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Abstract

This thesis provides an experimental investigation of the free surface and flow

dynamics within square orbitally shaken reactors (OSRs) as well as a mixing dy-

namics characterisation in shaken microwell systems. OSRs have been widely used

for early bioprocess development as they allow a large number of experiments to be

performed in parallel. It is necessary to develop robust scaling laws and determine

effective dimensionless characteristics across shaken systems with various scales

and geometries to facilitate bioprocess research and development.

The fluid dynamics of shaken cylindrical reactors are well characterised by a num-

ber of previous studies, however, the understanding of square OSRs is still very

limited despite its practical prevalence in bioprocessing. In the first part of the

study, the free surface dynamics were investigated and different wave patterns and

the relationship between the wave amplitude with respect to Froude number and the

natural frequency of the system were identified in two square rectors with widths of

62 and 89 mm. Particle Image Velocimetry measurements were also obtained in

the two square reactors and counter-rotation of the ensemble-averaged flow at high

speed conditions were noticed. The flow transition occurring in square reactors was

further investigated by means of Proper Orthogonal Decomposition.

Despite the widespread use of shaken microwell plates, they have not been char-

acterised from an engineering viewpoint. In the second part of the study, mixing
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time measurements were conducted into two intermediate-sized reactors and two

microwell mimics for small orbital diameter shaker with do = 3mm and compared

against measurements obtained in lab-scale reactors for larger orbital diameter. A

scaling parameter based on the natural frequency of the system, which depends

only on fill volume, size and cross-section of the reactors, was proved to provide

effective scaling across various shaken systems.



Impact Statement

Nowadays, the majority of biopharmaceuticals are produced using mammalian cells.

The worldwide demand for the monoclonal antibodies (mAbs), a specific group

of biopharmaceuticals commonly used as therapeutics for autoimmune disorders

and cancers, has experienced a surge during the last decade. Mammalian cells are

widely used as the host cell to produce mAbs in the form of recombinant proteins,

thus ensuring full functionality of the products with human-like post-translational

modifications. However, the use of mammalian cells in bioprocess production is

usually associated with high cost while the manufacturing output is expected to

meet commercial requirement. It is therefore of paramount importance to design

cost-effective bioprocesses with high flexibility to ensure successful new drug devel-

opment. Orbitally Shaken Reactors (OSRs) act as a viable solution to this need as

they are based on disposable technology and allow a large number of experiments

to be performed in parallel by using small amount of materials. The work presented

in this thesis aims to improve the understanding of OSRs from a fluid mechanics

perspective by investigating a number of engineering characteristics of the system.

The dissemination of the research findings stemming from this work will encourage

multi-disciplinary collaborations focused on improving the understanding of cell

culture processing and optimising the design of bioreactors on complex biological

systems.
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Within the academic community, this thesis demonstrates how visualisation tools

and advanced laser-based techniques can be utilised to investigate the flow and

mixing dynamics in different types of shaken reactors. The innovative free surface

measurement methodology can be applied to other bioreactor types such as stirred

tanks with various impeller configurations and rocked bag wave bioreactors. This

would improve their performance in cell culture applications and facilitate the

selection of optimal operating conditions.

Beyond academia, the meaningful dimensionless characteristics and scaling laws es-

tablished in this work carry significant potential to improve the yield of bioprocesses

in pharmaceutical industries and to support scaling from high throughput experi-

mentation to lab-scale Stirred Tank Reactors. Since the pharmaceutical companies

nowadays are making effort to establish standardised bioprocesses to shorten the

validation stage required by regulatory agencies, the scaling rules identified in this

work could potentially help to shorten the time and reduce the cost associated with

bioprocess development. OSRs are highly flexible as they are based on disposable

technology, thus a thorough understanding of OSRs from an engineering point of

view provided by this work is useful in promoting the use of OSRs for new drug

development with significantly reduced risk of cross-contamination.
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107392.



vii

• Li, Y., Ducci, A., Micheletti, M. (2019), “Mixing time in intermediate-sized

orbitally shaken reactors with small orbital diameters”, Chemical Engineering

& Technology, vol 42, pp. 1611-1617.

• Li, Y., Ducci, A., Micheletti, M. (2020), “An experimental study of the free

surface and fluid dynamics in square orbitally shaken bioreactors”, Chemical

Engineering Journal, Submitted.

