fig. 3.18a. When adhesion is included, CoRn becomes a strong function of dp.

Increasing particle size causes the distribution to tend towards the ideal case: CoRn

increases for given Vn1.

3.4.3.2 Particle density

Increasing particle density, Fig. 3.18b, decreases the normal velocity at which the

maximum elastic deformation occurs, Vn1 = Vn, crit. Peak values of CoRn are not

changed as both terms in Eq. B.1 scale with 1/ρp.

3.4.3.3 Surface free energy

Increasing surface free energy (particle-surface adhesion), reduces CoRn, Fig. 3.18c.

By inspection of Eq. B.1(b), it is clear that the 2Wa sin(α1)
mp

term is a function of 1/dp,

hence adhesion becomes less significant for larger particles. It is adhesion that causes

the ‘kick down’ in CoRn visible at the boundary between regimes 3 and 4, Figs. B.1

& 3.18.

3.4.3.4 Yield stress

Increasing yield stress, Fig. 3.18d, increases the first term in Eq. B.1 relative to the

second, hence reducing the influence of dp and therefore adhesion. This is seen in

the manner in which smaller particles are more significantly affected by the change

in yield stress.

3.4.3.5 Composite Young’s modulus

Increasing Ec makes the effective particle stiffer, which reduces wcrit, and hence CoRn,

Fig. 3.18e. The effect is more significant for smaller particles as proportionately the

work of adhesion is larger compared to (critical) normal kinetic energy.
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3.4.3.6 Impulse ratio

Impulse ratio µimp was defined by Brach (1991) as the ratio of tangential to normal

impulses at impact. Two constant values of impulse ratio are plotted in Fig. 3.18f;

the lower µimp gives a higher CoRt for both particle sizes. The experimental data

of Brach (1991) show µimp is not constant, but varies with α1; increasing angle of

impact decreases impulse ratio. Impulse ratio was also seen to vary strongly with

particle/surface material, and should be measured experimentally for gas turbine

materials.

3.4.4 Model parameters

The effect of the six main parameters used within the bounce-stick model, dp, ρp,

σy, Ec, γ, µimp, are not immediately apparent. An investigation of their effects is

presented in Appendix 3.4.3, which highlights their effects on rebound characteristics,

for particle properties relevant to this study.

3.4.5 Model discussion

Based on the above discussed validation cases it is clear that the current implementa-

tion of the bounce stick model is producing the same results as the published version.

This gives a good initial point for use and development of the model. Whilst the model

is a significant step forward from previous attempts at particle impact modelling, a

number of questions remain regarding its design and implementation.

Particle size: the three cases above have all used experimental data where the

particle size (dp = 30-150µm) is significantly larger than those of interest in our

secondary air system flows (< 10 µm). Carrying out such experiments with these much

smaller particles presents significant issues with regards to capturing and resolving

the particles optically. The rebound characteristics of particles of this size might well

be (significantly) more affected by surface roughness, where roughness Ra becomes of

the order of particle size, leading to more dispersed rebound statistics.

Surface roughness: following from the above, randomness of rebound due to

surface roughness could possibly be taken into account by sampling a Gaussian distri-

bution and adding this random component to the calculated coefficient of restitution

(in both directions), which could be inversely scaled by the ratio of dp/Ra. Such a

process could also be applied in general to the model, as it is clear from inspection

of the raw experimental data as used above that there is significant scatter in the

results.
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Figure 3.18: Effect of varying key model parameters on normal and tangential coef-
ficients of restitution.
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Contact area: for the undeformed cylinder, the face area of the cylinder is ∼21%

of the equivalent sphere surface area. An empirical model was fitted by Bons et al.

for calculating an effective contact area, as a fraction of the face area. As the model

is tuned for large particles, for which the experimental conditions are designed to

cause rebound, the model may not be well-tuned for small particles which are more

sensitive to adhesion effects.

Tangential validation data: many of the researchers in this field have focused

in the main on (highly) normal impacts, as these are largely expected in the main

gas path. This has led to there being little CoRt data for shallow (small values of

α1) angles. In the secondary air systems many impacts are oblique, which means the

model validation is not necessarily as applicable.

3.5 Summary

Three approaches for numerical modelling of small particulates have been introduced.

The first calculates a fluctuating fluid velocity as seen by a particle in the flow. This

is added to the steady bulk flow velocity to give an instantaneous fluid velocity.

Two models were discussed in detail; the discrete random walk model, which was

shown to over-predict deposition rates by several orders of magnitude for the diffusion-

impaction regime, and the continuous random walk model. This was shown to produce

results within a factor of 3 within the diffusion-impaction regime, a very significant

improvement. Further assessment and development of the model was carried out.

The second numerical approach was the development of a dynamic mesh morphing

method to update a the boundaries of a computational domain based on the depo-

sition which has occurred. This allows the effects of previous deposition on current

deposition, fluid, and thermal characteristics to be assessed.

The third section of the chapter presented a model for particle-wall impact. Taken

from the literature, this model was designed to be applied to Lagrangian particle

tracking as part of CFD. The model implementation was validated, and applied to a

further test case. The strengths and weaknesses of the model are discussed.
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Chapter 4

High Temperature Experimental
Campaign

Following the assessment of the continuous random walk model at ambient conditions,

experiments were undertaken to provide data for validation of the model at engine

secondary air system temperatures. The experimental rig used a horizontal pipe flow

configuration, into which a sodium chloride, NaCl, aerosol was injected. Heating of

the test piece body was undertaken using an oven. Gas was compressed air, pre-dried

and supplied by the laboratory 7 barg line. Flow regulation and measurement was

done using a pair of mass flow controllers and an orifice plate. Particles generated

had diameters 2.0-6.5 µm. At ambient conditions, Reynolds numbers up to 27 000

were achieved. Heating of the rig produced gas temperatures of up to 480 ◦C, metal

temperatures up to 730 ◦C, and Reynolds numbers up to 10 000. Experiments consid-

ered isothermal and non-isothermal conditions, the latter introducing thermophoretic

effects.

4.1 Experimental domain

Gas and metal temperatures indicative of two flight conditions for the Engine A

shank pocket region were provided. Experiments were to be carried out at both

isothermal and non-isothermal conditions - the former to provide comparisons to

published ambient temperature isothermal data, and the latter to provide assessment

of thermophoretic conditions at high gas temperatures for micron-sized particulates,

which has not been addressed in the literature.

Using the rotor-stator cavity simulations carried out in chapter 6, indicative engine

conditions were found for the shank pocket. These are shown in Table 4.1. From these,

a projected range of τ+p relevant to gas turbine secondary flows was calculated. This is
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Tg (K) Pg (barg) u∗ (m/s) dp (µm) ρp (kg/m3)

670-1 000 8 < 8 0.5-10 ∼ 2 000

Table 4.1: Indicative engine conditions for shank region at varying flight conditions
for experimental domain scoping.

10-2 10-1 100 101 102 103
10-6

10-5

10-4

10-3

10-2

10-1

100

Figure 4.1: Domain of investigation in τ+p based on indicative engine conditions.
Background data for horizontal (Kvasnak et al., 1993; Montgomery and Corn, 1970;
Sippola and Nazaroff, 2004), and vertical (Liu and Agarwal, 1974) pipe flow.

shown on Fig. 4.1. This spans parts of the diffusion-impaction and inertia-moderated

regimes. As particle motion in the inertia-moderated regime is significantly better

understood and simpler to model than that in the diffusion-impaction regime, the

experimental domain is limited to τ+p values within the diffusion-impaction regime.

This is also shown on Fig. 4.1.

4.2 Dimensional analysis of particle motion

We consider the net force per unit mass F on a particle (dp, kp) suspended in a gas

(kg, lg, Tg,∇Tg, νg (= µg/ρg)), with particle slip velocity Vrel. It is assumed that only

drag (inc. turbophoretic effects), thermophoretic, and gravitational forces (g) are in-

fluential. Following Buckingham’s Pi Theorem, the ten variables and four dimensions

reduce to the following six non-dimensional groups,
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Fd3p
νg

= f

(
dp∇Tg
Tg

,
gd3p
ν2

,
lg
dp
,
Vreldp
νg

,
kp
kg

)
. (4.1)

In terms of the groups’ names this is expressed

Fd3p
νg

= f (Ep, Ga, Kn, Rep, Λ) , (4.2)

where Ep is the Epstein number, Ga is the Galilei number, Kn the Knudsen number,

Rep the particle Reynolds number, and Λ the thermal conductivity ratio. As the aim

of the experimental campaign is to provide deposition data at engine-representative

conditions, it is desirable to match these non-dimensional groups experimentally to a

range of engine conditions, taken from the Engine A rotor-stator cavity simulations,

chapter 6).

4.2.1 Epstein number, Ep

The Epstein number is the ratio of the product of particle diameter and gas temper-

ature gradient to the gas temperature,

Ep =
dp∇Tg
Tg

. (4.3)

The Epstein number can be thought of as the ratio of difference in mean molecular

kinetic energy across the particle to the mean molecular kinetic energy of the gas,

kdp∇Tg/kTg, where k is the Boltzmann constant (1.38× 10−23 J/K).

Simulation (Engine A) Experiment

dp (µm)
∇Tg/Tg (1/m)

dp (µm)
∇Tg/Tg (1/m)

50 200 -50 (T1A) 100 (T1D) 250 (T2E)

0.1 5× 10−5 2× 10−4 2.5 −5× 10−5 3× 10−4 6× 10−4

5.0 2.5× 10−4 1× 10−3 5.0 −3× 10−4 5× 10−4 1× 10−3

Table 4.2: Epstein numbers from the Engine A simulation and experimental condi-
tions for differing particle diameters and thermal conditions, ∇Tg/Tg

Interrogation of the Engine A simulations indicates that the projected experimen-

tal conditions will be able to match a range of relevant engine Epstein numbers, Table

4.2.
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4.2.2 Galilei number, Ga

The Galilei number can be described as the ratio of gravitational to viscous forces,

Ga =
gd3p
ν2

. (4.4)

A range of Ga taken from the Engine A simulations is shown in Table 4.3. The

experimental conditions are seen to be able to span a significant range of the expected

engine Ga values.

Enigne A simulation (ν = 1× 10−5) Experiment T1 (ν = 6× 10−5)

dp (µm) Ga dp (µm) Ga

0.1 10−10 3 10−9

5.0 10−5 6 10−6

Table 4.3: Galieli number from engine simulation and experimental conditions

4.2.3 Knudsen number, Kn

Knudsen number is the ratio of molecular mean free path length lg to particle radius

rp, Eq. 2.59. The importance of matching Kn regimes is highlighted by Fig. 4.2. In

the region 0.1 ≤ Kn ≤ 10 the Knudsen number regime has a strong influence on the

thermophoretic coefficient, Eq. 2.63. For Kn < 0.1 the theories of both Beresnev and

Chernyak (1995) (solid lines on Fig. 4.2) and Talbot et al. (1980) (not shown) indicate

that the thermophoretic coefficient is approximately constant and independent of Kn.

Indicative Kn are given in Table 4.4 for representative engine, taken from simula-

tions in chapter 6.1, and experimental conditions. It can be seen that the experiment

is generally able to match Kn, though the smallest Kn at engine conditions are not

achievable due to the low pressure at which the experiment operates. As the ther-

mophoretic coefficient is thought to be close to constant in this region, the inability

to achieve these smallest Kn is of less significance.
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Figure 4.2: Effect of Knudsen number Kn and thermal conductivity ratio Λ on ther-
mophoretic coefficient Φ. Red region indicates engine-representative Kn, blue region
indicates Kn conditions achievable experimentally (see Table 4.4). Background taken
from Healy and Young (2010), where solid black dots indicate sodium chloride, as used
in this study, and the solid lines the expression of Beresnev and Chernyak (1995).

Engine conditions

Case Tg (K) Pg (bara) lg (µm)
Kn

dp = 0.5 µm dp = 1.0 µm dp = 5.0 µm

T2 810 8.7 0.025 0.10 0.050 0.010

T1 730 3.5 0.058 0.23 0.12 0.023

Experimental conditions

Case Tg (K) Pg (bara) lg (µm)
Kn

dp = 2.0 µm dp = 4.0 µm dp = 6.0 µm

T2 753 1.0 0.20 0.20 0.10 0.068

T1 663 1.0 0.18 0.18 0.088 0.059

Table 4.4: Knudsen number for varying particle sizes for both indicative engine con-
ditions (taken from simulations in chapter 6) and proposed experimental conditions.

4.2.4 Particle Reynolds number, Rep

Reynolds number based on particle diameter and particle slip velocity is used here,
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Rep =
Vreldp
ν

. (4.5)

From the Engine A simulations undertaken in chapter 6.1, a range of conditions

are extracted, Table 4.5. It can be seen that the experiment will be able to match

the lower Rep values, however it will not be able to match the higher values. These

are driven by the different pressure conditions, but also the high streamline curvature

seen within the cavity, which we do not attempt to produce experimentally.

Engine A simulation Experiment (sim)

dp (µm)
Rep

dp (µm)
Rep, T1C Rep, T1E

< 95% mean < 95% mean < 95% mean

0.1 1.9 0.13
3.0 0.54 0.21 0.51 0.19

0.5 12.8 0.81

1.0 27.0 2.12
6.0 1.4 0.50 1.2 0.45

5.0 133.0 17.5

Table 4.5: Particle Reynolds numbers simulations of the engine, chapter 6, and ex-
periments.

4.2.5 Thermal conductivity ratio, Λ

The thermal conductivity ratio, significant for defining a particle’s response to a gas

temperature gradient, is given by the ratio of particle to gas thermal conductivity,

Eq. 2.57. With reference to Fig. 4.2 it can be seen that Λ has a very significant effect

on the thermophoretic coefficient Φ. High-Λ pairings, which represents the NaCl-air

situation in the following experiments show a much lower Φ than low-Λ particle-gas

pairings. As Λ increases the Φ - Kn curves appear to approach an asymptotic high-Λ

case.

As we are matching gas temperatures, hence µg (Eq. 2.58), and particle material,

Λ will be matched across the experimental range (values in the region 150-300 with

varying Tg, based on constant particle thermal conductivity of 4 W/m/K).

4.2.6 Normalised deposition fraction, fd

A normalised deposition fraction fd is defined as the ratio of deposition fraction (in

a temperature gradient) to deposition fraction at isothermal conditions,
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fd =
fd, thermophoretic
fd, isothermal

. (4.6)

This is used in conjunction with the thermophoretic parameter P+
Th , below, to

assess the change in deposition due to specific thermophoretic conditions.

4.2.7 Thermophoretic parameter, P+
Th

A normalised thermophoretic parameter P+
th was defined to attempt to collapse the

deposition curves at varying thermophoretic conditions. Starting from the equation

for thermophoretic acceleration, Eq. 2.56,

aTh = Φ
3µ2

πρgρpd2p

∇Tg
Tg

, (4.7)

this is non-dimensionalised by (u∗)2/dp,

P+
Th =

aTh

(u∗)2 /dp
= Φ

3µ2dp

πρgρpd2p (u∗)2
∇Tg
Tg

. (4.8)

This can then be expressed in terms of τ+p and the Epstein number,

P+
Th =

Φ

6π

Ep

τ+p
, (4.9)

or in physical terms as the ratio of particle thermophoretic force to a particle inertial

force, based on shear velocity,

P+
Th =

Particle thermophoretic force

Particle (shear) inertial force
. (4.10)

The thermophoretic parameter is signed, i.e. positive values indicate the ‘in-

creasing’ thermophoretic direction, negative values the ‘decreasing’ direction. Ther-

mophoretic data was extracted from Romay et al. (1998) and Healy and Young (2010),

and is presented as ln
(
fd
)

against P+
Th in Fig. 4.3. ln

(
fd
)
> 0 indicates thermophoresis

increasing deposition, ln
(
fd
)
< 0 indicates the reverse. The thermophoretic coeffi-

cient Φ is calculated as Beresnev and Chernyak (1995). The data of Romay et al.

(1998) (NaCl in air, Fig. 4.3a) shows a convincing collapse to a single curve for the
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Figure 4.3: Normalised deposition fraction against thermophoretic parameter for pub-
lished experimental data

higher gas flow rate data, Q̇ = 35 l/min, Re = 9 000. The lower gas flow rate, Q̇ = 20

l/min, Re = 5 000, shows a line of the same gradient, but translated, possibly related

to the transition Reynolds number, or difficulties picking points off the published

graph (figure 4 of the above paper).

The data of Healy and Young (2010) (uranine and oleic acid in air, Fig. 4.3b)

also shows a good collapse to a single curve over the majority of the spread of data.

Two outliers to a linear fit are observed, [5.3× 10−5, 4.4], and [−2.6× 10−6, -2.4], the

latter also far from the prevailing trend in figure 9 of the original paper.

These published experimental data indicate that the thermophoretic parameter is

able to characterise the effects of thermophoretic deposition for a range of Λ and Kn

appropriate to engine conditions and materials.

4.3 Experimental rig design

4.3.1 Experimental measurements and instrumentation

From the discussion in section 4.1, particle deposition is to be presented in terms of

τ+p and V +
d . The measurements required to calculate these values are given in Table

4.6. Where a value is a derived value, the other measurements required are listed.

Discussion of the individual equipment is given in the following section, with further

details in Appendix C.
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Property Method Technique

Experimental time, t Measured Labview

Gas pressure, Pg Measured Pressure transducers

Gas temperature, Tg Measured K-type thermocouples

Gas density, ρg Calculated ρg = Pg/RTg

Gas dynamic viscosity, µg Calculated Sutherland’s law

Gas mass flow rate, ṁg Measured Mass flow controller

Gas bulk velocity, U g Calculated U g = ṁg/ρg/Axc

Gas friction velocity, u∗ Calculated u∗ = U g

√
f/2

Wall/surface temperature, Tw Measured K-type thermocouple

Particle diameter, dp Measured Optical particle sizer

Particle concentration, Cout Measured Optical particle sizer

Solution concentration, G Measured Electrical conductivity meter

Solution mass, msol Measured Balance

Particulate deposited mass, md Calculated md = msolGsol/ksol

Particulate outlet mass, mout Calculated mout = Coutṁgt/ρg

Table 4.6: Properties to be measured experimentally and the methods by which this
was done

4.3.2 Experimental rig layout and equipment

The rig layout is shown in Fig. 4.4. Dried, compressed air enters the system regulated

to 2-3 barg, depending on mass flow rate requirement. Three gas paths are used.

Paths 1 and 2 are controlled by mass flow controller 1 (MFC1). Gas path 1 (GP1)

is the heated bulk flow, accounting for around 70% of the gas mass flow rate. This

is heated by the inline heaters (IH), and passes into the mixing chamber (MX). This

is mixed with gas path 2 (GP2), carrying the generated particles. The combined

heated, particulate-laden flow then passes through the test section (TS), where some

particles deposit on the test insert (TI). The gas is then exhausted to atmospheric

pressure inside the oven. An extraction unit is used to remove the exhaust gas from

the experimental room. The whole rig is protected by a 4 barg pressure relief valve

at inlet.