• Li, Y., Ducci, A., Micheletti, M. (2018), “Study on mixing and fluid dy-

namics in single-use shaken systems”, poster presentation at the Single-Use

Technologies III, Utah, US.

• Ducci, A. (2018), “Flow and mixing dynamics across different bioreactor

platforms”, oral presentation at the 16th European Conference on Mixing,

Toulouse, France.

• Li, Y., Ducci, A., Micheletti, M. (2018), “An experimental study of the fluid

dynamics in square orbitally shaken bioreactors”, poster presentation at the

16th European Conference on Mixing, Toulouse, France.

• Li, Y., Ducci, A., Micheletti, M. (2018), “Study on mixing and fluid dynamics

characteristics in shaken systems”, oral presentation at the 16th European

Conference on Mixing, Toulouse, France.

• Li, Y., Ducci, A., Micheletti, M. (2017), “Study on mixing and suspension

characteristics in shaken microwell systems”, oral presentation at the ISMIP

IX, Birmingham, UK.

• Li, Y., Ducci, A., Micheletti, M. (2017), “Study on mixing and suspension

characteristics in single-use shaken microwell systems”, poster presentation

at the Single-Use Technologies II, Tomar, Portugal.



Acknowledgements

This journey would not have been possible without the support of my family, super-

visors and friends. First and foremost, I would like to express my sincerest gratitude

to my parents for their endless love, genuine encouragement and never-ending

patience. Thank you for teaching me that my job in life was to learn, to be happy,

and to know and understand myself; only then could I know and understand others.

My sincere gratitude also goes to my supervisors, Prof. Martina Micheletti and

Dr. Andrea Ducci, who have supported and guided me with great patience and

immense knowledge throughout my doctoral journey. I have been extremely lucky

to have supervisors who cared so much about my work, and who responded to

my questions and queries so promptly. Thanks for all the time, efforts and in-

depth expertise they put in every meeting, thesis structuring, thesis correction and

manuscript preparation. With Martina’s trust and support, I was able to get the

opportunity to work on my PhD project in the first place. I am very grateful for her

scientific advice and knowledge and many insightful discussions and suggestions.

She has been supportive and has given me the freedom to pursue various projects

and opportunities to present my research at a number of conferences. I am truly

indebted to Andrea who shared so much useful knowledge and experiences in the

fluid mechanics field. He managed to teach me how to work independently, but at

any time, his useful advice was available to me.



ix

I thank all the members in our research group, who not only helped me in research

but also shared so much fun together. I am grateful to Greg, Weheliye, Jasmin

and Asma, who helped me with the use of lab equipment and shared so much

valuable knowledge in the bioprocessing and fluid mechanics fields. I would also

like to extend my appreciation to all staffs and colleagues in the Department of

Biochemical Engineering for their generous help and technical support.

Great thanks also go to my friends Rachel, Kian, Liz, Marina, Elsa, Yumi, Fang,

Heng, Xinyi, Xinyu, Folarin etc. I cherish all the laughter and loving memories we

shared. Thanks to Rachel and Marina who helped me for proofreading. Finally, I

would like to quote the inspirational lyrics written by my favourite singer Roy - “生

而自由,爱而无畏,为自己誓死效忠。”.



Contents

Abstract iii

Impact Statement v

Acknowledgements viii

Table of contents x

List of figures xv

List of tables xxv

Nomenclature xxvi

1 Introduction 1

1.1 The context of the research . . . . . . . . . . . . . . . . . . . . . 1

1.2 Literature survey . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Free surface dynamics and aeration . . . . . . . . . . . . 5

1.2.2 Flow dynamics . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.2.1 Flow characterisations in cylindrical OSRs . . . 11

1.2.2.2 Other engineering characterisations in OSRs . . 15

1.2.2.3 OSRs with unconventional geometries . . . . . 22

1.2.3 Mixing dynamics . . . . . . . . . . . . . . . . . . . . . . 24

1.3 Concluding remarks from the literature survey . . . . . . . . . . . 30



Contents xi

1.4 Aims and objectives . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2 Methodology 40

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.2 The orbital shaker and bioreactor configurations . . . . . . . . . . 40