Gas path 2 (GP2) passes through the atomiser, diluting the generated particles

and passing these into the mixing chamber. This flow is measured using an orifice

plate (OP) before entering the atomiser, and is not actively heated. A 2.0 barg

pressure relief valve is used to protect the atomiser. A third gas path (GP3) is
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an auxiliary gas path, used to bypass the atomiser whilst the rig is brought up to

experimental temperature. This is controlled by mass flow controller 2 (MFC2). It is

necessary that the atomiser is run for around half an hour before each test to stabilise

its output. Once the rig is at temperature and the atomiser conditions are stable, flow

into the mixing chamber is switched from GP3 to GP2, which allows the particles to

be injected without disturbing the thermal conditions in the rig.

Figure 4.4: Schematic of experimental rig

Individual elements of the experimental rig are outlined below. Further detail is

included in Appendix C.

4.3.2.1 Test piece

A two-part test piece was designed for measurement of particle deposition, Fig. 4.5.

The two part design uses a main test body (TB) with a removable test insert (TI),

on which deposition was measured. The test insert is clamped to the TB, and sealed

using a high temperature gasket. Both the TB and TI were manufactured from

stainless steel, with final gun drilling and honing processes being undertaken with

both parts in place, to produce an extremely smooth joint between the concentric

surfaces to reduce any tripping of the flow. Internal diameter is 18 mm, test insert

length is 160 mm. Full dimensions are given in Table C.1.

The test piece sits within the oven, closed by a heat shield. Gas temperature is

measured using a centreline gas thermocouple 10 mm downstream of the test insert.

Body temperature measurements are taken in three locations in the test section body
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Figure 4.5: Test piece showing removable test insert (gasket and clamps omitted for
clarity). Flow direction left to right.

within the length of the test insert, and averaged. A static pressure reading is taken

5.5 mm upstream of the test insert, on the opposite wall to the TI.

Two internally identical test pieces were manufactured from different grades of

stainless steel, grades 304 and 310. These are referred to as EXPα and EXPβ , and

only differ by their surface roughnesses (Ra = 0.22, 1.12µm respectively). Further

details in Appendix C.

4.3.2.2 Mixing chamber

The mixing chamber is of a diverging-straight-converging design, Fig. 4.6. Injection

of NaCl particles from GP2 into the bulk heated (GP1) flow is done in the straight

section. A gas thermocouple measures bulk flow temperature before mixing occurs,

and a static pressure reading is taken at the same axial location; both are 90 mm

upstream of the particle injection location. The mixing chamber is wrapped with a

heater tape (Omega Ultra-high temperature heater tape STH052-100, 783 W, rated

to 760 ◦C) to increase body and gas temperature. High-temperature insulation is

wrapped around the outside of the heater tape. The heater tape is operated via a

custom-built voltage phase angle control box.

4.3.2.3 Mass flow controllers

Two Omega FMA series mass flow controllers were used. MFC1 is model FMA-2612A

(0-500 SLPM). MFC2 is model FMA-2609A (0-50 SLPM). MCF1 is controlled and

read via a National Instruments VI.

The orifice flow meter is calibrated against MFC1 for the expected range of mass

flow rates. Upstream and differential pressures are measured. Gas temperature is

taken from MCF1 (∼ 300 mm upstream). Mass flow rate is calculated from
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Figure 4.6: Cross-sectional view of mixing chamber. Flow direction left to right.
Bulk (heated) gas enters from GP1 on left, particulate-laden flow from GP2 from
top. Flanged joint to test section with slot for O-ring seen on right hand side.

ṁ = CorAor
√

2ρgPdiff , (4.11)

where the product CorAor = 0.00137 (Cor: orifice flow coefficient; Aor: orifice area)

was calibrated against MFC1.

4.3.2.4 Inline heaters

Two Omega AHP-7562 heaters, designated IH, (rated to 540 ◦C, max flow rate 567

l/min) are used in parallel to provide heating to GP1. These are run using a heater

control unit, as for the mixing chamber heater tape.

4.3.2.5 Optical particle sizer

The optical particle sizer (OPS), TSI model 3330, was used to provide both parti-

cle size distributions and bulk concentration measurements. The OPS uses a laser

scattering/shadow principle to measure optical (rather than aerodynamic equivalent)

size. The OPS samples 1.0 l/min air, reporting the size distribution and total count,

nc. The total number of particles is then calculated by multiplying by the actual

volume flow rate of the flow from which the sample is drawn. Appendix C.1.1 has

further details.

4.3.2.6 Atomiser

A TSI model 3450 vibrating orifice aerosol generator (VOAG) was used to provide

mono-dispersed NaCl particles from a saline solution. The atomiser pumps the solu-
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tion through an orifice, which is oscillated using a signal generator and piezoelectric

crystal. A single droplet is produced per cycle, hence from the frequency the number

of potential particles is known.

Tuning of the vibrational frequency fa to the volumetric flow rate of the solution

Q̇sol and final (dried) particle diameter dp can produce highly mono-disperse droplets,

fa =
6Q̇solCv
πd3p

. (4.12)

The droplets are dispersed into a drying column, where the solute evaporates,

leaving a solid NaCl aerosol. Particle diameter is dependent on solution volumetric

concentration Cv of NaCl,

Cv =

(
dp
Dd

)3

. (4.13)

As the droplet diameter is a function of the orifice diameter, Eq.s 4.12 and 4.13

indicate that atomiser frequency is only a function of solution volume flow rate once

the orifice has been chosen. Knowing the solute density, the mass concentration of

solute per unit volume of solvent, Cmv, can be calculated,

Cm,v = Cvρsolute. (4.14)

Preliminary testing was undertaken to understand the atomiser’s operational char-

acteristics. A minimum volume flow rate of 55 l/min was found to ensure particles

were transported to the mixing chamber, and didn’t settle out of the flow in the

drying column. Particle generation is discussed further in Appendix C.1.2.

4.3.2.7 Oven

A Wild Barfield oven/electric furnace was used to increase body temperature. The

oven is capable of heating in excess of 1 200 K. The oven is opened in a front-loading

manner, with a hinged door. The oven is closed by a heat shield, which significantly

reduces heat loss from the oven to the room environment.
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4.3.2.8 Pressure transducers

Pressures were measured at the mixing chamber bulk inlet, atomiser-mixing chamber

joining block, test section, and orifice meter upstream and differential, using Sen-

sortechnics pressure transducers (0-5 mbar, 0-10 mbar, 0-2 mbar, 0-2 bar, 0-350 mbar

respectively). A National Instruments (NI) card (NI9205) and chassis (NI-cDAQ-

9174) was used to connect to the Labview VI. Pressure tapping locations are shown

on Fig. 4.4.

4.3.2.9 Scales

Kern KB-1200-2N scales (max: 1 210 g, resolution: 0.01 g) were used for producing the

NaCl solution. When a low mass of NaCl was needed (of the order of the instrument’s

resolution), an intermediate solution was produced initially, then a portion of this

intermediate solution diluted, to reduce measurement uncertainty.

4.3.2.10 Thermocouples

Stainless steel sheathed K-type thermocouples (TC Direct) read by National Instru-

ments card NI9214 were used for all temperature measurements. The inlet compressed

air temperature was read from MFC1. Thermocouple locations are shown on Fig. 4.4.

4.3.3 Prime measurements

From the operational range of the experimental equipment, and predicted deposition

trends based on Fig. 4.1, indicative prime measurements of τ+p , dp, Re, u
∗, and V +

d

were calculated, Table 4.7. These are based on an assumed particle size range of

2.5-6.5µm, and are for isothermal conditions. Under thermophoretic conditions, V +
d

values are likely to vary significantly in comparison to isothermal conditions.

Condition τ+p dp (µm) Re u∗ (m/s) V +
d

Ambient 0.4-20 2.5-6.5 9 400− 23 000 0.50-1.08 0.0005-0.2

T1 0.5-15 2.5-6.5 5 300− 12 000 1.2-2.4 0.0005-0.1

T2 0.5-10 2.5-6.5 4 900− 9 200 1.2-2.4 0.0005-0.1

Table 4.7: Prime measurements for ambient and high-temperature isothermal exper-
iments
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4.3.4 Particle charge from generation

Charging of aerosol particles during generation is common, and effects many widely

used aerosol materials. Particle charge, in number of elementary charge units varies

strongly depending on method, and material. A number of experimentalists have

used radioactive sources to neutralise their generated aerosols. In the case of NaCl

and atomisation from solution, the mean charge reduces with increasing solution

concentration (Tsai et al., 2005). Kousaka et al. (1980) indicated that deposition due

to electrical diffusion of their NaCl particles was negligible on the grounded section of

their experiment. As the experimental rig for this study was also grounded, and high

concentration solutions of NaCl used, Table C.3, a neutraliser was not employed.

4.3.5 Measurement of deposited mass

The previously used measurement technique (McGilvray et al., 2011) was found to

introduce significant uncertainty into the measurement of deposited mass. Prior ex-

periments had used a saline solution formed from BS9300 sea water corrosion test

mix. Swabs were used to clean the test surface post-experiment, which were then

individually bagged and sent for mass spectrometry analysis. Based on this, the de-

posited mass per unit area was calculated. Issues were found with this method; a

new method for measuring the deposited mass was therefore designed, calibrated, and

proven.

4.3.5.1 Salt material

Pure sodium chloride (Sigma Aldrich BioXtra, S7653), was chosen in preference to the

previously used BS9300 sea water corrosion test mix. Making a solution from pure

NaCl had several significant advantages. NaCl produces cubic crystals, which are

easier to approximate to the numerically modelled spheres than the sharper crystals

formed from sodium sulphate, from the BS3900 sea salt mix solution. Problems were

also previously found with completely dissolving the BS3900 into solution. When

swabbing calibrations were undertaken with the sea salt mixture, differing amounts of

the mixture’s components were detected when compared to the make up of the initial

mixture. Making solutions from NaCl, the single compound in solution allowed the

new measurement technique based on solution electrical conductivity to be used.
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4.3.5.2 Swabbing technique

A surface swabbing technique was used to measure surface depositions. Standard

swabs produced by Intertek were used, washed in deionised water. Integral measure-

ments over the whole surface (both test insert and test body) were made.

Surfaces were swabbed and the swab itself rinsed in the measurement solution a

number of times (4-8 in general), until the reading made with a solution electrical

conductivity meter, sec. 4.3.5.3, stabilised. This was defined as the change in reading

not exceeding 1% of the total reading for two consecutive swabs. This produced two

significant advantages over the previously used mass spectrometry system:

1. Deposition measurements can be read at the time of swabbing, meaning that

the operator can be more sure they have collected all (asymptotically) of the

sample, reducing the reliance on a swabbing calibration (Appendix D.4).

2. Turn around time is significantly reduced, reducing risk to the experimental

campaign.

4.3.5.3 Deposition measurement technique

A new method for the measurement of particle deposition was developed. It uses

the dissociative nature of Na+ and Cl− ions in solution; salts in solution change the

electrical conductivity (G) of the solution. In the case of NaCl in deionised water,

the electrical conductivity of the solution is linearly related to the mass concentration

(Cm) of NaCl,

G = ksolCm, (4.15)

where coefficient ksol must be calibrated for solutions of known concentration and mea-

sured conductivity. Electrical conductivity is measured in units of conductance/distance;

S/m, or frequently µS/cm. Pure deionised water is used as it has an extremely low

conductivity (∼ 1 µS/cm at 25 ◦C).

The conductivity of a saline solution is highly temperature dependent, hence con-

ductivity values are referenced to a temperature datum-based value, Gdatum. A linear

temperature correction is valid for a small range of temperatures around a reference

temperature Tdatum, frequently 25 ◦C,

Gdatum = GT
1

1 + α (T − Tdatum)
, (4.16)
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Range 0.001µS/cm - 1000 mS/cm (five sub ranges, four digit display)

Resolution 0.001µS/cm

Uncertainty ±1% reading ±0.01µS/cm

Table 4.8: Electrical conductivity meter details

where T is the measured solution temperature (◦C), GT the measured solution con-

ductivity, and α a temperature compensation coefficient, in the range 0.02-0.04/◦C

for solutions of NaCl in deionised water at the concentrations and temperatures of

interest.

Measurement was carried out using a swab of the surface of interest. After each

pass, the swab was rinsed in a beaker of deionised water to remove the NaCl from the

swab. The electrical conductivity and temperature of this solution were then mea-

sured and recorded. When the conductivity reading tended to a maximum, defined

as less than 1% change of total reading over for two consecutive swabs, a final reading

was taken. Care was taken to clean the beakers thoroughly after each test in the

ultrasonic bath, and both the beakers and probe were rinsed with deionised water

before and after each test was measured.

4.3.5.4 Electrical conductivity meter

A Hanna Instruments model HI5321 electrical conductivity meter (ECM) was chosen,

following successful preliminary trials of the concept with a more affordable instru-

ment. The instrument has a thermocouple built into the probe to allow temperature

adjustment to be carried out. Instrument details are given in Table 4.8. The standard

operating procedure, as described by the instrument’s manual, was followed.

4.3.5.5 Calibration of measurement technique

The three aspects of the electrical conductivity meter were calibrated: for the cell

constant against standard solutions, for solution temperature coefficient at varying

solution concentrations, and for conductivity at varying solution concentrations. This

is discussed in detail in Appendix D.

4.3.6 Experimental uncertainty

An assessment of the uncertainties in individual experimental measurements was car-

ried out, in preparation for overall uncertainties for the key reported experimental
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values (V +
d , τ+p ). Experimental uncertainty has not always been reported by experi-

mentalists in this field, however those who did indicated values in the region 5-30%.

A large fraction of published experimental data has tended to show significant spread

in V +
d , often in the region of an order of magnitude for matching τ+p . This suggests

that the particle deposition process is in general highly stochastic. For V +
d and τ+p

this leads to total uncertainties of 11.5% and 10.4% respectively. The analysis is

reported in detail in Appendix E.

4.3.7 Experimental procedure

An experimental procedure to give repeatable experimental data was developed.

Around 5 hours were required for each test: 1.5 hours for preparation and heat-

ing, 1.5-2 hours experimental run time, 1 hour cooling time, 1 hour for dismantling

experiment, measuring deposition, and processing data. Cold tests excluded heating

and cooling processes. The procedure is listed in detail in Appendix F.

4.3.7.1 Particle concentration calculation

It was possible to use the OPS to measure bulk particle concentration at two locations

in the experiment: at the inlet to the mixing chamber, C0, in, and at the exit from

the test section, C0, out. The inlet concentration could only be measured pre-test, and

the outlet concentration only during a test. Calculation of deposition fraction using

the outlet concentration is preferred,

fd =
md

md +mout

, (4.17)

where md and mout are the deposited and outlet masses respectively. As the OPS had

a maximum operating temperature of 50 ◦C , it was not possible to measure outlet

concentration during the hot experiments, hence V +
d must be calculated via C0, in.

Ambient results are presented based on C0, out.

4.4 Ambient temperature experimental campaign

4.4.1 Test matrix

A summary of the ambient experimental conditions is given in Table 4.9. Reynolds

numbers ranged 8 500−26 000, and particle diameters 2.5-6.5µm. The full test matrix

is given in Appendix G, where the individual tests are given with their conditions.
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Reynolds number 8 400− 26 000

Mean velocity 7.1-22.9 m/s

Friction velocity 0.46-1.3 m/s

Temperature (gas and metal) 22 ◦C

Nominal particle size 2.5-6.5µm

Test length 0.8-2.5 hours

Surface roughness 0.22, 1.12µm

Non-dim. particle relaxation time 0.7-14.2

Non-dim. deposition velocity 0.0019-0.056

Table 4.9: Summary of operating conditions for ambient temperature tests. Full test
matrix in Appendix G.

The main independent variables were dp, Re, and surface roughness Ra. The

effects of test time and the gravitational force were also investigated, to a lesser

extent. It was not possible to decouple Re and u∗ at constant Tg with the current

experimental geometry. The maximum Reynolds number tested was limited by the

maximum gas pressure at which the atomiser could produce a good quality mono-

dispersed aerosol.

4.4.2 Results - ambient temperature

A large number of ambient temperature tests (69) were carried out. These are plotted

in Fig. 4.7, where repeated tests are plotted as a single, averaged value. The data

of Kvasnak et al. (1993); Montgomery and Corn (1970); Sippola and Nazaroff (2004)

for horizontal pipe/channel flow, and the vertical pipe flow data of Liu and Agarwal

(1974) are plotted in addition for comparison. The Kvasnak et al. (1993) data is taken

from the floor of the passage, the Montgomery and Corn (1970) from the full annulus,

and the Sippola and Nazaroff (2004) data from an average of the four duct surfaces.

The current experimental data show a little scatter, though this is almost universally

the case with particle deposition experiments. They, in general, sit within the other

published works on horizontal turbulent flows. It can be seen than the horizontal

experiments see higher V +
d for given τ+p than is seen in vertical experiments for τ+p

< 7; above this the horizontal and vertical data overlay.

The data is now presented by Re, dp, and Ra to discuss these aspects and effects in

details. Secondary investigations into a number of other variables can also be found

in Appendix H.3.
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Figure 4.7: V +
d against τ+p for all ambient temperature tests from this campaign,

compared to the horizontal duct/pipe flow data of Kvasnak et al. (1993); Montgomery
and Corn (1970); Sippola and Nazaroff (2004), and the vertical pipe flow data of Liu
and Agarwal (1974).

4.4.2.1 Effect of flow Reynolds number, Re

The experimental data are plotted by Reynolds number and particle diameter in Fig.

4.8, and are shown in plots at discrete particle diameter in Fig. 4.9. From the lowest

values of τ+p it can be seen that increasing Re increases V +
d for τ+p < 7. Above this

value of τ+p the tail-off of V +
d can be seen, dropping to 1.5-2 orders of magnitude (OoM)

lower than would be expected for the largest τ+p value (14.1). Some stratification by

Reynolds number is observable, with the lower Reynolds number tests having higher

V +
d values for the same τ+p . This is inline with the work of Sippola and Nazaroff

(2004), who saw a similar trend for horizontal duct flow.

This effect has been reported to some extent in published literature reviewed

above, though discussion of particle rebound or re-suspension is limited (see section

2.3.5). It is almost certainly due to the fact that the majority of experimentalists

have chosen to make their particles or surfaces in some manner ‘sticky’, effectively

giving an ‘all-stick’ boundary condition. As this is not the case in our experiments

with dry NaCl particles on a dry stainless steel surface, it appears that some rebound

of particles is occurring at impact. This highlights the need to consider such rebound
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Figure 4.8: V +
d against τ+p for all EXPα ambient temperature tests. Markers by dp,

coloured by Re. Error bars show the spread for all repeated tests.

effects when carrying out validation experiments.

The error bars on Fig. 4.8 indicate experimental repeatability. For all repeated

tests, the plot marker shows an averaged value of V +
d and τ+p , with the error bar

indicating the spread of the individual tests. An enlargement of the plot is shown in

Fig. H.2 for clarity. Ten sets of repeat tests were done: eight pairs of repeats and

two triple repeats.

It is notable that the experiments are highly repeatable; only one of the repeat

tests has an error bar which extends beyond its plot marker. Across the repeated

experiments, the mean deviation from the ten individual means was 14%, with a

standard deviation of 11%. A maximum individual deviation of 40% was seen (dp =

4.0 µm, Re = 14 000, point at [2.7, 0.0278]), with the remainder ranging 3.4-26%.

In comparison, the repeated experimental data of Kvasnak et al. (1993) indicate an

order of magnitude spread for nominal identical conditions (individual measurements

shown in Fig. 2.7d). It is considered that the experimental repeatability of the

current study makes the above assertion regarding apparent Reynolds dependence of

V +
d acceptable.

The same data are coloured by kinetic energy Ek, Fig. 4.10. Here a nominal

particle kinetic energy is calculated Ek, p = 0.5mpU
2
g, based on the gas bulk velocity
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Figure 4.9: Experimental deposition with varying Reynolds number at discrete par-
ticle diameters.

U g. A strong trend is seen of decreasing V +
d for Ek, p > 2.5−11 J. Along with their

experimental data, Kvasnak et al. developed an analytic model for rebound, which

is shown for varying coefficient of restitution r on Fig. 4.10 with the experimental

data coloured by Ek, p. It is clear that the tail off of the NaCl data is close to the

simulated ‘r = 0.96’ line, which gives support for the rebound theory.

Another explanation for the tail off of V +
d could be related to shear removal or re-

suspension of particles. The process of re-suspension has been studied experimentally

by, amongst others, Barth et al. (2014), who deposited aerosols onto a microscope

lens, then re-suspended them by increasing the flow velocity. For a given particle size,

at a critical friction velocity instant re-suspension was found to occur. The authors
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Figure 4.10: V +
d against τ+p for all ambient temperature tests, coloured by nominal

particle kinetic energy Ek, p. Lines indicate impact model of Kvasnak et al. (1993)
based on constant coefficient of restitution r values.

used two aerosol materials, glass and polypropylene, with a distribution of particle

sizes. The authors found that larger particles re-suspended at lower friction velocities

than smaller particles. They correlated remaining fraction of the aerosol, fr against

friction velocity,

fr = 0.5 (1− erf((u∗ − a) b)) , (4.18)

where erf is the error function, and a and b are fitting constants, valid for a range

of particle diameters. For the relevant particle sizes: 2.8 < dp ≤ 5.2 µm : a = 0.84,

b = 3.4; 5.2 < dp ≤ 7.6 µm : a = 0.72, b = 3.9. The function is plotted for the two

particle size distributions in Fig. 4.11a.

Eq. 4.18 was applied to the a number of the experimental cases for which de-

position was lower than expected. Based on the particle size distribution measured

experimentally, piecewise calculations of the the fraction that would be expected to

deposit in the absence of ‘removal’ were carried out, and a back-calculation of a possi-

ble overall V +
d for each experiment. As Barth et al. showed that re-suspension effects

were strongest for large particles and high shear velocities, only these experiments

are shown on Fig. 4.11b as the hollow shapes.
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The results are somewhat mixed; the values for the 6 µm particles are all plausible,

relative to the other experimental data, however for the smaller particles at high ve-

locities the theory over-predicts V +
d substantially. As Barth et al. used polypropylene

spheres with a substantially lower density (ρp = 1 200 kg/m3) the surface mechanics

and particle response would be expected to differ. Applicable experimental data are

scarce in the literature. If removal by shear was acting, it would be expected to act

at particle impact, rather than removal at a later point in time. A similar study

to that of Barth et al. using NaCl particles would be extremely useful to address

this facet of particle motion, but was outside the scope of the current study. This

shear removal/re-suspension process is therefore considered to be potentially occur-

ring and contributing to the tail off seen in the experimental data, however until more

applicable experimental data are available it remains speculative.
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2.8-5.2 µm
5.2-7.6 µm

(a) (b)

Figure 4.11: Left : Fraction of deposition remaining as a function of shear veloc-
ity, from experimental work of Barth et al. (2014). Right : Calculated effect of ‘re-
suspension’. Hollow shapes indicate recalculated V +

d if the re-suspension based on
Barth et al. (2014) had not occurred.

4.4.2.2 Effect of particle diameter, dp

Referring back to Fig. 4.8, the results are seen be independent of particle size in

general, with no observable banding based on dp noticeable. It is observed that only

the 5-6.5 µm particles were affected by the proposed bounce effect, with the potential

trend for smaller particles being within the scatter of the data. As Ek, p ∝ d3p, higher
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bulk velocities than were achieved would be required to test out the kinetic energy

threshold prediction.
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(d) Re = 23 000

Figure 4.12: Experimental deposition with varying particle diameter at discrete
Reynolds numbers.

Fig. 4.12 shows varying dp at fixed Re. Over the four Reynolds numbers shown,

the deposition trends are easily seen. At the lower Reynolds number, Re = 11 000,

deposition increases with τ+p , and at a gradient matching the Kvasnak et al. data. As

the Reynolds number increases, Re = 14 000 the larger particles show reduced increase

with increasing τ+p . This is more evident at Re = 19 000 where the bounce effect

is noticeable for the largest particles (6 µm), and at the highest Reynolds number,
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Re = 23 000 the trend is strongly for decreasing V +
d with increasing τ+p , where particle

rebound becomes more significant.
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Figure 4.13: V +
d against τ+p for all ambient temperature tests, comparing surface

roughnesses. EXPα: Ra = 0.22µm. EXPβ: Ra = 1.12 µm.

4.4.2.3 Effect of surface roughness, Ra

Test piece EXPα underwent some oxidisation at the maximum temperatures exposed

to during the high temperature experimental campaign. A second, identical, test

piece was manufactured in the same manner, EXPβ, for surface finish comparisons.

Measured surface roughnesses were EXPα : Ra = 0.22 µm, EXPβ: Ra = 1.12 µm,

where Ra is the arithmetic mean roughness. Details and surface profiles are given

in Appendix H.1. Expected engine component finishes of 0.8-1.2µm (machined) and

∼ 1.4 µm (shot peened) indicate that a comparison between deposition on test pieces

EXPα and EXPβ is relevant to engine conditions. The difference in surface finish

was likely due to the cleaning procedure: EXPα was scrubbed post-test, effectively

polishing it. In order to maintain the different roughnesses, EXPβ was not scrubbed.

Swabbing of EXPβ between cleaning and reassembly showed no NaCl remained, de-

spite the difference in cleaning method.

Fig. 4.13 indicates that surface roughnesses of this magnitude have a noticeable

effect on V +
d . The EXPβ V +

d data are generally higher than those for EXPα. This
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τ+p 1.1 2.1 2.6 2.7 3.9 4.2 4.3

dp (µm) 2.5 5.0 4.0 4.0 5.0 5.0 5.0

Re 14 000 10 000 14 000 14 000 14 000 19 000 19 000

V +
d, β/V

+
d, α 0.51 0.88 2.1 1.3 1.4 1.2 1.4

Table 4.10: Fractional change in V +
d brought about by rougher test piece EXPβ

(Ra = 1.12µm) over smoother test piece EXPα (Ra = 0.22 µm).

is quantified in Table 4.10, which shows the fractional increase in V +
d for the EXPβ

over EXPα. These were matched dp and Re experiments between the two test pieces.

For the smallest values of τ+p , a decrease in V +
d was seen when the roughness

increased. With increasing τ+p , the rougher test piece saw 1.2 − 2.4× the deposition

of the smoother, which is seen to become fairly constant. Over the seven EXPβ tests,

the mean increase over EXPα was 1.2×. This is clearly a highly relvant issue with

regards to real engine components, and should be investigated further.

4.5 High temperature experimental campaign

The high temperature experimental campaign was carried out at engine-representative

temperatures for both gas and wall in the disc cavity and shank pocket regions.

Within these secondary air systems flows, Tw > Tg, which formed the initial basis of

the testing. This direction of temperature gradient reduces deposition of particulates

on walls, referred to as ‘decreasing’ thermophoresis. Isothermal conditions were also

assessed for comparisons to the data gathered at ambient conditions. ‘Increasing’

thermophoresis (Tg > Tw) was then assessed. This effect increases particulate deposi-

tion, which could potentially be used to filter small particulates upstream of regions

where high temperature corrosion can occur.

4.5.1 Test matrix

A summary of the experimental conditions is given in Table 4.12. The full test matrix

for high temperature testing is given in Appendix I.

4.5.2 Results - isothermal

The high temperature isothermal data are shown in Fig. 4.14, discriminated by

dp and Re. All results shown used the EXPα test piece. These were undertaken

at the T1 condition of 390 ◦C, with the exception of the [2.5, 0.022], which was
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Reynolds number 6 500− 10 000

Mean velocity 21.7-33.1 m/s

Friction velocity 1.44-2.13 m/s

Temperature (gas) 390 ◦C (T1), 480 ◦C (T2)

Temperature (metal) 353-730 ◦C

Nominal particle size 2.0-5.0µm

Test length 1.3-2.0 hours

Surface roughness 0.22, 1.12 µm

Non-dim. particle relaxation time 0.7-3.5

Non-dim. deposition velocity 0.000039-0.022

Table 4.11: Summary of operating conditions for high temperature tests. Full test
matrix in Appendix I.

T2, 480 ◦C. It can be seen that the data are very comparable to those at ambient

temperatures in general. For τ+p < 3 the hot V +
d values are in general lower than

the ambient experiments at similar τ+p . A similar tail off appears in V +
d for larger

τ+p akin with the ambient temperature experiments. It is clear that once again this

is due to increasing Re. Both the Re = 10 000 data points show this effect. The

two points at τ+p = 3.4 make a useful comparison: dp = 4 µm, Re = 10 000 (yellow

square), and dp = 5µm, Re = 7 800 (turquoise triangle). The higher Re case reduced

V +
d by 46% when compared to the 5 µm/7 800 case. In the case of the ideal/‘all

stick’ boundary condition implemented by many experimentalists, and following the

Reynolds-independence proposed by Liu and Agarwal (1974), the two cases would be

expected to be far closer.

Hot and ambient experiments are compared by nominal particle kinetic energy in

Fig. 4.15. An earlier peak and tail off of V +
d with τ+p is seen for the high temperature

experiments, but at significantly higher nominal particle Ek, p - the particles in high

temperature experiments have around 4-5× more kinetic energy than those in exper-

iments carried out at ambient conditions. Following the above theory for rebound at

ambient conditions based on particle kinetic energy it would be expected that almost

all of particles would rebound, as their kinetic energies are significantly higher than

the proposed threshold (∼ 10−11 J). A change in the material properties of sodium

chloride would be expected with temperature; as discussed in chapter 5, the yield

stress has been seen to fall with increasing particle temperature experimentally. This

would be likely to cause larger particle deformations at high temperature, allowing

sticking at higher impact velocities than at ambient conditions.
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Figure 4.14: Hot isothermal data plotted by dp and Re. Gas and metal temperatures
for T1: 390 ◦C; for T2: 480 ◦C.

Figure 4.15: Comparison of all isothermal hot data with ambient temperature exper-
iments. Coloured by nominal particle kinetic energy. Gas and metal temperatures
for T1: 390 ◦C; for T2: 480 ◦C.
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Figure 4.16: Surface roughness effects on deposition for isothermal high tempera-
ture experiments. EXPα : Ra = 0.22µm, EXPβ: Ra = 1.12µm. Gas and metal
temperatures for T1: 390 ◦C; for T2: 480 ◦C.

Experiments were carried out with the second test piece EXPβ to investigate

surface roughness effects seen at high temperatures, Fig. 4.16. It is seen here that

the difference between the two test pieces is more significant at high temperatures

than ambient, with the rougher test piece returning higher deposition across all values

of τ+p tested. For the tests undertaken at τ+p = 0.9, 2.2, 3.2, the increases in V +
d for

EXPβ over EXPα were 1.6, 2.5, 1.5× (mean 1.9×). For comparison, at ambient

conditions the mean increase with the rougher test piece was 1.2×. The effects of

surface roughness and temperature should be investigated further.

4.5.3 Results - thermophoresis

Non-isothermal experiments were undertaken with temperature pairings A,B,D,E as

outlined in Table 4.12. Gas temperatures were kept constant for T1 (390 ◦C), T2

(480 ◦C) conditions.

Results are presented as V +
d vs. τ+p as throughout the thesis in Fig. 4.17, and also

as fd vs. τ+p in Fig. 4.18. This second figure clearly indicates how the thermophoretic

conditions change the deposition characteristics in relation to the isothermal case.

Tests T1A and T1B were carried out with increasing thermophoresis, Tg > Tw, at
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Case

T1 T2

Tg Tw P+
Th Tg Tw P+

Th

(◦C) (◦C) ×10−6 (◦C) (◦C) ×10−6

A 390 355 0.68 - - -

B 390 383 0.14 - - -

C 390 390 0.00 480 480 0.00

D 390 480 -1.9 480 530 -0.92

E 390 630 -5.0 480 730 -6.3

Table 4.12: Gas and wall temperature pairings A-E for high temperature tests. In-
dicative P+

Th values shown for the tabulated gas temperatures with dp = 4 µm, Re =
7 800 (T1), Re = 7 200 (T2).
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Figure 4.17: Non-dimensional deposition velocity vs. non-dimensional particle re-
laxation time for thermophoretic experiments. T1 (blue): Tg = 390 ◦C . T2 (red):
Tg = 480 ◦C .

Re = 7 800. Substantial increases in V +
d are seen for small gas temperature gradients

relative to the magnitude of that in the decreasing thermophoretic direction. The

T1B data show fairly constant V +
d values across the range of τ+p investigated, with

V +
d values increasing 1.1−2.5× compared to the isothermal case. At T1A conditions,

stronger thermophoretic conditions are seen to increase V +
d 4.8× over isothermal

values.
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Figure 4.18: Normalised deposition fraction vs. non-dimensional particle relaxation
time for thermophoretic experiments. T1: Tg = 390 ◦C . T2: Tg = 480 ◦C .

Temperature conditions T1D and T1E were undertaken at temperature gradients

which gave decreasing thermophoresis. T1D shows significant reduction in V +
d in

comparison to the isothermal data. At low τ+p (< 2.5), V +
d stays fairly constant with

τ+p , then increases for τ+p > 2.5, tending back towards the isothermal data line. The

effect of varying dp, Re at constant τ+p showed a reduction in V +
d of 42% between

the dp = 5 µm, Re = 7 800 and dp = 4 µm, Re = 10 000 cases. This is similar to the

reduction at isothermal conditions (46%).

The T1E experiments used a larger temperature gradient than T1D; these show a

similar trend to the T1D experiments but of larger magnitude. A larger reduction of

68% between the two varied dp, Re experiments at constant τ+p is seen for this higher

temperature gradient.

The T2 experiments were undertaken at higher gas and wall temperatures than

T1. They show a similar trend to T1; although the T2C (isothermal) and T2D data

points sit higher than the equivalent T1 points, the reduction in deposition fraction

is comparable. The T2E experiment showed extremely low deposition, close to the

detection limit of the conductivity meter. Deposition was 0.18% of that seen at

isothermal conditions.

Natural log of normalised deposition fraction is plotted against thermophoretic

parameter P+
Th for the six thermophoretic conditions in Fig. 4.19. Particle thermal
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Figure 4.19: Log of normalised deposition fraction ln
(
fd
)

against thermophoretic
parameter P+

Th.

conductivity is kp = 4.9 W/m/K for Tg > 120 ◦C. The Beresnev and Chernyak (1995)

expression is used for the calculation of thermophoretic coefficient Φ.

It can be seen that the relationship between fd and P+
Th is reasonably (log-) linear

over the whole experimental domain, in both the increasing and decreasing ther-

mophoretic directions. It is noted here that the data contain a range of particle sizes

and Reynolds numbers. A first order correlation by linear regression is calculated,

fd = 1.02e2.38×10
6P+

Th , (4.19)

and is shown on Fig. 4.19. The (log-) linear fit is good for both increasing and de-

creasing thermophoresis, with only two points significantly deviating. These are not

included in the correlation calculation. Based on this, with a knowledge of the isother-

mal deposition fraction for the same aerosol, and the expected thermal conditions,

the change in deposition due to thermophoresis can be estimated.

121



4.6 Secondary investigations

4.6.1 Gravitational effects

The hot and ambient experiments showed some salient differences. The ambient

experiments showed no visual sign of gravitational effects. One trio of experiments was

undertaken with the test insert sequentially orientated at the top, middle, and bottom

of the passage. Experimental conditions were ambient, dp = 4µm, Re = 14 000.

Results are shown in Table 4.13. As would be expected, the ratio of deposition

on the insert to the whole passage is lowest in the top orientation, and highest in

the bottom orientation, indicating that some gravitational effects are occurring. In

general, ambient deposition was seen to be extremely fine and uniform across the

surface, with no visible entry/exit trends. The variation in full passage V +
d is noted;

variation of this magnitude is not uncommon in repeated experiments, and has been

observed in many published works.

Orientation Test insert Full passage Insert:passage

Top 0.026 0.035 0.74

Side 0.029 0.026 1.12

Bottom 0.031 0.022 1.41

Table 4.13: Effect of test insert orientation on measured V +
d values. Conditions:

dp = 4µm, Re = 14 000.

The hot experiments showed complex interaction between thermophoretic and

gravitational forces. The decreasing thermophoresis (Tg < Tw) temperature gradient

experiments showed some traces of gravitational effects, Fig. 4.20, with qualitatively

higher deposition seen on the bottom half (in the vertical direction), though it wasn’t

quantified with swabbing. Some apparent clumping or agglomeration of particles

appeared to occur in the hot tests, which was not seen in the cold tests. This can

also be seen in Fig. 4.20. It is proposed that in these hot tests the particles accrete

preferentially where deposition has previously occurred, rather than in-flight agglom-

eration, as particles were in the range 2.5-6.5 µm at injection into the system, and the

volumetric density ratio is low (O(10−9)). The agglomeration was more noticeable at

the higher wall temperatures, though almost no deposition was visible for the highest

wall temperatures (highest temperature gradients).

With the lack of comparable published data it is difficult to assess this in terms

of other studies, and would potentially require optical/imaging techniques to assess
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more fully. These trends were seen more strongly in tests where the generated particle

diameter was high, which may show some interaction between drag-thermophoresis-

gravity due to particle density that, to the author’s knowledge, has not been investi-

gated previously.

Figure 4.20: Visible gravitational effects and some ‘clumping’ of particles in experi-
ment (temperatures T2D, dp = 4 µm, Re = 7 800). Qualitatively higher deposition is
seen on the bottom/lower half of the insert.

4.6.2 Lift off of deposited particles

Several pairs of tests were carried out to assess the effect of the method of cooling

the test piece post-test. The first of each pair of tests let the test piece cool with no

internal flow. A fan was used to externally cool the test piece. The second half of each

pair of tests repeated the deposition experiment, but left the gas running post-test,

with the atomiser and heaters switched off, giving internal convective cooling. This

in detailed in Appendix H.3.1. Results were somewhat inconclusive as to whether

leaving the coolant on was lifting off particles. It was chosen to only cool the high

temperature experiments externally following this investigation.