2.2.1 The orbital shaker platform . . . . . . . . . . . . . . . . . 40

2.2.2 Bioreactor configurations . . . . . . . . . . . . . . . . . . 42

2.2.2.1 Free surface measurements and flow characteri-

sations . . . . . . . . . . . . . . . . . . . . . . 42

2.2.2.2 Mixing time measurement . . . . . . . . . . . . 43

2.3 Free surface measurements . . . . . . . . . . . . . . . . . . . . . 43

2.3.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . 44

2.3.2 Free surface visualisation and measurement . . . . . . . . 45

2.3.3 Experimental conditions . . . . . . . . . . . . . . . . . . 46

2.4 Flow analysis by PIV and POD . . . . . . . . . . . . . . . . . . . 46

2.4.1 Particle Image Velocimetry . . . . . . . . . . . . . . . . . 47

2.4.1.1 Principles of operation . . . . . . . . . . . . . . 47

2.4.1.2 PIV experimental setup . . . . . . . . . . . . . 48

2.4.1.3 Post-processing and data analysis . . . . . . . . 49

2.4.1.4 Sources of errors in PIV measurements . . . . . 51

2.4.2 Proper Orthogonal Decomposition . . . . . . . . . . . . . 53

2.4.2.1 Mathematical concept of POD . . . . . . . . . 53

2.4.2.2 POD analysis of square OSRs . . . . . . . . . . 55

2.5 Mixing time measurement . . . . . . . . . . . . . . . . . . . . . 56

2.5.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . 57

2.5.2 DISMT technique . . . . . . . . . . . . . . . . . . . . . . 58

2.5.2.1 Reagent preparation and experimental procedures 58



Contents xii

2.5.2.2 Image processing . . . . . . . . . . . . . . . . 59

2.5.3 Experimental conditions . . . . . . . . . . . . . . . . . . 61

2.5.3.1 Conditions for mixing time experiments . . . . 61

2.5.3.2 Surface tension measurements . . . . . . . . . 62

2.6 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 62

3 Free surface characterisation in square OSRs 81

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.2 Wave dynamics induced by orbital shaking . . . . . . . . . . . . . 83

3.2.1 Wave pattern observations in OSRs . . . . . . . . . . . . 83

3.2.2 Wave profile comparisons between different geometries . 85

3.3 Free surface transition investigation . . . . . . . . . . . . . . . . 88

3.3.1 Method I: Froude number . . . . . . . . . . . . . . . . . 88

3.3.1.1 Variation of free surface height with Fr . . . . . 88

3.3.1.2 Comparisons of flow transition between the two

geometries . . . . . . . . . . . . . . . . . . . . 90

3.3.2 Method II: Potential function and natural frequency . . . . 91

3.3.2.1 Validation of potential model in cylindrical OSRs 91

3.3.2.2 Cylindrical versus square reactors . . . . . . . . 93

3.3.2.3 Hybrid model . . . . . . . . . . . . . . . . . . 93

3.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 95

4 Flow dynamics investigation in square OSRs 114

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.2 Flow characterisation in square OSRs . . . . . . . . . . . . . . . 115

4.2.1 Ensemble-averaged velocity measurements . . . . . . . . 116

4.2.2 Phase-resolved velocity measurements . . . . . . . . . . . 119

4.2.3 In-plane kinetic energy analysis . . . . . . . . . . . . . . 121

4.3 POD analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123



Contents xiii

4.3.1 Kinetic energy content . . . . . . . . . . . . . . . . . . . 123

4.3.2 Temporal modes . . . . . . . . . . . . . . . . . . . . . . 124

4.3.3 Spatial modes . . . . . . . . . . . . . . . . . . . . . . . . 125

4.3.4 Flow reconstruction . . . . . . . . . . . . . . . . . . . . 126

4.4 Scaling based on sloshing . . . . . . . . . . . . . . . . . . . . . . 128

4.5 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 129

5 Mixing characteristics in shaken microwell systems and intermediate-

sized reactors 148

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.2 Mixing time measurements in intermediate-sized reactors . . . . . 150