4.6.3 Experimental test length

A small number of the tests varied experimental length. These allowed the effect of

experimental length to be assessed, a facet of such experimental work missing from

the literature. The results, detailed in Appendix H.3.2, indicated tentatively that

the EXPα test piece was not affected by the experimental length, whereas three of

the four suitable EXPβ tests were. This may be an effect related to the roughening

of the test piece surface due to deposition during the experiments due to deposition
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occurring. This is an area of experimental work that requires more study. EXPβ

data presented above are those closest to the corresponding EXPα test lengths.

4.7 Summary

A new experimental rig has been designed and built, and shown to be operating in line

with other similar experiments for horizontal channel flow at ambient conditions. A

mono-dispersed sodium chloride aerosol was used. Repeatability of integral deposition

characteristics was seen to be good between tests. A new experimental method for

the measurement of the deposited NaCl particles was developed and validated in a

series of calibration tests.

Experiments carried out at ambient conditions indicated an increase of V +
d with

τ+p for τ+p ≤ 7, and a reduction with τ+p > 7. This has been attributed to particles

having enough kinetic energy at impact to overcome adhesive forces and rebound

into the flow, reducing deposition. A similar effect was noted in the high temperature

isothermal results, but initiating at a lower τ+p threshold (τ+p = 5).

Experiments carried out under with wall-gas temperature gradients introduced

significant thermophoretic effects. Under decreasing thermophoretic conditions, V +
d

was seen to fall by up to three orders of magnitude in comparison to isothermal

conditions. Under increasing thermophoretic conditions increases of 400% were seen

for smaller temperature gradients. The various effects are summarised in Table 4.14.

Parameter Effect on V +
d

Re For given τ+p , V +
d falls for increased Re

dp For given τ+p , V +
d increases with increased dp

Ra For given τ+p , V +
d increases with increasing surface roughness

g Gravitational force increasing deposition on bottom surface, and de-
creasing on top surfaces. Visible effects for thermophoretic decreas-
ing conditions

∇Tg Increases (Tg > Tw) or decreases (Tg < Tw) deposition rate. Effect
increases with magnitude of gradient and decreasing τ+p

Table 4.14: Effects of parameters investigated experimentally on deposition rate
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Chapter 5

Simulations of Pipe Flow
Experiments

This chapter presents simulations of the experimental work from chapter 4. These

were undertaken at both ambient and high temperatures. The continuous random

walk model is applied from chapter 3, and developments are discussed based on the

findings of the simulations.

5.1 Numerical set-up

The numerical domain for simulations of the experimental work in chapter 4 is shown

in Fig. 5.1. Bulk heated flow is injected at I1, particulate-laden gas enters at I2.

Walls W1,...,6 have appropriate thermal boundary conditions as measured or inferred

from the experimental measurements (see Fig. 4.4). Boundary conditions are listed in

Table 5.1. Gas and wall temperatures are updated as necessary to match the specific

cases TA,...,E.

The realisable k-ε turbulence model was used for closure of the Reynolds-averaged

Navier-Stokes equations. Trials with the Reynolds stress model (RSM) did not indi-

cate significant differences to particle statistics. Spatial discretisation of scalars was

carried out using the second-order upwind scheme. The ‘coupled’ pressure-velocity

coupling scheme was used for its efficiency and Green-Gauss Node-Based gradient

discretisation.

Gas density was calculated from the ideal gas law. Gas viscosity was calculated by

Sutherland’s law. Gas specific heat capacity was correlated against gas temperature

(K), Hurley (2008),

cp = 716.8 + 0.812Tg − 5.334× 10−5 T 2
g + 1.445× 10−7 T 3

g . (5.1)
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Figure 5.1: Numerical domain for simulations of experimental work. Gravity included
in the vertical direction. Arrows indicate flow direction. I1: bulk inlet; I2: atomiser
inlet; W1: bulk tube; W2: atomiser tube; W3: mixing chamber; W4: insulated
section; W5: test piece (oven); W6: test insert (measurement region); O1: outlet.

The gas thermal conductivity was also correlated against temperature (K), Hilsen-

rath (1955),

k = 0.0169 + 5.113× 10−5 Tg. (5.2)

The single-precision solution option was used. Scaled residuals were of the order

of 10−5 (continuity), 10−6 (turbulence properties), and 10−7 (energy and velocities).

Maximum net mass flow rate was of the order of 10−7 % of inlet mass flow rate. The

gravitational force was switched on.

Particle tracking used the CRW model, chapter 3. Particles were injected in uni-

form grid on the atomiser inlet plane (I2), with a UDF written to match particle

velocity and temperature to the gas conditions at each injection point. 5×105 par-

ticle steps were found to reduce incomplete particles to a negligible number. The

thermophoretic force was switched on for the high temperature tests, and the ther-

mophoretic coefficient of Beresnev and Chernyak (1995) applied as a UDF function,

linearly interpolating the tabulated data for R (=
√
π/2Kn) from their paper. The

Fluent implementation of the Talbot thermophoretic coefficient, and the expression

of Young were also used for comparison.
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Boundary Name Condition Value

I1 bulk inlet Mass flow inlet ṁg, Tg as exp.

I2 Atomiser inlet Mass flow inlet ṁg, Tg (ambient) as exp.

O1 Outlet Pressure outlet 0 Pa as exp.

W1 Bulk tube Temperature Adj. to give Tmx, Tti as exp.

W2 Atomiser tube Temperature Amb. (295 K) as exp.

W3 Mixing chamber Temperature Adj. to give Tti as exp.

W4 Insulated tube Adiabatic Insulated as exp.

W5 Oven (two sections) Temperature Tw as exp.

W6 Test insert Temperature Tw as W5

Table 5.1: Boundary conditions for experimental simulations

5.2 Grid independence study

A grid independence study was carried out. Four meshes were generated, from 1.74-

8.74 M cells, Table 5.1. Scale factor indicates relative cell size in relation to the

‘medium’ mesh. Conditions were to match case T1C Re = 7 800 (isothermal at 390
◦C). The realisable k-ε model was used with second-order discretisation of spatial

gradients. A pressure-velocity coupling was used. The mean pressure on the test

insert, Fig. 5.2a, and net convective heat flux into the domain through walls, Fig.

5.2b were used for grid convergence assessment. Both parameters show the medium

grid density was enough to allow calculation of a grid-independent continuous phase

solution.

Mesh Cells (M) Prism layers re Scale factor

Coarse 1.74 10 1.25 1.26

Medium 2.86 10 1.25 1.00

Fine 6.08 15 1.10 0.80

Very fine 8.74 15 1.10 0.63

Table 5.2: Grids for independence study. Scale factor is cell size (length) relative the
medium mesh. The total prism height was fixed at 1 mm; this was seen to be sufficient
to not limit the growth of the boundary layer. re is the prism layer expansion ratio.

Investigation of V +
d with relation to the grid showed reasonable convergence be-

tween the medium and fine meshes. 7 600− 69 000 particles were injected, depending

on particle size. The very fine mesh indicated significantly lower deposition across the
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Figure 5.2: Grid independence study for experimental numerical simulations

entire domain of τ+p investigated. The other three meshes converged best for largest

particles, but convergence is acceptable for all but the smallest particles. The very

fine mesh results are a distance from experimental data, so were disregarded; this

is possibly due to diffusion errors. The medium mesh was used as it showed good

convergence to the fine grid.

5.3 Ambient temperature simulations

Simulations were carried out of the ambient experimental results at five Reynolds

numbers, 8 400 − 23 000. Four particle sizes were injected, matching those used ex-

perimentally; 2.5, 4.0, 5.0, 6.0µm. The first simulations used the CRW and DRW

models, with an all-stick boundary condition.

The results of these simulations are shown in Fig. 5.3. The CRW simulations

are seen to under-predict the experimental deposition by an order of magnitude on

average, for τ+p < 2. For 3 ≤ τ+p ≤ 8, the CRW simulations are closer to the

experimental results, under-predicting by a maximum factor of four. Above τ+p = 8,

the simulation does not produce the tail off of V +
d seen experimentally; this is to be

expected as it is thought to be a rebound effect, which is not captured by the all stick

boundary condition (see section 5.3.2).

As would be expected from chapter 3, the discrete random walk model predicts

deposition that is close to independent of τ+p . Over the entire range of τ+p , V +
d

only increases by 1.4×, whilst the Kvasnak et al. (1993) data indicates an increase of

around 70×, based on the mid line of the shaded region for that τ+p range (0.51-17).

The CRW simulations of the experimental work predict deposition trends very

similar to those presented for the simulations of the Liu and Agarwal vertical pipe
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Figure 5.3: Initial numerical simulations of experimental rig at ambient conditions,
using CRW (squares) and DRW (pentagrams) models

flows in chapter 3. Despite the gravitational force being used, this has almost no effect

on the simulation integral deposition results. The CRW model does not appear to

have been tested for horizontal flows previously, hence why this has not been noted.

To assess the effect of gravity on the simulations, the circumferential distribution

of deposition over the test insert was calculated, Fig. 5.4. Radial scale indicates frac-

tion of total deposition occurring in that sector. Gravity acts vertically downwards as

viewed. It is seen that gravity has an extremely strong effect on deposition, in partic-

ular for lower Re and smaller particles. That gravity would affect slower speed flows

more than higher speed is expected; g remains constant, whilst aD varies with Rep.

At the highest Re, deposition becomes increasingly uniform as particle diameter in-

creases, but the smaller particle sizes are still strongly dominated by the gravitational

force. The same simulations were repeated without the gravitational force, Fig. 5.5.

These indicate that without the gravitational force, deposition is closer to uniform

around the circumference of the test section, with stochastic variation seen. This

scatter is more significant for lower τ+p particles, as fewer deposit. Simulations using

the DRW model with the gravitational force, showed the turbophoretic effects due to

the fluid fluctuations as calculated by the DRW model was stronger the gravitational

effects. Close to uniform distribution was seen around the passage circumference.
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Figure 5.4: Circumferential distribution of deposition using CRW model. Radial scale
indicates fraction of total deposition in segment. Columns (left to right): Re = 8 500,
14 000, 23 000. Rows (top to bottom): dp = 2.5, 4.0, 5.0, 6.0 µm. Ambient conditions,
dt = dt∗.
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Figure 5.5: Circumferential distribution of deposition using CRW model but without
gravity. Radial scale indicates fraction of total deposition in segment. Columns (left
to right): Re = 8 500, 14 000, 23 000. Rows (top to bottom): dp = 2.5, 4.0, 5.0,
6.0 µm. Ambient conditions, dt = dt∗.
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5.3.1 Updated integration time step

Whilst the integration time step derived in section 3.2.2, hence referred to as dt∗, was

seen to produce good results for vertical pipe flow, the effect of the gravitational force

could not be accounted for in its initial form.

Two improvements to the modelling were made. The first was to allow the La-

grangian time scales to be anisotropic. Whilst Dehbi (2008a) initially assumed the

Lagrangian time scales were isotropic, the DNS of Iliopoulos et al. (2003); Choi et al.

(2004); Arcen et al. (2005) have shown that this is not the case. Figure 1 of Arcen

et al. (2005) plots non-dimensional Lagrangian time, τ+L, ii, against non-dimensional

wall distance, y+, in the i = 1, 2, & 3 directions (streamwise, wall-normal, and span-

wise respectively, as chapter 3). For use in this study these were correlated against

y+, and are shown in Fig. 5.6a. In comparison to the Kallio and Reeks-based fits used

by Dehbi (Eqs. 3.14 and 3.15), the anisotropic fits are 1.31× higher (streamwise),

2.44× lower (wall-normal), and 1.39× lower (spanwise). These correlations were im-

plemented in the CRW model. It is noted that in the bulk region, the definition of

τ+L remains as Eq. 3.14, and hence τ g,+L, ii = τ+L .
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Figure 5.6: Lagrangian integral time scale effects. Left : Anisotropy of non-
dimensional Lagrangian time scales. Directions: 1. streamwise, 2. wall-normal,
3. spanwise. Right : Ratio of τ g,+L /τ+L in the wall normal direction, background from
Arcen et al. (2005). Lines from their calculations based on Eq. 5.3, markers from
their own DNS.

The model was then updated to account for the crossing trajectory effect. Here

132



particles trajectories cross fluid path lines due to the influence of an external force

(gravity). This has the effect of decorrelating particle and fluid motion, decreasing

the Lagrangian time scale. This concept was first introduced by Yudine (1959), who

described the propensity of particles to fall in the gravitational direction from eddy to

eddy faster than the average rate of eddy decay (Wells and Stock, 1983). This analysis

showed that the effective non-dimensional Lagrangian time scale under gravitational

conditions, τ g,+L becomes small relative to the isotropic non-dimensional Lagrangian

time scale in the absence of gravity, τ+L . The reduction in the gravitational direction

is given by

τ g,+L

τ+L
=

1√
1 +

(
β
Vrel,g
σg

)2 , (5.3)

where β is the ratio of Lagrangian to Eulerian time scale, Vrel,g is the particle relative

velocity in the direction of gravity, and σg is the root mean squares fluid fluctuat-

ing velocity in the same direction. Hence for an increasing relative velocity due to

the gravitational acceleration, the effective non-dimensional Lagrangian time scale

decreases. The effect of crossing trajectories in the wall-normal (22) direction is seen

in Fig. 5.6b, taken from Arcen et al. (2005). The ratio τ g,+L, 22/τ
+
L is seen to be highly

dependent on y+, with a very large decrease seen in the near wall region. Lines show

Eq. 5.3 applied to their DNS calculations, markers show direct calculation of the

time scales from sampling the DNS.

The above changes to the Lagrangian time scale calculations were applied to the

integration time step. Rather than using the isotropic Lagrangian time scale, as Eq.

3.23, the gravitationally-affected Lagrangian time scale in the wall-normal direction,

τ gL, 22, was used:

dt = dtL22 =
τ gL, 22
4
√
Re

. (5.4)

This time step is referred to as ‘dtL, 22’. For comparison, a third, simpler, time

step was defined to mirror the reduction in Lagrangian time scale given by Eq. 5.3,

scaling dt∗ by 0.01,

dt = 0.01dt∗, (5.5)
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Figure 5.7: Anisotropic non-dimensional Lagrangian time scales and related time step
dtL22 applied to the experimental ambient temperature simulations.

which is referred to in the discussion below as ‘0.01dt∗.’ Time steps dt = dtL, 22 and

dt = 0.01dt∗ were applied to the experimental simulations. Comparisons of all three

time steps are shown in Fig. 5.7. The time step based on the effective non-dim

Lagrangian time in the wall-normal direction, dtL, 22, produces simulations closer to

the experimental data that dt∗ for τ+p < 8, and similar to dt∗ above this value. The

uniform scaling of time step dt = 0.01dt∗, is seen to provide similar results to those

given by dt = dtL, 22.

Some Reynolds number effects are seen for the dtL, 22 simulations, which aren’t

apparent in the dt∗ or 0.01dt∗ simulations. A similar effect was noted in the experi-

mental data of this study, and also that of Montgomery and Corn (1970), though both

sets of experimental data indicated that deposition matching τ+p at higher Reynolds

number gave lower V +
d , the reverse of the trends seen here.

The gradient of the V +
d to τ+p dependency is seen to be more representative of both

the experimental work of this study, and also Kvasnak et al. (1993), for dt = dtL, 22

than dt = dt∗. This suggests that a reasonable approximation comes from making the

time step close to dtL, 22. The 0.01dt∗ simulations showed an increase of 1.08− 2.50×
the deposition seen in the dtL, 22 simulations, which may be considered small relative

to the fidelity of other models.
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5.3.2 Application of the bounce-stick model

To attempt to simulate the reduction of V +
d for τ+p > 7, the bounce-stick model,

chapter 3, was applied. The bounce-stick model is applied to the dt = 0.01dt∗ sim-

ulations. Finding appropriate NaCl material properties for use with the model was

not straightforward. The following initial material properties were used: σy = 10

MPa (Narita et al., 1989), Ep = 40 GPa (Yamamoto et al., 1987), γ = 0.1 J/m2

(Mulheran, 1994; Kendall et al., 2011), µimp = 0.3 was left as used by Bons et al.; no

data were available for this parameter. The bounce-stick model was applied to the

surfaces W3−6.

100 101
10-4

10-3

10-2

10-1

100

(a)

100 101 102
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(b)

Figure 5.8: Bounce-stick model applied to experimental rig ambient simulations.
Material properties: σy = 10 MPa, Ep = 40 GPa, µimp = 0.3. Left: V +

d vs. τ+p ,
showing all-stick vs. varying bounce-stick cases. Right: Ratio of number of deposited
particles to number of impacting particles, Ndeposit/Nimpact. dt = 0.01dt∗.

The bounce-stick model was applied to the Re = 23 000, 0.01dt∗ simulation, with

particle sizes 2.5-8.0 µm to emphasise the model effect. Results are shown in Fig. 5.8a.

Maximum reductions of ∼ 50% are seen in V +
d for the largest particle size (8µm),

whereas the fraction of particles depositing upon impact is seen to fall below 20%, Fig.

5.8b. The reason for this can be seen in comparisons of the impaction distributions

for 2.5 and 6.0 µm particles, Fig. 5.9. The top row shows the distributions for all-

stick, whilst the bottom row shows the distributions with the bounce-stick model

applied (yellow squares; γ = 0.001 J/m2, a = 0.01, b = 0.01, c = 0.1). In general,
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deposition is seen to occur at small angles of incidence, α1 < 10◦. The smaller particles

(2.5µm) show some shift towards lower impact angles and velocities when the bounce

stick model is applied. The large particles (6.0 µm) show a much larger shift to

smaller values, in particular the impact velocities. It is seen that the particles that

re-impact multiple times do so at progressively lower velocities and angles, making

them increasingly likely to stick.
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Figure 5.9: Variation of impact angle and velocity distributions with particle size for
ambient Re = 23 000, dt = 0.01dt∗ simulations. Top: all-stick (initial impacts only).
Bottom: bounce-stick (particle rebound and multiple impacts allowed). dt = 0.01dt∗.

This analysis indicates why initial attempts to tune the model based on the yield

stress and composite Young’s modulus indicated a small dependency on these param-

eters for integral V +
d across the test section. The rebound characteristics were most

affected by changing the parameters relating to deformation at impact (a, b, c), and

sticking (γ).
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Even tuning the parameters several orders of magnitude away from their expected

values was not able to bring the simulated values to match the experimental tail

off trend. This confirms the discussion in section 3.4.5, regarding the tuning and

assessment of the model at larger angles of impact: the model does not appear to be

suitable for the simulation of the low impact angles seen from these types of flow.

In conclusion, use of the Bons et al. bounce-stick model did not reproduce the

‘tail-off’ seen in the experimental data for V +
d at high τ+p . Whether this is due to

deficiencies in the model when simulating impacts at oblique angles, being used away

from its tuned point, or whether some other removal mechanism is also occurring can-

not be said without further experimental investigation. Initial corroboration against

other appropriate bounce-stick models, for example those of Kim and Dunn (2007)

or Singh and Tafti (2013), would indicate whether the lack of tail-off prediction is an

artefact of the model, or an indication that a further process is occurring. Use of an

experimental imaging technique such as PIV (particle imaging velocimetry) or PSV

(particle shadow velocimetry) could capture the necessary particle motion data for

further investigation. However, as individual particles would ideally be tracked for

multiple impacts, this would likely require a high aspect ratio field of view, which is

challenging to capture with such techniques.

5.4 High temperature simulations

5.4.1 Isothermal

The simulations of the high temperature isothermal experiments are shown in Fig.

5.10. Three Reynolds numbers were simulated (Re = 6 500, 7 800, 10 000), and four

particle sizes tracked for each simulation (dp = 2.5, 4.0, 5.0, 6.0µm). Boundary con-

ditions were all-stick for the mixing chamber and all downstream parts, and elastic

rebound in the atomiser tube, as no deposition was observed here during the experi-

mental campaign.

The CRW model was applied with the initial dt∗ integration time step, Fig. 5.10a.

The simulations are seen to substantially under-predict the deposition rates for the

smallest particles, by over an order of magnitude in places. As τ+p increases, the

disparity reduces. For the largest τ+p values seen, the simulation does not predict the

tail off of V +
d , as the boundary condition is all stick. Applications of the DRW model

to simulations using realisable k-ε turbulence closure performed no better than at

ambient conditions: V +
d was over-predicted by factors of 15-28. Application of the
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Figure 5.10: Simulations of isothermal high temperature experiments. Experimental
Re match the simulations shown in each figure. Left : CRW, using initial time step
definition dt∗ at varying Re. Right : Comparison to DRW simulations, using realisable
k-ε and RSM models.

Reynolds stress model changed V +
d by 0.86-1.05 times relative to the realisable k-ε

case, which did not noticeably change the simulation results.

To address the disparity, an investigation was carried out into the particle distribu-

tion at the exit of the mixing chamber. It was proposed that the particle distribution

might be non-uniform at the exit from the mixing chamber. Fig. 5.11 shows scatter

plots of cross sectional particle location and a histogram of particle concentration

against radial position, for 2.5 and 6.0 µm particles. It is observed that the distribu-

tion for the smaller particles is highly uniform across the majority of the passage, with

a reduction seen close to the wall. The larger particles show a less uniform distribu-

tion, with a peak towards the wall region. This distribution as a whole is reasonably

constant. With neither distribution being particularly skewed, it appears that the

simulation of the mixing chamber is not a likely cause of the discrepancy. Trials with

setting the uniform injection plane at this location, matching particle temperatures

and velocities to gas values, indicated negligible differences in V +
d .

The updated time steps, dt = dtL, 22, and dt = 0.01dt∗, as discussed in section 5.3,

were applied to the isothermal, high temperature simulations. It can be seen, Fig.

5.12, that these adjustments also improves the matching to the experimental data for

high temperature, isothermal conditions. Matching between the dtL, 22 and 0.01dt∗
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Figure 5.11: Scatter plots and histogram indicating particle distribution at mixing
chamber exit. Gravity acting in the negative y direction. Stokes numbers: 0.031
(dp = 2.5 µm) and 0.18 (dp = 6.0 µm). dt = dt∗.

time steps is remarkably good, though the gradient of the V +
d on τ+p dependency is

higher than that seen experimentally.

5.4.2 Thermophoretic

The thermophoretic data are initially presented as normalised deposition fraction fd

against τ+p in Fig. 5.13. The simulations were carried out using the expressions for

thermophoretic coefficient Φ of Beresnev and Chernyak (1995); Talbot et al. (1980)

and Young (2011), and are compared to the experimental data. In order to maximise

the availability of the experimental data for comparisons, the isothermal experimental

139



100 101

10-4

10-3

10-2

10-1

100

Figure 5.12: Comparison of dt∗ and 0.01dt∗ integration time steps for high tempera-
ture, isothermal simulations

deposition is extrapolated/interpolated linearly for the τ+p = 0.70, 1.50 points, corre-

sponding to dp =2.0, 3.0µm, for which there were thermophoretic, but no isothermal,

data.

The expressions for Φ produce significantly different trends in fd. The simula-

tions using the expression of Beresnev and Chernyak (1995) is seen to reproduce the

experimental data with the most success across the whole range of particle sizes.

In the increasing thermophoretic direction the simulations are very close to the ex-

perimental data. In the decreasing direction the simulations are not as close to the

experimental data; in particular the response of the smaller particles is not well cap-

tured, and for the highest temperature gradient (T1E), the simulation under-predicts

the experimental results by 1-2 orders of magnitude.

Simulations carried out using the widely-applied Talbot et al. (1980) expression

for Φ, as implemented within Fluent, showed generally poorer comparisons to the

experimental data, Fig. 5.13c. Note that the scale has been expanded here. Across

all conditions the simulated fd values are more extreme than those obtained exper-

imentally. This is unsurprising to a certain extent as it can be seen from Fig. 2.5b

that the Talbot expression generates significantly higher values of Φ for NaCl than

has been seen experimentally.
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Figure 5.13: Normalised deposition fraction vs. τ+p for thermophoretic tests. Experi-
mental and varying expressions for thermophoretic coefficient Φ. Squares are exper-
imental results, circles are simulation results in all plots. dt = dt∗. Note differing
scale in plot Fig. 5.13c.

The simulations which applied the expression of Young (2011) showed very mixed

results. Three of the four thermophoretic cases (B, D, and E) show reverse ther-

mophoretic effects. This is due to the Young expression reversing sign for conditions

of high Λ and slip-flow Kn, conditions seen within these experiments. This is seen

in Fig. 2.5b. Experiments in the literature at these Kn/Λ conditions have not re-

ported reversed thermophoresis, making such predictions doubtful. It is clear that
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Figure 5.14: V +
d vs. τ+p for thermophoretic experimental simulations using differing

integration time steps. Left : dt = dt∗. Right : comparison of all three time steps
for cases T1A,C,E. Expression of Beresnev and Chernyak (1995) for Φ used for all
simulations.

this expression for Φ is not appropriate for the simulated conditions.

Simulations of the four thermophoretic conditions (A, B, D, and E) are shown

alongside the isothermal simulations with the experimental data in Fig. 5.14a. The

Beresnev and Chernyak (1995) expression for the thermophoretic coefficient is used for

calculation of the thermophoretic force. As with the ambient temperature simulations,

the integral deposition simulation results are seen to be substantially lower than the

experimental data for smaller particles for dt = dt∗. The difference between simulation

and experiment reduces as particle size increases. The thermophoretic simulations

show the same general trend of the thermophoretic effect reducing with increasing τ+p

as the experimental data. At the highest temperature gradient, condition E, magenta,

the simulations predict extremely low deposition for the smallest particles, far below

experimentally measured values.

When the adjusted time steps, dt = dtL, 22 and dt = 0.01dt∗, were applied, Fig.

5.14b, matching between simulated and experimental deposition improved in general,

as for the isothermal simulations. Comparison of normalised deposition fraction for

these simulations, Fig. 5.15, shows that the T1E simulations produce better predic-

tions of the experimental results, relative to the dt∗ case (Fig. 5.13b), whereas the

T1A simulations are not as close to the experimental results as the dt∗ simulations.
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Figure 5.15: fd vs. τ+p for thermophoretic experimental simulations using differing
integration time steps. Left : dt = 0.01dt∗. Right : dt = dtL, 22. Expression of Beresnev
and Chernyak (1995) for Φ used for both.

5.5 Summary

Simulations of the experimental work presented in chapter 4 have been carried out.

Assessed for the first time under gravitational conditions, continuous random walk

model was shown to under-predict deposition from flows where gravity is perpendic-

ular to flow direction. Adjustments to the integration time step defined in chapter 3,

based on the crossing trajectories effect, showed significantly improved matching to

the experimental data at ambient conditions.

At high temperature conditions, the same issue of the original dt∗ under-predicting

deposition was encountered for the isothermal data. The updated time steps, dt =

dtL, 22, and dt = 0.01dt∗, were shown again to improve prediction of the experimen-

tally measured deposition. When the non-isothermal conditions were simulated, the

relative changes in deposition due to the thermophoretic force were shown to be best

simulated by the Beresnev and Chernyak (1995) expression; the very widely used

Talbot et al. (1980) expression over-predicted the relative changes for all simulations,

whilst the expression of Young (2011) was shown to predict mixed results, including

reverse thermophoresis, which has never been demonstrated experimentally for the Λ

values generated in this experiment (50− 200).
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Chapter 6

Simulations of Applications

Three relevant engine-representative test cases are simulated. The first is a sector

of rotor-stator cavity from Engine A. The second test case is build-up of particulate

under an array of impingement jets. The third case is blockage of film-cooling holes,

representative of those in a HPT blade leading edge passage. The continuous random

walk and bounce-stick models, and the dynamic mesh morphing method are applied,

and comparisons made between them and standard techniques discussed in this thesis.

6.1 Test case 1: Engine A rotor-stator cavity

Simulations are presented of the application of the CRW, DRW, and Fluent stan-

dard (mean flow tracking, without stochastic effects) models to particulate-laden

flow within the Engine A rotor-stator cavity. This allows for comparisons of the

instantaneous fluid fluctuating velocity models in a more relevant and significantly

more complex flow domain and field. In flight, the distribution of particle sizes is

not known a priori, however an indicative maximum dp can be calculated, based

on upstream geometry. These simulations show the inherent risk of particulates de-

positing in engine subsystems, causing failure of cooling technologies, corrosion and

coating degradation. All radial positions are normalised by maximum radial location

of interest, rmax, which corresponds to the top of the shank pocket,

r+ =
r

rmax
. (6.1)

The ‘Fluent standard’ model referred to in the following is the the mean flow

tracking onto which the instantaneous fluid fluctuating velocity as calculated by the

CRW or DRW is superimposed. Hence for the same particle injection and flow, the

Fluent standard model produces the same particle track when repeated. It is used
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(a) Simulation geometry (b) Fluid path lines (c) Wall temp. profile

Figure 6.1: Left : Secondary air systems geometry used for particle deposition sim-
ulations. Middle: Flow patterns seen in the cavity, along with an indication of the
locations of the two frames of reference used. Right : normalised wall temperature
profile applied to simulation as boundary condition.

in these simulations to indicate how the turbulent fluctuations from the CRW/DRW

models are affecting particle motion, relative to other forces (drag, rotation).

6.1.1 Simulation set-up

Fig. 6.1a shows the 3D engine geometry used; an 8.6◦ sector of rotor disc-stator

cavity. Due to the complexity of the geometry, an unstructured tetrahedral grid was

generated, with 10 prism layers. In order to achieve the recommended boundary layer

resolution of y+ ≈ 1 across the whole geometry, barring inlet tubes, it was necessary

to adjust the initial cell height to 1 µm. This leads to y+ values significantly lower

than 1 in many locations, with an expansion ratio of 1.64. The mesh comprises 2.52

M nodes and 9.20 M cells; mesh generation and flow solution was again carried out

with the ANSYS suite. A temperature profile, Fig. 6.1c, shown here normalised

by the static mean inlet gas temperature, was used as a wall temperature boundary
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condition, with the mean gas to wall static temperature ratio being 0.94 (volume and

area-weighted averages respectively). The CRW integration time step, as defined by

Eq. 3.23, was used for these simulations as the gravitational force was not used.

Solution of the continuous phase was carried out using the realisable k-ε model.

Periodic boundary conditions were used in the circumferential direction, and the solu-

tion carried out in two frames of reference, using the Multiple Reference Frame (MRF)

or ‘frozen rotor’ approach. Three mass flow rate fluid inlets were implemented, at

normalised radial positions of r+ = 0.41, 0.46, 0.89, along with nine outlets. Out-

lets were conditioned using the ‘mass-flow-inlet’ boundary condition with the flow

normal direction correctly aligned with an outflow direction. Density was calculated

from the ideal gas law, and specific heat capacity cp, thermal conductivity kg, and

viscosity µg calculated in a piecewise linear manner in 100 K increments. A coupled

pressure-velocity scheme was used, along with Green-Gauss Node-Based gradient dis-

cretisation, standard pressure discretisation, and the second order upwind discretisa-

tion scheme for density, momentum, energy, turbulent kinetic energy and turbulent

dissipation rate. Convergence of residuals was obtained for x, y, z-velocities, energy

and turbulent kinetic energy below 10−3, and below 3x10−3 for continuity and turbu-

lent dissipation rate. Net mass flow rate was of the order of 0.02% of inlet mass flow

rate.

Flow structure in the cavity is complex and shown schematically in Fig. 6.1b.

Positions given are radial distances, matching Fig. 6.2. All flow from the bottom

injection exits though a low outlet beneath the disc, and consequently no particles

are injected via this inlet. The bulk of the flow, from the middle and high injections,

moves radially upwards to exit the domain to the primary gas path via the main

annulus seal as purge flow, as the blade internal coolant, or as simulated leakage

flow. Gas injection occurs at normalised radial positions 0.46 (low injection), 0.89

(high injection). From r+ = 0.43 − 0.57, a pair of counter-rotating vortices push

flow up the centre of the cavity (radially), scrubbing down particularly on the stator

surface. From r+ = 0.57 − 0.89, flow moves generally radially upwards, through the

converging-diverging section of the cavity. At the third gas injection point (r+ = 0.89)

a pair of counter-rotating vortices are again seen. Flow moves over these, scrubbing

the walls (r+ = 0.85 − 0.93). From r+ = 0.93 − 1.00, flow moves radially, where it

moves around the underside of the main seal and into the main gas path, or into lower

blade geometry.

Particles are released from the upper two inlets (high and middle injections) only,

as flow from the lowest inlet is all seen to move radially inwards and exits the back
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of the domain and is hence not of interest. Particle tracking is undertaken in the

absolute frame of reference, as recommended in ANSYS (2011b). Particles are re-

leased from the centroid of each inlet surface cell, giving an approximately uniform

distribution. 1 553 particles are released for each particle size, one from the centroid

of each inlet face. A ratio of ρp/ρf of 600 was used, representative of various envi-

ronmental particulates (sand, sea salt, ash, dust) at relevant engine temperature and

pressure. The all stick deposition wall condition was utilised, as differences seen be-

tween the CRW/DRW/Fluent standard models are solely due to these instantaneous

fluid fluctuating velocity models, and not any particle-wall impact effects. Hence de-

position and impaction fractions are equivalent in this case. Particle injection occurs

at r+ = 0.46, 0.89. The majority of the mass flow exits the domain around the main

cavity seal into the primary gas path; this occurs at r+ = 0.98.

6.1.2 Simulation results

Fig. 6.2 shows the performance of the CRW against the DRW and also the Fluent

standard (non-stochastic) models. The left hand side of each pair of plots shows the

distribution of deposition radially; on the stator on the left and rotor disc on the

right. The right hand plot shows calculated τ+p values at the deposition locations,

based on the CRW model deposits (τ+p is independent of the particle motion model

used). The diffusion-impaction regime is highlighted in grey. The τ+p plot is used

to indicate which deposition regime is expected in reference to Fig. 2.2: τ+p < 0.3

diffusional regime (D.R.), 0.3 < τ+p < 20 diffusion-impaction regime (D.I.R.), or

τ+p > 20 inertia-moderated regime (I.M.R.). It is thought that these regimes may,

however, be significantly altered by the local flow field, in particular streamline cur-

vature effects, and are indicative only. The general trend is to see higher τ+p values

for stator-depositing particles; this is expected as higher wall shear stress values are

seen on the stator compared to the rotor. These plots quickly highlight differences

between the models, and can be used to show areas which future experimental work

could target.

Particle tracking was undertaken with and without the thermophoretic force. Lit-

tle difference was seen in deposition statistics; it is thought that this is caused by

strong inertial effects due to high streamline curvature dominating particle motion

in this case. In other flows within the gas turbine environment it is considered that

thermophoresis may be a significant particle force, and hence its inclusion is relevant

to the discussion.
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(a) dp = 0.1 µm (b) dp = 0.5 µm

(c) dp = 1.0 µm (d) dp = 5.0 µm

Figure 6.2: For each pair of plots: Left: Deposition trends on stator (left) and ro-
tor (right) surfaces. Right: non-dimensional particle relaxation time τ+p values for
deposited particles (from CRW simulations only). Particle diameters dp = 0.1, 0.5,
1.0, 5.0 µm. ‘D.R.’: Diffusion regime; ‘D.I.R’: Diffusion-impaction regime; ‘I.M.R’:
Inertia-moderated regime, based on pipe flow definitions. Particle injection occurs at
r+ = 0.46, 0.89.

Fig. 6.2a shows 0.1 µm particles lying in the diffusion and diffusion impaction

regimes. For pipe flow numerical simulations, the DRW was shown to over predict

deposition fraction for these regimes. In the engine simulations it can clearly be seen

that the DRW model predicts a significantly higher deposition fraction over almost

the entire stator/rotor surfaces, in particular in the mid-disc region (r+ = 0.50 −
0.87). Here the majority of deposited particles are calculated to have non-dimensional

relaxation times 0.1 < τ+p < 1, for which turbulent deposition effects are not expected

to be strong. Particular differences are seen on the rotor (r+ = 0.41− 0.78), and on
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the stator (r+ = 0.85 − 0.89). It is interesting to note that all three models predict

similar deposition above r+ = 0.91 on the rotor; here extremely strong streamline

curvature is seen as the gas passes though the main seal, and it is proposed that

these inertial effects are dominating turbulent particle deposition in these locations,

regardless of the low τ+p values reported.

Fig. 6.2b shows 0.5µm diameter particles. The τ+p plot demonstrates that most

particles are expected to lie in the diffusion-impaction regime, and into inertia-

moderated regime in places. Some similar trends are seen to 0.1 µm particles; the

CRW model predicts lower deposition than the DRW over the majority of the rotor

(r+ = 0.48 − 0.89). In this region the relative flow direction is positive radial, with

low relative streamline curvature, hence it it thought that turbulent deposition is be-

ing over-predicted by the DRW model here. On the stator, around the lower particle

injection point (r+ = 0.39−0.48) close matching is seen between the CRW and DRW.

From the τ+p plot it can be seen that the majority of particles depositing on the stator

are now in the low inertia-moderated regime, where the two models predict similar

deposition trends (Fig. 3.12) for pipe flow. The counter-rotating vortices drive strong

streamline curvature in this region, hence secondary flow effects may also significantly

effect deposition. Above r+ = 0.87, deposition trends are similar between models,

which is expected from stator τ+p values (r+ = 0.87−0.93), and cavity secondary flow

features (r+ = 0.93 − 1.00). Comparisons to the Fluent standard (non-stochastic)

model show that it is not predicting deposition in non-inertial areas (τ+p > 20, or

from secondary flows).

Fig.s 6.2c and 6.2d show generally closer results between the CRW and DRW

models. This is not unexpected, with τ+p values for 1 µm particles generally high in the

diffusion-impaction and into the inertia-moderated regime, and 5 µm particles almost

solely within the inertia-moderated regime. Fig. 6.2c shows reasonable matching

between CRW and DRW on the entire stator, following the τ+p inertia-moderated

trend. Rotor deposition trends are again not well-matched in the regions where τ+p

values fall below the inertia-moderated regime (r+ = 0.50− 0.72).