5.2.1 Mixing time in a shaken cylinder . . . . . . . . . . . . . . 150

5.2.1.1 Stepwise acceleration mode . . . . . . . . . . . 150

5.2.1.2 Direct acceleration mode . . . . . . . . . . . . 152

5.2.1.3 Free surface measurements . . . . . . . . . . . 153

5.2.1.4 Effects of orbital diameter on mixing dynamics 154

5.2.2 Mixing time in a square reactor . . . . . . . . . . . . . . 155

5.2.2.1 Mixing time variation . . . . . . . . . . . . . . 155

5.2.2.2 Free surface measurements . . . . . . . . . . . 155

5.3 Mixing time measurements in microwell plates . . . . . . . . . . 156

5.3.1 Mixing time in 24-DSW plate format . . . . . . . . . . . 156

5.3.1.1 Effects of fill volume on mixing dynamics . . . 157

5.3.1.2 Effects of fluid viscosity on mixing dynamics . 158

5.3.1.3 Effects of surface tension on mixing dynamics . 159

5.3.2 Comparison of mixing time in different well geometries . 160

5.4 Mixing time scaling in shaken bioreactors . . . . . . . . . . . . . 162

5.4.1 OSR scaling based on Froude number . . . . . . . . . . . 162

5.4.2 OSR scaling based on natural frequency . . . . . . . . . . 163



Contents xiv

5.5 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 165

6 Conclusions and recommendations for future work 189

6.1 The present contribution . . . . . . . . . . . . . . . . . . . . . . 189

6.2 Main findings of the investigation . . . . . . . . . . . . . . . . . 191

6.3 Limitations of current work and recommendations for future work 194

References 197

Appendix A DISMT test protocol 206



List of figures

1.1 Different reactors currently used for orbital shaking, including

microtitre plates, TubeSpin containers, Erlenmeyer flasks, lab-scale

reactors and production-scale reactors, as well as the translation

challenge between OSRs and STRs. . . . . . . . . . . . . . . . . 39

2.1 (a) Bench top Kühner LS-X lab shaker; (b) The universal tray of the

LS-X shaker fitted with Erlenmeyer flasks and test tubes. Images

obtained from: https://www.kuhner.com/en/home.html, accessed

on 01/11/2019. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.2 Sketch of the coordinate system adopted in this work for identifying

different angular positions of the reactor along the circular orbit. . 69

2.3 Schematic diagram of all bioreactor configurations investigated in

this work and the corresponding techniques applied. . . . . . . . . 70

2.4 Side view of the schematic diagram for the experimental setup for

free surface measurement on the LS-X shaker. . . . . . . . . . . . 71

2.5 The free surface height at a particular point at low and high shaken

speeds in the square reactor with a = 89 mm: (a) 70 rpm; (b) 130 rpm. 72

https://www.kuhner.com/en/home.html


List of figures xvi

2.6 (a) The three measuring points for free surface experiments in the

lab-scale square reactors, corresponding to one quarter, half and

three quaters of the side of the reator. (b) The measuring point at

half of the internal diameter of the reactor for lab-scale cylindrical

reactors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.7 Schematic diagram showing the measurement principle of PIV tech-

nique. Images obtained from: https://www.dantecdynamics.com/measurement-

principles-of-piv, accessed on 01/11/2019. . . . . . . . . . . . . . 74

2.8 Schematic diagram with side view of the experimental setup for 2D

horizontal PIV measurements on the LS-X shaker. . . . . . . . . . 75

2.9 Velocity profiles obtained for two different interrogation window

sizes at a horizontal plane with height of z/a = 0.24 in the square

reactor (do/a = 0.28, h/a = 0.5 and Fr = 0.09) (a) ur and (b) uθ . . 76

2.10 (a) Velocity field at ϕ = 0◦ when do/a = 0.28, h/a = 0.5 and Fr =

0.09 with visualisation of four randomly-picked points; variation

of the mean velocity magnitude versus sample size at (b) point A;

(c) point B; (d) point C; (e) point D. . . . . . . . . . . . . . . . . 77

2.11 Experimental set-up for DISMT experiments on Eppendorf Ther-

moMixer®C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.12 RGB channel variations with orbital revolutions for a randomly-

picked point in the square microwell (r/a = 0.45, z/a = 0.31). . . . 79

2.13 Variation in time of the standard deviation of the normalised green

channel intensity (σG∗) for three repetitions at two different shaking

speeds in the intermediate-sized cylindrical reactor: (a) 300 rpm;

(b) 500 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

https://www.dantecdynamics.com/measurement-principles-of-piv
https://www.dantecdynamics.com/measurement-principles-of-piv


List of figures xvii

3.1 Snapshots of free surface shapes at six different shaking speeds

showing the wave pattern evolutions with increasing shaken speeds

in the square reactor with a = 62 mm and operating conditions of

do = 50 mm and h = 31 mm: (a) 60 rpm; (b) 80 rpm; (c) 105 rpm;