The deposition statistics for 5µm particles, Fig. 6.2d, show close matching be-

tween the three models over the majority of the domain. This suggests that almost

all deposition is now inertial, and that it is unlikely that many particles of this size

would be able to penetrate this deep into the engine. All models predict that no

5 µm particles are drawn below the low injection (r+ = 0.43), whereas deposition is

seen in this region for other particle sizes. High deposition is seen on the rotor at
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Model
Particle diameter (µm)

0.1 0.5 1.0 5.0

CRW 0.26 0.60 0.76 0.93

DRW 0.72 0.84 0.90 0.93

Fluent Std 0.16 0.20 0.25 0.89

Table 6.1: Integral particle deposition fractions for varying dp (0.1-5.0µm) for the
CRW/DRW/Fluent standard (non-stochastic) deposition models.

equal radial locations to the particle injections; streamlines show that particles have

enough momentum to directly cross the cavity, impinging on the rotor disc.

Table 6.1 summarises deposition fractions across the whole domain. This high-

lights the general trends discussed above, that the CRW is more sensitive to particle

size than the DRW in the turbulent regime, and that the Fluent standard model strug-

gles to predict turbulent deposition in the diffusion-impaction regime. It also shows

how similarly the models perform for large (high inertia) particles, where turbulent

effects are significantly reduced.

6.1.3 Summary

The existing model has been applied to simulations of a secondary air systems engine

geometry. The CRW and DRW were shown to give similar predictions for large

particles, but these simulations demonstrated the improved sensitivity of the CRW

model to particle size.

6.2 Test case 2: impingement-driven deposition

Simulations of an array of particulate-laden impingement jets onto a flat plate are

presented. This simulates the experimental work of Clum et al. (2014), who car-

ried out experiments using Arizona road dust (ARD), with mass mean diameters

(MMD) ranging from 2.3-7.4µm. Differing build up patterns were observed based

on flow conditions, and geometric and particle parameters. Deposition was measured

using a laser-scanning technique to gather three-dimensional surface data. The fluid

fluctuating velocity models, bounce-stick model, and DMM technique were applied.
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Figure 6.3: Computational domain for Clum et al. (2014). Top: schematic. Flow top
to bottom from inlet, through impingement holes, onto impingement plate, and ex-
hausted front and back from the lower volume. Bottom: Impingement hole geometry.

6.2.1 Computational set-up

A computational domain, Fig. 6.3, was constructed for test piece two (TP2) of the

published work. The flow enters through an inlet (top), and passes vertically down

through an array of 25 holes. Holes are arranged in three rows, and are 0.70 mm

in diameter, spaced 1.50 mm between rows and 3.00 mm between holes in the same

row. Neighbouring rows were offset in longitudinal direction by 1.50 mm onto the

impingement plate. The impingement plate is spaced by 1.42 mm (2Dh) vertically

from the impingement holes. Flow then vents to atmospheric pressure perpendicular

to the impingement plate. An unstructured hybrid tet-prism mesh of 2.1 million

elements was formed, with 5 prism layers (expansion ratio 1.1, initial cell height 5 µm,

y+ < 1 across domain). Initial simulations with finer meshes showed no significant

differences in the initial flow field (see Appendix A).

Particle motion in an impingement regime is characterised by Stokes number,

Stk =
τp
τg

=
ρpd

2
p

18µg

Ujet
Dh

. (6.2)

where characteristic velocity is the mean jet velocity Ujet, and the characteristic length

the hole diameter Dh.

The constant backflow margin (BFM = Pts−Pamb

Pamb
) used by Clum et al. (4%) was

specified as a pressure inlet condition to the computational domain. Conditions were
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Figure 6.4: Particle size distribution for impingement simulations, as sampled from
Clum et al. (2014).

set to match the experimental data presented in Figures 19 and 20 of the Clum et

al. paper: gas temperature Tg = 810 K, impingement plate temperature Tw = 1 005

K, with all other walls isothermal. Reynolds number based on impingement hole

diameter was Rej = 1 000. The flow solution was calculated as sec. 5.1. Particle den-

sity was ρp = 2 000 kg/m3, and a logarithmic Rosin-Rammler (Rosin and Rammler,

1933) particle size distribution generated for eight particle sizes injected, Fig. 6.4, as

sampled from the original paper. It is noted that this distribution is slightly narrower

than that published. This was necessary as the bounce-stick model predicted all par-

ticles smaller than 2.5µm would stick, which, when coupled with the aerodynamic

focusing effect (see Clum et al. (2014) for details) due to particle Stokes number ∼ 1,

caused high deposition and deformation in the centre of the stagnation zone under the

jet. Particles were injected into the domain from a uniform grid matching the fluid

inlet plane. Particle velocity and temperature were matched to the gas temperature.

For particle tracking the bounce-stick model was applied with parameters (σy = 130

MPa, Ecomp = 70 GPa, µimp = 0.3) as tuned and fitted for ARD by Bons et al. (2016)

as part of the development of their bounce-stick model. A modified value of γ = 0.5

J/m2 was implemented due to seeing extremely high deposition rates with γ = 0.8

J/m2.

6.2.2 Simulation results

Build-up of small deposit mounds under the impingement holes is shown over the

whole impingement plate in Fig. 6.5 as δ/Dh, for 15 and 30 mg injected mass respec-
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Figure 6.5: Build up of impingement plate surface due to particle deposition. Top:
15 mg injected. Bottom: 30 mg injected. Contours show δ/Dh, deposition height
normalised by impingement hole diameter (0.71 mm).

tively. Peak deposition heights in the simulation were up to 1/7th of the gap before

the deformation became unmanageably distorted. The deposition profile under the

nine central impingement holes was averaged and is presented in Fig. 6.6. This is

the same processed as used by Clum et al. to develop their experimental profiles.

Blue contours indicate equal injected mass (25 mg) in the simulation. Whilst the

shape of the deposited mounds is qualitatively similar to the experimental data, it

was not possible to fully capture the growth rate with time, or the substantial widen-

ing of the profile that occurs beyond 200 mg injected mass in the experiments. As

described above, we use the parameters as tuned by Bons et al. for ARD, except γ.

This indicates that the bounce-stick model cannot yet be used a priori for a given

combination of materials, though as is shown below it performs significantly better

than the ‘all-stick’ boundary condition.

6.2.3 Mesh updating methods and boundary conditions

An investigation was carried out into the differences between the iterative dynamic

mesh morphing method and simply projecting a single iteration of deposition to a

larger total injected mass. All injections are for the above distribution of mass,

and contain the same total mass/injection. Fig. 6.7 shows comparisons between 25

iterations (25 mg injected) of the dynamic mesh morphing method, where the mesh is
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Figure 6.6: Averaged deposition profiles plotted on Clum et al. (2014) data. Contours
of injected mass; simulation: 25 mg; experiment: 100 mg.

updated after every injection, and a single injection of 1 mg which has been projected

out to 25 iterations linearly (pink line). The bounce-stick model is applied to both

simulations. Whilst the peak height is reasonably well-matched, the shape is not;

projecting a single iteration based on the initial, clean surface deposition trends is

not able to capture the spreading of the deposition as the flow structure changes due to

the deposition mound. This was noted by Bons et al. (2016) for projecting deposition

widths on nozzle guide vanes external flow geometries. They report experiencing this

exact tendency for the projected deposition traces to be narrower than those produced

experimentally.

The stick-bounce model is also compared to the widely used ‘all-stick’ boundary

condition (gold). It can be seen that whilst the single iteration matches the shape of

the DMM 25 iteration curve, this is after only a single iteration, corresponding to 1

mg of injected material, 25 times less. This underlines the importance of accounting

for particle-wall interaction when undertaking these simulations.

To take this further, the effect of mesh deformation on particle sticking trends

and trajectories was assessed. The bounce-stick model was applied. 4 µm particles

were injected into the undeformed/initial domain (Fig. 6.8a, left). The vast majority

were found to stick (>99%, see Table 6.2). When the same injection is applied to

the deformed domain, a ‘deposition-on-deposition’ case, Fig. 6.8a, right, far fewer

particles are seen to stick; around 33%. From inspection of the plots it can be seen
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Figure 6.7: Effect of boundary conditions (BS: bounce-stick model; AS: all-stick
model) on the transient nature of build up of deposition. ‘PRO’ (projected) indicates
one deposition iteration (1 mg actual injection) projected out to 25 mg linearly.

Particle diameter Initial mesh Deformed mesh

(% depositing) (% depositing)

4 99.5 34.0

7 0.80 1.16

10 0.00 0.16

Table 6.2: Percentage deposition for 4-10µm ARD particles based on impacting un-
deformed or deformed meshes. 2 500 particles injected.

that whilst particle velocities are very similar, particles impacting the deposit do so

at a more oblique angle in comparison to the highly normal impacts seen on the

undeformed surface. This reduces the particle’s surface normal velocity, reducing

the plastic deformation undergone, and hence making a rebound more likely. The

right hand plot also shows a number of secondary surface impacts, where a particle

rebounding off the deposition then impacts either the deposition a second time, or

the undeformed impingement plate. These particles may then impact and deposit in

other locations within the geometry. The slight variations in particle trajectories at

inlet is due to upstream stochastic effects from the CRW model.

The data in Table 6.2 also indicate why the ‘all-stick’ boundary condition shown

in Fig. 6.7 predicts the deposition rate so poorly. Whilst a large number of the 4 µm

particles stick in the undeformed case, the 7 & 10 µm particles are almost all seen

to rebound due to their high normal velocities. In the deformed case more of these

larger particles are seen to stick, again due to their lower surface normal velocities.
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(a) Particle impacts on (left) initial, undeformed mesh, and (right) deformed mesh. Colour
scale particle velocity magnitude (m/s). dp = 4 µm, peak displacement δ/Dh = 0.32.

(b) Normal coefficient of restitution, CoRn for particle sizes considered. Dashed lines and
points indicate mean impact velocity for each particle size. Black dashed line indicates
mean jet velocity.

Figure 6.8: Effect of previous deposition on current particle rebound characteristics.
Deposition statistics in Table 6.2.

Fig. 6.8b shows normal coefficients of restitution as calculated by the bounce-stick

model for the three particle sizes. Coloured dashed vertical lines indicate the mean

impact velocity for each particle size. The black dashed line indicates the mean fluid

jet velocity. It can be seen that for 4 µm particles at highly normal angles, when

Vn1 ≈ V1 = 65 − 90 m/s, this is above the rebound upper velocity threshold, and

sticking occurs. In the deposition on deposition simulation the impact angles are
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more oblique, hence lower normal impact velocities, many of which fall into the 7-

64 m/s range where rebound can occur. Some 7 µm particles experience a second

impact occurring at a radial position of r ∼ Dh, after a highly normal first impact.

The second impact is highly oblique, giving a low enough normal velocity for some

deposition to occur. Deposition of 10µm particles in the deposition-on-deposition

case is due to particles rebounding off the deposition mound to a second, oblique,

impact on the impingement plate surface.

The combination of these factors helps explain how the deposition rate is a func-

tion of deposition history, and the transient manner in which this occurs. This com-

plicated, coupled relationship between particle size, trajectory, and impact location

indicates the importance of both adjusting the mesh to account for deposition and

modelling particle-wall interactions.

Though particle on particle erosion hasn’t been considered here numerically, it

is likely to play a part in shaping the deposit mounds. At the highest jet Reynolds

numbers tested, Rej = 1 500, removal of (whole) deposits was seen experimentally,

which indicates that particle-particle, and particle-wall bonds are not strong at these

temperatures, and hence that particle-particle erosion may have a significant effect.

6.2.4 Mesh dependency considerations

The dependency of the simulation results on the mesh is likely to be similar to that

discussed in section 3.3.5. This current test case used the outcomes of mesh depen-

dency analysis carried out during the development of the DMM method in chapter

3 to reduce this dependency where possible. A judgement must be made when the

mesh has become too warped; at this point the simulation must be either stopped,

or externally re-meshed.

6.2.5 Summary

Simulations of the build up of mounds under impingement jets, where the flow is

particulate-laden, have shown than the dynamic mesh morphing method is able to

capture some of the temporal effects of particle deposition. Simulations using the

standard ‘projected’ method were shown to be a poor in comparison, unable to capture

the spreading of the mound as more particulate mass is injected into the domain. This

test case has highlighted the short-comings of current particle-wall modelling, and the

need for better modelling of particle on particle deposition and erosion.
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Main channel diameter, Dc 6 mm

Film cooling hole diameter, Dh 0.6 mm

Film cooling hole axial spacing 2 mm

Number of film-cooling holes per row 20

Film cooling hole circumferential angular spacing 120◦

Film cooling hole inclination to passage axis 90◦

Upstream distance before first hole 108 mm

Table 6.3: Dimensions and geometric ratios for experimental geometry of Wylie et al.
(2017)

6.3 Test case 3: blockage of film-cooling holes

Simulations of the experimental work of Wylie et al. (2017), were carried out to

demonstrate that the dynamic mesh morphing technique can be applied to the simu-

lation of film-cooling hole blockage. The CRW, bounce-stick, and DMM models were

applied. The Wylie et al. experiments used a geometry representative of a HPT

blade leading edge internal cooling passage with film-cooling hole off takes to quan-

tify the blockage due to ingested volcanic ash. A number of parameters were varied

- geometry, ash characteristics, flow conditions. A view of the computational domain

is shown in Fig. 6.9. Two full 3D computational domains were created from the ge-

ometry, extending 8 and 18 hydraulic diameters upstream from the first film-cooling

hole. Full details of the experimental test piece are given in Table 6.3.

The authors reported hole blockage in terms of a flow parameter FP , a normalised

mass flow rate,

Figure 6.9: Computational domain of Wylie et al. test piece. Flow right to left.
Orange: inlet; blue: upper/lower main channel; pink: main channel; green: film-
cooling holes.
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FP =
ṁg

√
TgR

PgD2
c

, (6.3)

where R is the specific gas constant, Pg the gas pressure, and Dc the main channel

diameter. A reduction in flow parameter RFP , was also reported

RFP =
FPstart − FPend

FPstart
. (6.4)

Both flow parameters are generally taken at the same temperature condition, and

reported as a percentage. Increasing RFP values indicates increasing blockage of the

flow.

6.3.1 Computational set-up

Meshing of the computational domain was undertaken as described previously; the

final mesh was 5.66 million cells with 5 prism layers, initial cell height δ1 = 7 µm (for

film-cooling holes; main channel δ1 = 20µm), expansion ratio 1.1, y+ < 0.6 for the

holes. A mesh dependency analysis was undertaken. Outlet mass flow rates through

each film-cooling hole was assessed for two cases: a short inlet length of 8 hydraulic

diameters and a longer length of 18 hydraulic diameters. The mean absolute difference

was found to be 0.23%, and the maximum 1.29%, hence the shorter mesh was used.

Solution of the continuous phase, particle tracking, and the dynamic mesh mor-

phing processes were again carried out in ANSYS Fluent. A pressure inlet boundary

condition was applied, driving a matched mass flow rate to that used by Wylie et al.

(2017). Inlet conditions were conditioned by turbulence intensity, correlated based

on Reynolds number for fully developed turbulent pipe flow (5.0% at Re = 11 000),

and hydraulic diameter (6 mm). Each of the 60 film-cooling holes was allocated as

an individual pressure outlet. Walls were either adiabatic (ambient cases) or a fixed

temperature to match the experimental work (1 193 < Tw < 1 300 K). The realis-

able k-ε turbulence model was used; computational scheme as discussed in sec. 5.1.

Particles were injected using a uniform grid across the fluid inlet plane, with particle

velocities and temperatures matched to the bulk gas conditions at this point. The

initial CRW integration time step dt∗, Eq. 3.23, was used for these simulations.
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6.3.2 Simulation results

6.3.2.1 Comparison to experimental deposition

A comparison of numerical and experimental deposition in the film-cooling holes and

main channel is presented in Fig. 6.10. A particle size distribution to match the S1

sieving as used by Wylie et al. was implemented using a logarithmic Rosin-Rammler

distribution of 6 discrete particle sizes, Fig. 6.11.

(a) Numerical deposition in film-cooling
hole

(b) Experimental deposition in film-
cooling hole

(c) Numerical deposition in main channel
(d) Experimental deposition in main
channel

Figure 6.10: Comparison of numerical and experimental deposition in the film-cooling
holes (top row; flow in the main channel is left to right) and main channel (bottom
row). Both looking into their respective flows. Photographs from preliminary work
of Wylie et al. (2017).

The key deposition features seen in the experimental photographs are reproduced

by the simulations. Deposition builds up on the downstream lip of the film-cooling

holes, and can be seen causing blockage within the film-cooling holes, Fig. 6.10a.
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Figure 6.11: Particle size distribution from Wylie et al. (2017).

Figure 6.12: Mesh in film-cooling hole undeformed (left) and substantially deformed
(right). Flow moved axially left to right, and down into film-cooling hole.

Due to the huge mesh that would be required, the simulation is not able to build

the fine deposition structures seen in Fig. 6.10b, but that this blockage can in fact

be simulated is a significant step forwards. Fig. 6.12 shows a cross-section of the

mesh in a film-cooling hole before and after deformation. It can be seen that the hole

becomes significantly closed, and that although the volume mesh becomes somewhat

warped, the distortion is acceptable.

The upper part of this deposit is also seen growing up into the main channel, Fig.

6.10c. Again the shape and size of this deposit is a reasonable match for those seen

in the experimental photographs. Small secondary mounds are seen experimentally

building up on either side on the main mound; the presence of these was found to be

strongly dependent on the bounce-stick model parameters chosen.
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Figure 6.13: Comparison of deposited mass (points, left) and consequent reduction
in flow parameter (lines, right) for CRW and DRW models. Circular markers to left
scale, lines to right scale.

6.3.2.2 Comparison of particle tracking models

A comparison of the CRW and DRW models was made to investigate the effect of

differing models for instantaneous fluid fluctuating velocity. An ‘all-stick’ bound-

ary condition was used to allow the models to be directly compared. 1.6-2.4 mg of

particulate matter at dp = 4.0 µm and ρp = 1 500 kg/m3 was injected.

Fig. 6.13 demonstrates the difference between the deposition locations for the

CRW and DRW models. Whilst the DRW model deposits more total mass (5-10%)

than the CRW, the RFP values are significantly lower (∼ 40%). This is due to the

DRW depositing more particles in the main channel, and fewer in the film-cooling

holes, where deposition significantly changes the flow parameter. This is borne out

when integral deposition volume across the surfaces is considered; the DRW deposits

2.1× the total volume of particulate in the channel compared to the CRW, but the

deposition is 75× that predicted by the CRW volume in the upper main channel

(see Fig. 6.9). This deposition in the main channel was not observed experimentally

by Wylie et al. Here τ+p = 6.7 for the 4 µm particles in the channel regime; as

detailed in chapter 3 the DRW over-predicts deposition in this flow regime (diffusion-

impaction) by up to three orders of magnitude. Using Fig. 3.12 as a guide, it is seen

that compared to experimental data the DRW model over-predicts integral particle

deposition by an order of magnitude for particles of this τ+p .
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Compound Chaiten ARD Eyja JBPS SB

Si02 73.9 70 51.3 50

Al203 14 10-15 10.9 11.5

Fe2O3 1.6 2.5 4.6 9.4

CaO 1.6 2-5 9.5 14.5

Na2O 4.1 2.4 3.3 3.7

σy (MPa) 130 200

Ecomp (GPa) 72 85

cp,particle (J/kg/K) 840 840

Table 6.4: Material bulk chemical compositions (% wt), and model parameters chosen.

6.3.2.3 Effect of particle composition and temperature

Wylie et al. compared two volcanic ashes of different compositions: a mixed basaltic/

rhyolitic ash (Eyjafjallajökull, ‘Eyja’, Iceland 2010), and a silica-rich rhyolitic ash

(Chaiten, Chile 2008). Chemical compositions are shown in Table 6.4, from Wylie

et al. (2017). Two materials comparable by chemical composition are also shown,

quoted from Bons et al. (2016). The Chaiten sample was seen to have a similar

composition to Arizona road dust; both are silica-rich. The composition of the Eyja

sample was similar to the sub-bituminous power station coal ash (JBPS SB) utilised

in a number of Ohio State papers. Based on the compositional similarity, parameters

for the bounce-stick model were chosen to match their respective similar materials. As

the mechanical properties of both the Eyja or Chaiten ashes were unknown, matching

based on chemical composition was an approximation (see section 2.3.6 for further

discussion).

A dependency of particle yield stress on temperature, as fitted by Bons et al. for

the sub-bituminous ash, was implemented for the Eyja ash,

σy (Tp) = 200− 0.225 (Tp − 1 000) MPa, (6.5)

where Tp is in K. For particle temperatures below 1 000 K, the initial yield stress

was used. Based on data for sand in Schmuecker (2012), a similar correlation was

constructed for the ARD/Chaiten ash of σy (Tp) = 130−0.075 (Tp − 600) MPa. Both

were limited to a minimum value of 80 MPa. Specific heat capacity was taken from

Eppelbaum (2014), and considered equal for both ash types.
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Figure 6.14: Comparison of different ash ‘compositions’ and temperatures. Experi-
mental RFP values from Wylie et al. for 1 g injected ash: Chaiten 14 − 19%, Eyja
(Tw = 1 193 K): < 0.5%, Eyja (Tw = 1 300 K): 6%.

Comparing the implemented yield stress criteria, Fig. 6.14, it can be seen initially

that for the Eyja and Chaiten traces at Tg = 900 K, Tw = 1 193 K the lower yield

stress of the Chaiten ash causes more blockage per unit injected mass, as would

be expected. This temperature pairing was chosen as Wylie et al. reported very

significant RFP at this temperature for the Chaiten ash (14 − 19% with 1 g ash

injected), but negligible RFP for the Eyja ash at the same conditions (< 1%). A

second simulation with the Eyja ash was carried out, increasing the metal (wall)

temperature to 1 300 K. It is observed that the rate of deposition then increases with

time. Again it is noted that the simulations are depositing significantly more particle

mass than would be expected if experimental deposition rates are projected linearly

backwards. As with the impingement case above, the constants were taken as tuned

by Bons et al. Many of the impacts in the main channel are at extremely oblique

angles; these weren’t addressed in the bounce-stick model as no experiments have

been published for these shallow angles. This is an area of the bounce-stick model

which needs further development to be able to fully assess its validity.

An important area of development required for the bounce-stick model is at high

temperature. The manner in which the particles are bonded together is not addressed,

nor the effect of temperature on this. The work of Kueppers et al. (2014); Clum

et al. (2014); Lundgreen et al. (2016) showed that ARD, for example, behaves very

differently in terms of deposition fraction and deposition ‘strength’ with increasing

temperature: at 1 100 ◦C ARD deposits were observed to be still powdery, whereas

by 1 265 ◦C partial glassification had occurred, and by 1 350 ◦C it was thought that
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particle were at least partially liquid at impact due to the observed spreading. If

particle on particle erosive effects were to be accounted for, the state and strength of

the existing deposition would need to be modelled more appropriately. This is noted

from Fig. 6.10, where the experimental deposition in the film-cooling hole has a fine

structure towards the outward surface, rather than sintering into a solid mass, and

could potentially be removed by impacting particles if the bond strength is not high.

6.3.3 Mesh dependency considerations

As can be seen from Fig. 6.12, substantial deformation of the mesh occurred during

the DMM process, as would be expected. The recommendations of section 3.3.5 were

followed were possible to give a robust solution, however by the nature of the DMM

process, the grid will have an effect on the solution. The variation of the bounce-stick

model parameters were seen to have a much more significant effect on the simulation

results than the grid itself. Within the DMM process, adjustment of the distribution

coefficient c to favour deposition towards the centroid (section 3.3.2.1) was seen to

allow the deformation to grow in more realistic manner. In general, running the

simulation in repeat for a set number of time steps, or repeating it from a set mid-

point, using only the mean flow tracking model (no stochastic effects) would allow

the divergence of results due to the grid to be assessed.

6.3.4 Summary

The above simulations indicate that the dynamic mesh morphing technique gives

qualitative agreement with experimental deposition trends. Whilst still in develop-

ment it can reproduce some of the key experimental findings for internal flows. The

discussed transient nature of particle deposition rates implies that in order to truly

be able to simulate particle deposition or optimise engine component designs, the

particle deposition history must be accounted for.

6.4 Summary

This chapter has presented three test cases for the numerical tools developed in this

study. The results have demonstrated that the continuous random walk, dynamic

mesh morphing, and bounce-stick models are able to capture some of the salient

features of the experimental work, and how they offer improvements over the more

standard techniques used in the field.
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The test cases have also highlighted key areas for further development, in particu-

lar deposition from more complex and rotating flows for the CRW model, and better

modelling of particle deposition and erosion processes, in combination with thermal

effects. These improvements would allow significant further progress to be made with

such simulations.
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Chapter 7

Conclusions and Further Work

7.1 Conclusions

This thesis has presented a number of studies designed to improve the modelling of

small particulate motion in gas turbine engines. The continuous random walk model

was further assessed and developed. The CRW model predicts the instantaneous

fluid fluctuating velocity as seen by a particle. It is ideal for gas turbine modelling,

as it can be applied post-simulation, is easily implemented, and is computationally

inexpensive. It adds stochastic particle dispersion effects to steady flow simulations.

A physics based approach to the definition of an appropriate integration time step

was developed suitable for flowfields with substantial body forces and temperature

gradients. This lead to improved matching of predicted deposition with published

experimental data for vertical pipe flow by an order of magnitude.

The CRW model had not been validated at engine-representative temperatures;

a new experimental rig was designed and run to provide high temperature particle

deposition data not available in the open literature. A new deposition measurement

technique was developed. Experiments at ambient temperatures matched published

experimental data well for τ+p < 7, but showed a tail off of V +
d for τ+p > 7. This is

thought to be a particle rebound or removal effect. At high temperatures, the data

from isothermal conditions matched the ambient trends well, again with a tail-off

at the highest τ+p . Under thermophoretic conditions, large changes in deposition

relative to isothermal conditions were seen; increasing by up to 4.8×, and decreasing

by up to 560× dependent on the sign and magnitude of the temperature gradient.

These data enabled the CRW model to be assessed under gravitational and high

temperature conditions for the first time. Horizontal simulations at ambient tem-

perature showed adjustment of the integration time step was necessary to capture

the gravitational effects on deposition. This is due to the crossing trajectories effect,
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where external particle forces (gravity, for example) affect the rate at which particles

move between turbulent eddies. At high temperature conditions, the same adjust-

ment to the time step was made, bringing a significant improvement to the simulated

results. The thermophoretic coefficient expression of Beresnev and Chernyak (1995)

was shown to be superior for this high-Λ case to either that of Young (2011) or Talbot

et al. (1980), despite the latter being extremely widely used.

Complementary to improved deposition site prediction, a dynamic mesh morph-

ing method has been developed. This allows accurate topology of depositions to

be used in subsequent flow modelling. Here computational surfaces are iteratively

deformed in response to the deposition of particulate matter, incorporating the de-

posited mass: the boundary movement translated into the volume mesh. The effect

of large-scale particle deposition can then be simulated, important for capturing the

temporal effects of particle deposition, and deposition structure build-up. It is shown

that the solution is substantially different when compared to the widely-used so called

‘projected’ method.

The CRW model was then applied with dynamic mesh morphing and a bounce-

stick model to three gas turbine test cases - a rotor-stator cavity, an array of impinge-

ment jets, and an idealised row of film-cooling holes. The dynamic mesh morphing

method was shown to be able to generate growth of deposition features. It was able

to capture the spreading of the deposited mounds under impingement jets in a way

which the projected method cannot. For the film-cooling geometry actual blockage

of the holes was captured (∼ 40% of hole area), causing a reduction in mass flow rate

through the geometry, and a changed flow distribution between holes. Experimental

and fleet experience has shown that significant blockage of holes can occur; this is the

first time it has been shown numerically to the author’s knowledge.

These simulations also highlight the importance of the CRW modelling develop-

ments. The CRW model has been shown to lead to better predictions of particle

deposition locations than the discrete random walk model. Most notably for the row

of film-cooling holes fed from a cooling passage, the DRW was shown to erroneously

deposit many particles within the main channel, while the CRW model deposited

fewer, 1-2% of that deposited by the DRW in comparison. Such changes may change

geometry features identified as critical deposition sites for the engine.

There is, of course a need for further work to improve the accuracy of the mod-

elling. Particularly in the case of impingement flow the rate of deposition seen is

too large compared to literature, though the total deposition height is not unrealistic

(∼ 30% of hole diameter). This is unsurprising, as the ‘all-stick’ boundary condition
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was, a priori, known to be inappropriate for fully modelling the particle-wall inter-

action. The applied bounce-stick model was able to improve predictions in relation

to experimentally-reported values, however further work is required to develop the

model to account for other physical processes, including erosion.

7.2 Further work

As this thesis has covered a range of numerical and experimental work with applica-

tions to gas turbines, there are a large number of avenues open for further study.

One of the key remaining limitations of this modelling has been shown to be the

growth rate of the DMM-produced deformations being in excess of those seen experi-

mentally. For the impingement case (section 6.2), the simulated mounds were seen to

grow four times faster than experimentally. In the film-cooling hole offtake case, the

RFP values simulated occurred at around 1/25th the injected mass of particulate in

comparison to the experiments. Two effects could be largely responsible for this; par-

ticle bounce-stick and particle-particle erosion. These are important areas for further

development with regards to reducing the remaining disparities between simulations

and experiments.

The effects of erosion of deposition by impacting particles should be investigated

for gas turbine particulates. Appropriate work regarding particle-on-particle erosion,

or shear removal, is essential for the further simulation of large-scale build up. Such

effects have been noted experimentally in the literature, but are not currently ac-

counted for. As a first step, models from the literature, such as that of Tabakoff et al.

(1979), could be implemented and attempts made to tune appropriately for particle

on particle erosion.

The Bons et al. model as described in chapter 3 has been indicated to be an

improvement over existing models to some extent, however its applicability to the

‘deposition on deposition’ situation, for example section 6.2.3, is less certain, as the

contact area will change. Temperature effects on particle properties are not currently

captured by the model excluding tuning correlations for yield stress etc. The model

cannot be considered for use a priori in gas turbine simulations until this aspect is

addressed. The model has been tuned largely against non-aero gas turbine-specific

materials - three of the five test cases (Bons et al., 2016) used coal fly ash which

is not representative of volcanic ashes (Clarkson et al., 2016). Material data for

more relevant materials must be gathered and/or generated experimentally for better

assessment of the model for aero-engine applications.
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The experimental simulations presented in chapter 5 indicated that the bounce-

stick model was still struggling to reproduce the tail-off seen in the V +
d data at high

τ+p . Deposition rates were up to 100× above those observed experimentally. Further

research should be done here to address whether this is an impact (bounce-stick)

effect, or some form of shear removal - discussion regarding a method for proceeding

with this investigation is given in section 5.3.2.

The initial development of this DMM technique makes a step on in numerical

simulations of particle-laden flows, and hence a number of areas can be further de-

veloped. Aspects to be addressed include stability, speed, and periodic capabilities.

Shear, or impact removal of the deposition could be included. Longer-term aspects

include development of capability to define the deposition as a third domain (after

the fluid and wall), in order that conjugate heat transfer calculations could be carried

out. This would require the simulation to generate a void between the wall and fluid

domains, and be able to fill this with mesh.

The same current DMM approach could be applied to the (metal) erosion process

in theory, though due to mesh size restrictions it might be challenging to capture the

changes in component roughness seen as a primary effect of erosion. More attainable

could be larger-scale erosion, for example compressor blade tips, or thinning of trailing

edges (Dunn, 1990). Due to the increased scale of such damage, the aerodynamic loses

would potentially be easier to capture.

The benefit of the DDM method is to allow heavy deposition to be simulated. This

complements geometry optimisation methods, and is a primary application for the

method. Using automated geometry optimisation it would be possible to trial hole

geometries for improved blockage resistance for example, allowing a selected smaller

number of experimental geometries to be assessed experimentally.

The continuous random walk model should be assessed against deposition data

from more complex flows, including streamline curvature effects. Beyond flow through

bends, almost no appropriate deposition validation data exists. An experiment in-

cluding rotational effects could be designed, injecting particles onto a rotating disc.

This would significantly increase the complexity of the calculation for assessment.

The experimental campaign discussed in chapter 4 indicated dependency on a

number of variables which there was not time to address. The effects of exposure

time on deposition rate, and the combination of exposure time and roughness should

be investigated more thoroughly. The investigation of the interactions between grav-

ity, particle diameter, and velocity was not conclusive, and needs further study. The
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apparent rebound effect opens a range of possible directions for investigation; as-

sessment of temperature effects, both isothermal and thermophoretic. Related to

this would be the use of other salts - the previously used standard sea salt mixture.

This would potentially introduce different crystal shapes, allowing this effect to be

assessed. Recalibration of the swabbing technique would be necessary.

As indicated by Fig. 4.2, changing thermal conductivity ratio Λ significantly alters

the thermophoretic coefficient for gas turbine conditions. Salt, sand, ash, and dust

have differing thermal conductivities, the effects of which could easily be investigated;

the current rig configuration would need little adaptation to inject solid particles - the

installation of a fluidised bed powder atomiser would allow sand, ash, or dust to be

injected. This would, though, require a different deposition measurement technique,

potentially optical or mass-based.
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Appendix A

Dynamic Mesh Morphing

A.1 Solver dependency

Due to the extremely small nature of the displacements carried out in each dynamic

mesh morphing step, a comparison was carried out between full calculations using

single or double precision solver. A single impingement jet was used, meshed as

section 6.2. Radially averaged profiles are shown in Fig. A.1: single precision on left,

double precision on right. Contours indicate equal mass injection. The maximum

difference between the profiles was 1.8 %. The single precision calculation was 15 %

faster under the same computational conditions.

Figure A.1: Effect of solver precision on solution. Left : single precision. Right :
double precision. Contours indicate equal mass injection; profiles averaged radially.

A.2 Grid dependency

Three mesh sizes were assessed - coarse, medium, and fine. Cell size was progressively

halved. It was found that the fine mesh was extremely likely to deform into negative

volumes. When the mass injected per iteration was reduced by an order of magnitude

this was unable to correct the problem. The medium and fine meshes gave 2-5%

differences in deformed volume, which was considered an acceptable difference.
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Appendix B

Bounce-Stick Model

B.1 Model overview

The model considers elastic and plastic deformation, adhesion, and in the original

shear removal. This was indicated to be negligible, and hence has been neglected

from this current implementation. The below is a summary of the main effects of the

model, see Bons et al. (2016) for the full derivation.

Fig. B.1 shows a typical plot of normal coefficient of restitution against normal

impact velocity, highlighting the effect of the model. Four regimes of impact mechan-

ics are be defined, labelled R1-4, along with the energy/deformation inequalities that

define them.

R1: Stick: Wkn1 ≤ Wa sin(α1) Incoming normal kinetic energy is always less than

the work of adhesion, hence sticking occurs at all impact velocities.

R2: Bounce: wmax ≤ wcrit and Wkn1 > Wa sin(α1) Normal impact kinetic energy

is larger than the work of adhesion so rebound occurs. Collision is fully elastic, the

CoRn increases with increasing Vn1.

R3: Bounce: wmax > wcrit and Wcrit > Wa sin(α1) High impact velocities cause

plastic deformation to occur, hence increasing normal impact velocity increases the

work of adhesion, reducing CoRn.

R4: Stick: Wa sin(α1) > Wcrit Plastic deformation is so large that the work of

adhesion becomes larger than Wcrit, the maximum elastic energy. Above this point

only sticking occurs.

The normal and tangential coefficients of restitution are given by

CoRn =

{
0 for regimes R1 & R4(stick),√

σ2
y

ρpEc
− 2Wa sin(α1)

mp

1
Vn1

for regimes R2 & R3 (bounce)
(B.1)
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Figure B.1: Normal coefficient of restitution CoRn against incoming normal impact
velocity Vn1 for a 4 µm particle. Four regimes of bounce/stick indicated, R1-4.

CoRt = 1− µimp
(
Vn1 + Vn2i

Vn1

)(
Vn2
Vn2i

)
cos2 (α1) . (B.2)

B.2 Validation of implementation

Three cases as published in the original Bons et al. paper are presented to indicate

this implementation of the model works are the original. Solid lines indicate the

new implementation, point markers the extracted data of Bons et al. The referenced

experimental data is not shown for clarity.

B.2.1 Case 1: Quartz particles on aluminium

The model was assessed against impact data from quartz particles on an aluminium

plate, Fig. B.2, from Bons et al. (2015). Experimentally both normal and tangential

coefficients of restitution were measured. Incoming velocity was kept constant at 50

m/s, and plate angle varied to give impingement angles 10-80◦.

Model parameters used were as follows: dp = 150µm, ρp = 2 200 kg/m3, σy = 120

MPa, Ec = 38 GPa, γ = 0.8 J/m2, µimp = 0.55. It is very clear that the two imple-

mentations are producing the same results. The tangential coefficient of restitution
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Figure B.2: Normal and tangential coefficients of restitution for case 1: quartz on
aluminium. dp = 150µm, V1 = 50 m/s, α1 = 10− 80◦.

without the cos2(α1) is shown; clearly this is not following the increasing CoRt trend

with increasing impingement angle above 30◦, demonstrating the importance of the

correction factor.

B.2.2 Case 2: Coal ash on stainless steel

The second assessment case for the current implementation was coal fly ash on stain-

less steel Whitaker and Bons (2015). The ash impacted at ‘near normal’ angles, with

a range of velocities 5−120 m/s, and a mean particle size of 60µm. A single ash type,

sub-bituminous, is shown here, Fig. B.3. Model parameters were ρp = 2 320 kg/m3,

σy = 200 MPa, Ec = 85 GPa, γ = 0.8 J/m2. No tangential coefficient of restitution

data were recorded due to the highly normal impacts being induced.