(d) 120 rpm; (e) 135 rpm; (f) 140 rpm. . . . . . . . . . . . . . . . 99

3.2 Free surface snapshots at four shaking speeds in the larger square

reactor with a = 89 mm and operating conditions of do = 25 mm and

h = 26.7 mm, indicating the occurrence of chaotic fluid dynamics:

(a) 100 rpm; (b) 120 rpm; (c) 130 rpm; (d) 140 rpm. . . . . . . . . 100

3.3 Snapshots of free surface shapes at four shaking speeds in the

cylindrical reactor with di = 70 mm and operating conditions of do

= 50 mm and h = 35 mm, exhibiting different wave patterns at high

speeds in comparion to the square geometry: (a) 60 rpm; (b) 80

rpm; (c) 110 rpm; (d) 130 rpm. . . . . . . . . . . . . . . . . . . . 101

3.4 Free surface shape snapshots at ϕ = 180◦ (left column) and the

corresponding variation of the free surface height with phase angles

(right column) at three different positions in a square tank (do/a =

0.28, h/a = 0.5) for three Froude numbers: (a) Fr = 0.06 (b) Fr =

0.18 (c) Fr = 0.23. . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.5 Free surface shape snapshots at ϕ = 180◦ (left column) in a cylin-

drical reactor and the corresponding variation of the free surface

height with phase angles (right column) at the centre of the reactor

(do/di = 0.25, h/di = 0.5) for three Froude numbers: (a) Fr = 0.06

(b) Fr = 0.18 (c) Fr = 0.23. . . . . . . . . . . . . . . . . . . . . . 103

3.6 Variation of the dimensionless wave amplitude at the centre of the

reactor (ηc/ηmax) versus phase angles for four shaking speeds in

the square reactor with do/a = 0.28 and h/a = 0.5. . . . . . . . . . 104



List of figures xviii

3.7 Variation of ∆ηc/a versus Fr in square reactors for a range of

combinations of do/a and h/a (do/a = 0.17 - 0.81 and h/a = 0.3 -

0.5) and the fitted “sloshing line” indicating the occurrence of the

“fluid film” for each condition. . . . . . . . . . . . . . . . . . . . 105

3.8 The effect of orbital diameter on free surface height variation in

square reactors for do/a = 0.17 - 0.81 with fixed h/a = 0.5. . . . . 106

3.9 Comparison of the effect of fluid height (h/a = 0.3 - 0.7) on free

surface height variation in the two square reactors (a) a = 89 mm,

do/a = 0.28; (b) a = 62 mm, do/a = 0.40. . . . . . . . . . . . . . 107

3.10 Variation of ∆ηc/a versus Fr in cylindrical reactors for a range of

combinations of do/a and h/a (do/a = 0.15 - 0.71 and h/a = 0.3

- 0.5) which were chosen to best-compare with those conditions

investigated in the square geometry. . . . . . . . . . . . . . . . . 108

3.11 The linear regression line fitted to the dimensionless free surface

height variation and Fr in square reactors before the occurrence of

sloshing for various combinations of do/a and h/a. . . . . . . . . 109

3.12 The linear regression line fitted to the dimensionless free surface

height variation and Fr in cylindrical reactors for the whole speed

range investigated and various combinations of do/di and h/a. . . 110

3.13 Comparison of measured (symbols) and theoretical predicted (solid

lines) ∆ηc/di as a function of angular shaken frequency Ω nor-

malised by the first natural frequency ω11 for six different combi-

nations of do/di in cylindrical reactors. . . . . . . . . . . . . . . . 111

3.14 Comparison of experimentally measured (symbols) ∆ηc/a in square

reactors with theoretical data (solid lines) predicted using the cylin-

drical model for the same operating parameters. . . . . . . . . . . 112



List of figures xix

3.15 (a) Comparison of experimentally measured (symbols) ∆ηc/a with

the theoretical predictions (solid lines) obtained from the hybrid

potential model in square reactors for a range of operating condi-

tions. (b) Variation of experimentally measured ∆ηc/a with Fr for

the same combinations of do/a and h/a in square reactors. . . . . 113

4.1 2D contour map of the ensemble-averaged velocity magnitude,

superimposed with the corresponding velocity fields for six shaking

speeds (do/a = 0.28, h/a = 0.5) in the larger square reactor (a = 89

mm): (a) Fr = 0.09; (b) Fr = 0.11; (c) Fr = 0.14; (d) Fr = 0.17; (e)