As with case 1, the current implementation reproduces extremely closely the nu-

merical results of Bons et al. Slight discrepancies are likely due to error in extracting

data from the low-resolution published figures.

B.2.3 Case 3: Sand on stainless steel

The third assessment case was Arizona road dust (ARD) on stainless steel from the

work of Reagle et al. (2014). A mean particle size of 30 µm was impacted onto the

target plate at a velocity of 27 m/s, at angles from 20-80◦. The experimental data

compared against here, Fig. B.4 were acquired at ambient temperature. Model
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Figure B.3: Normal coefficients of restitution for coal ash impacting stainless steel.
Particle size dp = 60µm, impingement normal velocity Vn1 = 50 m/s, impingement
angle α1 = 90◦.

parameters were ρp = 2 650 kg/m3, σy = 130 MPa, Ep = 110 − 130 GPa, γ = 0.8

J/m2.
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Figure B.4: Normal and tangential coefficients of restitution for case 3: sand on stain-
less steel. Particle size dp = 30 µm, impingement velocity V1 = 27 m/s, impingement
angles α1 = 15− 80◦.

Again it is clear that the current implementation of the bounce-stick model is

reproducing the simulated results of Bons et al. extremely closely.
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Appendix C

Experimental Design

C.1 Test piece design

The test section is coupled to the mixing chamber using a flanged joint and clamp,

sealed using a copper O-ring. O-rings (32 mm OD, 30 mm ID, 2 mm thickness)

were manufactured in-house. This method of joining was chosen as it allows the test

section (and hence test insert) to be rotated through 360◦ about the main axis. This

then allows gravitational effects to be investigated. Initial testing showed that some

gravitational effects were seen; for the experimental campaign undertaken the test

insert was always kept in the ‘side’ orientation to reduce gravitational effects where

possible.

Overall length 420 mm

Diameter 18 mm

Test insert length 160 mm

Included angle of test insert 154.3◦

Test insert area 3878 mm2

Upstream distance from joint to mixing chamber 180 mm (10Dh)

Table C.1: Test piece dimensions

C.1.1 Optical particle sizer

The optical particle sizer (OPS), TSI model 3330, was used to provide both particle

size distributions and bulk concentration measurements. The OPS uses a light scat-

tering technique to calculate particle size. The OPS calibration for light intensity vs.

particle size can be affected by particle refractive index. In the case of NaCl, the high
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Bin 10 11 12 13 14 15 16 17

Original 2.2-2.7 2.7-3.3 3.3-4.2 4.2-5.2 5.2-6.5 6.5-8.0 8.0-10.0 > 10.0

Corrected 1.9-2.2 2.2-2.7 2.7-3.3 3.3-4.0 4.0-5.0 5.0-6.1 6.1-7.5 > 7.5

Bin width 0.4 0.5 0.6 0.7 0.9 1.1 1.4 -

Midpoint 2.1 2.5 3.0 3.7 4.5 5.5 6.8 -

Table C.2: Relevant OPS bin sizes (original and corrected as Eq. C.1), and midpoints.
All sizes µm . Note bins 1-9 not shown here as below particle sizes of interest but
recorded during experimental work.

refractive index of salt causes the OPS to size particles above their actual diameter.

A linear fit was applied for optical to volume equivalent conversion,

dve = 0.72dop + 0.31, (C.1)

which is shown as the blue line on Fig. 2.6, correlated from the experimental work of

Chien et al. (2016). Here dve is the (spherical) volume equivalent particle diameter,

dop the particle diameter as sized by the OPS.

The OPS draws flow through the unit at 1.0 l/min. The number of particles per

unit time in this flow are counted, nc. If this is multiplied by the total volume flow

rate at the point at which the sampling occurred, the total number of particles, Nc,

can be found.

The model 3330 reported measured particle distribution in terms of a number

of non-uniform bin widths, a maximum of 16 bins, and nominal particle diameters

0.3-10µm. Bins 9-16, and 17 (all particle above maximum size) are shown in Table

C.2. The upper bin size (6.1-7.5µm) placed a restriction on the maximum particle

size that could be measured; in order that there could be a bin above the maximum

particle size generated (to show that the distribution was falling beyond this size),

the largest particles generated in general were 6.0µm.

C.1.2 Atomiser

A TSI model 3450 VOAG (Vibrating Orifice Aerosol Generator) was used to provide

mono-dispersed NaCl particles from a saline solution. The atomiser pumps the solu-

tion through an orifice, which is oscillated using a signal generator and piezoelectric

crystal. A single droplet is produced per cycle, hence from the frequency the number

of potential particles is known.
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dp (µm) 2.0 2.5 3.0 4.0 4.2 5.0 6.0 6.5

Cm (ppm) 1107 2160 3727 8790 10161 17025 29059 36657

Cm (%) 0.1 0.2 0.4 0.9 1.0 1.7 2.9 3.7

Table C.3: NaCl concentrations by mass required for specific particle sizes used ex-
perimentally with 10 µm orifice.

Orifices of 10 and 20 µm were used, producing 25 and 40 µm droplets respectively.

Careful and extensive tuning of the frequency was undertaken for each new particle

size, and checked before each repeat test. This was most easily done using the optical

particle sizer. Particles produced using the 10µm orifice were found to have a higher

quality distribution than those produced using the 20 µm orifice, likely due to them

being closer to the 10µm orifice’s size. As f ∝ 1/D3
d, a smaller orifice will inject

a larger mass flow rate of particles into the system for the same solution and same

solution flow rate, which is desirable. Table C.3 indicates the NaCl concentrations

required for the particle sizes used in the experiment when produced using the 10 µm

orifice.

Atomiser efficiency ηa = Nc/fa, where Nc = nc

(
Q̇dil + Q̇dis

)
, the ratio of particles

at mixing chamber entrance to atomiser frequency, was found to vary depending on

dp, f , Q̇dil, Q̇dis, Q̇sol, and tended to range 0.4-0.8. The loss of ‘efficiency’ is due

to deposition of particles in both the drying column and transport pipe to the test

section. A maximum allowable back pressure of 300 mbar could be placed upon

the atomiser before the drying column would pop off its O-ring seal. This placed a

significant limit on the maximum bulk Reynolds numbers that could be achieved, and

the maximum pressure at which the experiment could run.
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Appendix D

Calibration of Deposition
Measurement Technique

D.1 Cell constant

The ECM cell constant was calibrated using standard potassium chloride (KCl) solu-

tions as manufactured by Hanna Instruments. Single point calibrations were carried

out for three different conductivity ranges (0.001-200 µS/cm, 200-2000 µS/cm, 2-200

mS/cm), using KCl calibration solutions at 84 µS/cm, 1413 µS/cm, 5000 µS/cm re-

spectively. These calibration solutions are provided with a certificate of analysis and

are stored in an opaque container to protect against light exposure.

D.2 Temperature compensation coefficient, α

Calibration of the ECM for temperature compensation coefficient was done by pro-

ducing two NaCl solutions of varying and known concentration. A beaker of each

solution was then heated in stages in a water bath, and the temperature allowed to

stabilise (no temperature change to 1 decimal place for one minute). The solution

conductivity and temperature were then measured. This was carried out for a range

of appropriate temperatures (20-26 ◦C). Rearrangement of Eq. 4.16 and choice of a

datum temperature (25 ◦C for convenience) allows the coefficient of temperature α

to be calculated,

α =
Gdatum −GT

Gdatum (Tsol − Tdatum)
, (D.1)

where temperatures are given in ◦C.
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Figure D.1: Left : Coefficient of temperature compensation, α. Solution concentra-
tion: 60 ppm. Open shapes indicate the two datum points (Tsol = 21.5, 25◦C). Solid
blue circles indicate the value of α with the largest Tsol − Tdatum. Right : Measured
solution conductivity dependence on NaCl concentration. Plotting axis reversed as
experimental analysis required Cm = Cm (G). Conductivity at 25◦C.

Fig. D.1a shows α as a function of solution temperature. Two datum points

are shown, at 21.5 and 25◦C, open square and diamond markers respectively. As

Tsol → Tdatum, the variation in α is seen to increase, as measurement error becomes

more significant. Hence two temperature datum points are used to show that a

constant value of α is valid across the range of temperatures of interest.

A mean value of α = 0.022/◦C was calculated, with a standard deviation of

0.00038 (13 readings) at a solution concentration of 60 ppm. A further calibration

was carried out at 19 ppm (not shown); this also gave a mean value of α = 0.022/◦C,

and a standard deviation of 0.00032 (eight readings).

D.3 Conductivity to concentration

Solutions of known concentration were manufactured from pure NaCl, 2.5-99.4 ppm.

The conductivity of these solutions was then measured. The resulting relationship

between NaCl concentration and solution conductivity is seen to be highly linear (r2 >

0.999), Fig. D.1b. A line of best fit of the form C = mG (+0) gives the conversion

from solution conductivity to NaCl concentration, where m = 0.456 ppm/(µS/cm).

Dependent and independent variables are swapped as G is the dependent variable in

the deposition experiments.
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D.4 Calibration of swabbing technique

A calibration of the swabbing technique used was undertaken. A measured amount

of solution at a known concentration was deposited on to the test insert. This was

then placed in the oven at 180 ◦C to evaporate the solute. The residual NaCl was

then measured using the swabbing technique, in order to check the efficiency of the

swabbing method.

Results are seen in Fig. D.2. All swabs returned > 0.90 efficiency, with the

technique improved to give > 0.96 efficiency (blue circles). Due to measurement

error, swabbing efficiencies slightly above 1.00 were seen for two of these samples.

For the four experimental method tests, a mean swabbing efficiency of 0.99 with

standard deviation 0.022 was seen. For all nine tests mean swabbing efficiency was

also 0.99, with standard deviation 0.035.

This shows a significant improvement over previous swabbing techniques used,

where a mean efficiency of 0.72, standard deviation 0.18 was seen. This improvement

is largely due to (a) the ability to transfer the deposition directly from the test insert to

the washing solution, without losses during swab transit inside the protective plastic

bag, and (b) the ability to swab the surface until the measurement stabilises.
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Appendix E

Uncertainty Analysis

An assessment of the uncertainties in individual experimental measurements was car-

ried out, in preparation of overall uncertainties for the key reported experimental

values (V +
d , τ+p ). Experimental uncertainly is not always been reported by experi-

mentalists in this field, however those who did indicated values in the region 3-50%.

A large fraction of published experimental data has tended to show significant spread

in V +
d , often in the region of an order of magnitude for matching τ+p . This suggests

that experimental uncertainty is generally fairly high.

A list of uncertainties in the individual measurements taken in each test is given

in Table E.1. The ‘source’ column indicates the origin of the value: manufacturer-

specified (m), manually calibrated (c), assumed (a).

The Taylor series expansion method of Kline and McClintock (1953) (as then

used by Coleman and Steele (2009)) for single-sample uncertainty analysis was used to

calculate overall uncertainty values. For a small change in function R with dependent

variables X1...Xi,

R = R (X1, X2, ..., Xi) , (E.1)

this is expanded using a Taylor series, and truncated to only first order terms in

∂R/∂Xi. The individual terms are assumed independent and therefore combined as

sum of squares. Multiplying this expression by (Xi/Xi)
2 and dividing by R2 leads to

an expression for relative uncertainty UR/R,

(
UR
R

)2

=

(
X1

R

∂R

∂X1

)2(
UX1

X1

)2

+

(
X2

R

∂R

∂X2

)2(
UX2

X2

)2

+

... +

(
Xi

R

∂R

∂Xi

)2(
UXi
Xi

)2

, (E.2)
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Item Measurement accuracy/uncertainty Source

dp ±0.5% m

fa ±0.01% reading c

G ±1% reading m/c

ṁmfc ±1% full scale m

ṁop ±5% reading c

mws ±0.01 g m

P ±2% reading c

Q̇sol ±1% c

Tg, Tw ±2 ◦C m

t ±1 s a

ηc 7.2% c

ηs 3.5% c

Table E.1: Individual accuracies/uncertainties in experimentally measured values.
‘Source’ indicates origin of value; m: manufacturer-specified, c: calibrated, a: as-
sumed.

where UXi/Xi is the relative uncertainty in variable Xi and Xi

R
∂R
∂Xi

the uncertainty

magnification factor. For V +
d and τ+p this leads to total uncertainties of 11.5 and

10.4% respectively.

184



Appendix F

Experimental Method
The experimental test procedure is shown below. Around 5 hours were required for

each test: 1.5 hours for preparation and heating, 1.5-2 hours experimental run time,

1 hour cooling time, 1 hour for dismantling experiment, measuring deposition, and

processing data. Cold tests excluded heating and cooling processes.

1. Choose experimental conditions (Tg, Tw, Re, dp). NaCl solution is produced in

batches: dry NaCl and deionised water are weighed individually and mixed.

2. Commence heating of oven and main gas path. Use GP3 flow to bypass atomiser.

Start atomiser once temperature approaching experimental conditions to allow

output to stabilise. Once stable, measure outlet particle size distribution, and

tune frequency and dispersion air flow rate as necessary.

3. Connect atomiser into system. Begin test. Monitor and adjust atomiser fre-

quency generator and feed pressure wander, gas and metal temperatures as

necessary. Gas and metal temperatures should be kept within ±3 ◦C of target

nominal temperatures.

4. Once experiment complete, switch off heating elements and then gas flow. Re-

move test piece from oven and cool using external forced convection via a fan.

Extractor fan unit removes hot gas from experimental room.

5. Once cool dismantle test piece and remove test insert. Inspect test insert and

photograph any deposition characteristics of interest. Swab both test insert and

remainder of circumference of passage (test piece body) as in section 4.3.5.2.

Process data.

6. Clean test insert in ultrasonic bath in deionised water. Wash test section and

scrub with bottle brush and scourer (due to size constraints of ultrasonic bath).

Rinse both with deionised water. Rebuild test section.
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Appendix H

Ambient Experimental Results

H.1 Surface roughness

Roughness profiles are shown in Fig. H.1. These were measured using a Taylor Hobson

surface profiliometer, ‘Talysurf.’ Probe tip diameter was 2.5 µm, a Gaussian high-

pass filter with cut-off wavelength 0.8 mm applied to remove waviness. Roughness is

characterised by the arithmetic mean deviation Ra, with measurements taken after

80 tests with EXPα , and four tests with EXPβ. Surface roughnesses were EXPα :

Ra = 0.22 µm, EXPβ: Ra = 1.12 µm.

0 0.5 1 1.5 2 2.5 3 3.5 4
-6

-4

-2

0

2

4

6

Figure H.1: Roughness profiles for test pieces EXPα, EXPβ as measured using Taly-
surf.

As both test pieces were machined by the same company, in the same manner (gun

drilled, then honed), the difference in roughness is likely to be related to the cleaning

process employed between tests. Until this point both test pieces were cleaned using a

pan scrub, before washing in the ultrasonic bath and rinsing. As EXPα had undergone
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this process many more times, it had been polished. In order to maintain the different

surface finishes, EXPβ was not scrubbed for the remaining tests. Use of the ultrasonic

bath and rising remained. EXPα continued to be cleaned as before. Swabbing of the

test piece between cleaning and reassembly showed that no NaCl remained, despite

the difference in cleaning method.

H.2 Repeatability

An enlargement of Fig. 4.8 is shown in Fig. H.2 with the scale adjusted for clarity.

Only one point, dp = 4.0 µm, Re = 14 000, point at [2.7, 0.0278], has a range of V +
d

comparable to that of the data of Kvasnak et al.

100 101
10-3

10-2

10-1

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
Reynolds number 104

Kvasnak et al. (1993)
 2.5 µm
 3.0 µm
 4.0 µm
 5.0 µm
 6.0 µm
 6.5 µm

Figure H.2: V +
d against τ+p for all EXPα ambient temperature tests. Markers by dp,

coloured by Re. Error bars show the spread for all repeated tests.

H.3 Secondary investigations

A number of secondary investigations were carried out by interrogating the above

experimental data for other trends. As the experimental campaign was not conceived

to assess these factors initially there are fewer usable data and hence the conclusions

are somewhat more speculative.
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H.3.1 Lift-off of deposited particles

Initially tests were carried out to assess the cooling of the experiment. Two schemes

were used, (a) continuing to run the gas mass flow rate as in the test with the heaters

off, hence cooling by internal convection for 30 mins, and (b) turning off the gas and

heaters at the same time, cooling the rig by external convection via a fan. The first

method was thought to potentially reduce the deposited mass by causing lift-off of

deposited particles.

100 101

10-4

10-3

10-2

10-1

100

Figure H.3: Effects of lift-off of particles from test insert when gas was used to cool
the rig internally

The deposition rate was reduced by 47%, Fig. H.3. A second pair of experiments

were done at ambient conditions, with a simulated ‘cooling’ period of the same length.

This is also seen on the same figure, causing a reduction in V +
d of 61%. A second

set of ambient experiments, both repeated were done for dp = 5 µm /Re = 14 000.

These indicated the reverse trend, with the ‘coolant on’ tests showing more deposition

than the ‘coolant off’ experiments. As no gas was passing through the atomiser, no

re-suspended particles could be entering the system from this location, and it is most

likely that the effect is an artefact of experimental scatter. Due to the inconclusive

nature of these experiments all further cooling was done with external convection and

no internal coolant.
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Figure H.4: Effect of exposure time t+ on non-dimensional deposition velocity

H.3.2 Experimental test time

Assessment is made of the effect of test or exposure time on the deposition rate.

Discussion of this effect in the open literature is very inconclusive. If a dependency

exists, it is likely to be dependent on surface roughness Ra, particle size dp. To make

comparisons a non-dimensional experimental time t+ was used,

t+ =
t (u∗)2

ν2
. (H.1)

Only a small number of experimental data are suitable for these comparisons, as

repeat experiments were usually carried out with the same test time. Deposition

fraction is plotted against non-dimensional experimental time in Fig. H.4. Only

a single pair of experiments were carried out at multiple t+ for test piece EXPα

(roughness Ra = 0.22µm). V +
d was seen to fall 3.3% with increasing t+ (33%), inside

experimental uncertainty. Tentatively this indicates that the smoother test piece saw

a negligible time-dependency.

Assessment of varying experimental time using test piece EXPβ (roughness Ra =

1.1 µm) indicated a much larger time-dependence for the rougher test piece. Three

of the four data sets indicated increasing deposition rate with increasing time, with

the ratio V +
d /t

+ in the range 1.9e−7− 1.7e−6. The effect was unexpected. The EXPβ
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tests reported in chapter 4 are those closest to the EXPα experiments in terms of

length, unless noted otherwise.

Deposition rate has been shown by other authors (El-Shobokshy, 1983, for ex-

ample) to increase with increasing surface roughness. This increase with exposure

time may be explainable in a similar manner. From Fig. 4.13 it is seen that the

rougher test piece saw generally higher deposition rates than the smoother version.

Deposition of these particles would be expected to increase the surface roughness as

seen by the deposition salt particles, increasing the rate of deposition. This aspect of

the investigation certainly requires more assessment.
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