Fr = 0.20 and (f) Fr = 0.24. . . . . . . . . . . . . . . . . . . . . . 133

4.2 2D contour map of the ensemble-averaged velocity magnitude, su-

perimposed with the corresponding velocity fields for four shaking

speeds (do/a = 0.24, h/a = 0.5) in the smaller square reactor (a =

62 mm): (a) Fr = 0.10; (b) Fr = 0.14; (c) Fr = 0.16; (d) Fr = 0.19. 135

4.3 Phase-resolved velocity fields in the larger square tank (a = 89 mm)

for three angular positions under operating conditions of do/a =

0.28, h/a = 0.5 and Fr = 0.09 (before flow transition): (a) ϕ = 0◦;

(b) ϕ = 45◦; (c) ϕ = 90◦; (d) sketch of the three angular positions

along the orbital circuit. . . . . . . . . . . . . . . . . . . . . . . . 136

4.4 Phase-resolved velocity fields in the larger square tank (a = 89 mm)

for three angular positions under operating conditions of do/a =

0.28, h/a = 0.5 and Fr = 0.20 (after flow transition): (a) ϕ = 0◦;

(b) ϕ = 45◦; (c) ϕ = 90◦; (d) sketch of the three angular positions

along the orbital circuit. . . . . . . . . . . . . . . . . . . . . . . . 137



List of figures xx

4.5 Phase-resolved velocity fields in the larger square tank (a = 89 mm)

for four shaking speeds under operating conditions of do/a = 0.28

and h/a = 0.5 at the same angular position, ϕ = 0◦: (a) Fr = 0.09;

(b) Fr = 0.11; (c) Fr = 0.14; (d) Fr = 0.17. . . . . . . . . . . . . . 138

4.6 Normalised ensemble-averaged kinetic energy of two horizontal

planes (z/a = 0.12 and 0.24) for do/a = 0.28 and h/a = 0.5 at three

shaking speeds: (a) Fr = 0.11; (b) Fr = 0.17 and (c) Fr = 0.24. . . 139

4.7 (a) The normalised eigenvalues and (b) the percentage content of

energy associated with the first ten POD modes for six Froude

numbers (do/a = 0.28 and h/a = 0.5 at the plane z/a = 0.24). . . . 140

4.8 Variation of the first four temporal coefficients normalised by πNdo

with time for six orbital revolutions at Fr = 0.09 (before flow

transition) when operating with do/a = 0.28 and h/a = 0.5. (a) a1

and a2; (b) a3 and a4. . . . . . . . . . . . . . . . . . . . . . . . . 141

4.9 Variation of the first four temporal coefficients normalised by πNdo

with time for six orbital revolutions at Fr = 0.20 (after flow transi-

tion) when operating with do/a = 0.28 and h/a = 0.5. (a) a1 and

a2; (b) a3 and a4. . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.10 The spatial eigenfunctions, ΦΦΦnnn, of the first four POD modes for

Fr = 0.09 i.e. before flow transition (do/a = 0.28, h/a = 0.5): (a)

mode 1; (b) mode 2; (c) mode 3; (d) mode 4. . . . . . . . . . . . . 143

4.11 The spatial eigenfunctions, ΦΦΦnnn, of the first four POD modes for Fr

= 0.20 i.e, after flow transition (do/a = 0.28, h/a = 0.5): (a) mode

1; (b) mode 2; (c) mode 3; (d) mode 4. . . . . . . . . . . . . . . . 144

4.12 Flow fields reconstruction of the first four modes at ϕ = 0◦ for do/a

= 0.28, h/a = 0.5 and Fr = 0.20 (after flow transition), measured at

z/a = 0.24: (a) modes 1 and 2; (b) modes 3 and 4; (c) modes 1, 2, 3

and 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145



List of figures xxi

4.13 Flow fields reconstruction of the first four modes ϕ = 45◦ for do/a

= 0.28, h/a = 0.5 and Fr = 0.20 (after flow transition), measured at

z/a = 0.24: (a) modes 1 and 2; (b) modes 3 and 4; (c) modes 1, 2, 3

and 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

4.14 Scaling of the difference between λ3 and λ4 normalised by (doN)2

by using two different dimensionless parameters for a wide range

of operating conditions: (a) Froude number; (b) Angular velocity

normalised by the natural frequency of first kind and first order. . . 147

5.1 Variation of mixing time with shaking speed for three different fill

volumes (Vf = 25.1, 37.7 and 50.3 mL) in the intermediate-sized

cylindrical reactor (di = 35.4 mm) with stepwise acceleration mode

when shaking on the ThermoMixer (do = 3 mm). . . . . . . . . . 168

5.2 Instantaneous phase-locked snapshots showing different free sur-

face behaviours for increasing shaking speeds when the stepwise

acceleration mode was adopted and Vf = 37.7 mL and do = 3 mm:

(a) below N = 700 rpm; (b) above N = 700 rpm. . . . . . . . . . . 169

5.3 Variation of mixing time with shaking speed for three different fill

volumes (Vf = 25.1, 37.7 and 50.3 mL) in the intermediate-sized

cylindrical reactor (di = 35.4 mm) with direct acceleration mode

when shaking on the ThermoMixer (do = 3 mm). . . . . . . . . . 170

5.4 Instantaneous phase-locked snapshots showing different free sur-

face behaviours for increasing shaking speeds when the direct

acceleration mode was adopted and Vf = 37.7 mL and do = 3 mm:

(a) below N = 700 rpm; (b) above N = 700 rpm. . . . . . . . . . . 171



List of figures xxii

5.5 Instantaneous phase-locked snapshots comparing the colour evo-

lution in time within the intermediate-sized cylindrical reactor (Vf

= 37.7 mL, N = 400 rpm and do = 3 mm) for the two different

acceleration modes: (a) stepwise mode; (b) direct mode. . . . . . 172

5.6 Non-dimensional free surface height versus Froude number for the

two acceleration modes in the intermediate-sized cylindrical reactor

with Vf = 37.7 mL and shaken at do = 3 mm. . . . . . . . . . . . . 173

5.7 Variation of mixing time with shaking speed for three different fill

volumes (Vf = 25.1, 37.7 and 50.3 mL) in the intermediate-sized

cylindrical reactor (di = 35.4 mm) when larger orbital diameters

were adopted (do = 15 and 50 mm). . . . . . . . . . . . . . . . . 174

5.8 Variation of mixing time with shaking speed for three different fill

volumes (Vf = 22.2, 33.3 and 44.4 mL) in the intermediate-sized

square reactor (a = 40 mm) when shaking on the ThermoMixer (do

= 3 mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5.9 Non-dimensional free surface height versus Froude number in the

intermediate-sized square reactor with Vf = 33.3 mL and shaken at

do = 3 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

5.10 Variation of mixing time with shaking speed showing the effect of

fill volume on mixing process in the 24 DSW plate format (a = 17.1

mm) when shaken at do = 3 mm. . . . . . . . . . . . . . . . . . . 177

5.11 Comparison between mixing time (left y-axis) and non-dimensional

free surface amplitude (right y-axis) with increasing shaking speed

in the square well with Vf = 6 mL and shaken at do = 3 mm. . . . 178

5.12 Comparison of the effect of orbital diameter on non-dimensional

free surface amplitude in the square well (a = 17.1 mm, Vf = 6 mL). 179



List of figures xxiii

5.13 Variation of mixing time with shaking speed showing the effect of

fluid viscosity on mixing process in the 24 DSW plate format (a =

17.1 mm) with Vf = 3 mL when shaken at do = 3 mm. . . . . . . . 180

5.14 Variation of mixing time with shaking speed showing the effect of

surface tension on mixing process in the 24 DSW plate format (a =

17.1 mm) with Vf = 3 mL when shaken at do = 3 mm. . . . . . . . 181

5.15 Comparison of mixing time variation with shaking speed between

square and cylindrical geometries in the two microwells for three

different fill volumes when shaken at do = 3 mm. . . . . . . . . . 182

5.16 (a) Zoomed-in figure of the variation of mixing time with shaking

speed in the range of 450 - 1000 rpm for the two microwells with

either square or cylindrical geometry. (b) Phase-locked images

showing the difference of free surface shapes at certain speed ranges

in the two geometries. . . . . . . . . . . . . . . . . . . . . . . . . 183

5.17 Comparison of non-dimensional free surface amplitude for the

square and cylindrical microwells at high speed range (550 - 1000

rpm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

5.18 Scaling between intermediate-sized reactor mixing time results and

those reorted in Rodriguez et al. (2014) for large cylindrical OSRs

using two dimensionless parameters — Ntm and Fr/Frcr. . . . . . 185

5.19 Scaling between microwell mixing time results and those reported

in Rodriguez et al. (2014) for large cylindrical OSRs using two

dimensionless parameters — Ntm and Fr/Frcr. . . . . . . . . . . 186

5.20 Scaling between intermediate-sized reactor mixing time results and

those reported in Rodriguez et al. (2014) for large cylindrical OSRs

using two dimensionless parameters — Ntm and ω/ω11. . . . . . 187



List of figures xxiv

5.21 Scaling between microwell mixing time results and those reported

in Rodriguez et al. (2014) for large cylindrical OSRs using two

dimensionless parameters — Ntm and ω/ω11. . . . . . . . . . . . 188



List of tables

1.1 Summary of mixing time measurements carried out in shaken sys-

tems, ordered from the largest to the smallest reactor size. . . . . . 38

2.1 Geometrical characteristics of the eight bioreactor configurations

employed in this work. . . . . . . . . . . . . . . . . . . . . . . . 64

2.2 List of operating conditions investigated in four lab-scale reactors

for free surface and PIV measurements. . . . . . . . . . . . . . . 65

2.3 List of operating conditions investigated in two microwell mimics

and two intermediate-sized reactors for mixing time measurements. 66

2.4 Surfactant concentrations and corresponding values of surface ten-

sion measured by the tensiometer. . . . . . . . . . . . . . . . . . 67

3.1 The shaking speed corresponding to the occurrence of a wavy

profile of the free surface in square reactors for various operating

conditions (a = 62 and 89 mm, do = 15 - 50 mm and h = 18.6 - 62.3

mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.2 Comparison of the transitional speed identified by Method 1 (slosh-

ing velocity) and Method 2 (potential model) for different combina-

tions of do/a at the same non-dimensional fluid heigh (h/a = 0.5)

in square reactors. . . . . . . . . . . . . . . . . . . . . . . . . . . 98



Nomenclature

Abbreviations

2D Two-Dimensional

3D Three-Dimensional

CF Calibration Factor

CFD Computational Fluid Dynamics

CHO Chinese Hamster Ovary

DISMT Dual Indicator System for Mixing Time

DMD Dynamic Mode Decomposition

DSW Deep Square Well

EB Embryoid Body

IFSB Inverted Frusto-conical Shaking Bioreactor

iPSC induced Pluripotent Stem Cell

IW Interrogation Window

LOM Lower Order Mode

mAb Monoclonal Antibody



Nomenclature xxvii

MAC Marker and Cell Method

OSR Orbitally Shaken Reactor

POD Proper Orthogonal Decomposition

SDS Sodium Dodecyl Sulphate

SRW Standard Round Well

STR Stirred Tank Reactor

tPa Tissue Plasminogen Activator

Greek Symbols

ΦΦΦnnn nth POD spatial eigenfunction −

ηc Free surface height at the centre of reactor m

λ Energy content (eigenvalue) m2s−2

ν Kinematic viscosity of a fluid m2s−1

νw Kinematic viscosity of water m2s−1

Ω Shaking frequency s−1

ωmn Natural frequency corresponding to the mode (m, n) s−1

ρ∗ Dimensionless density −

σG∗ Standard deviation of the normalised green channel −

σL/S Liquid-solid interfacial tension mNm−1

σL/V Liquid-vapour interfacial tension mNm−1

σV/S Vapour-solid interfacial tension mNm−1



Nomenclature xxviii

θ Angle of the free surface ◦

θc Contact angle between solid and liquid phases ◦

εmn nth root of the derivative of the Bessel’s function of the first kind, mthorder

−

an POD temporal eigenfunction ms−1

Roman Symbols

(r,θ ,z) Cylindrical coordinates of a fluid particle [m,rad,m]

∆η Free surface wave amplitude m

∆t Time interval between two light pulses in PIV s

∆x Displacement of seeding particle in PIV m

η Free surface elevation m

ηc Free surface elevation at 1
2a m

ηl Free surface elevation at 1
4a m

ηr Free surface elevation at 3
4a m

DO2 Mass diffusivity of oxygen m2s−1

u Ensemble-averaged velocity ms−1

u′ Random velocity fluctuation ms−1

k In-plane kinetic energy m2s−2

ϕ Phase angle of the shaker table ◦

a Width of square reactor m



Nomenclature xxix

ao Constant of proportionality −

aow Constant of proportionality of water −

C Correlation matrix −

d f Base diameter of shake flask m

di Internal diameter of cylindrical reactor m

do Orbital diameter m

dp Mean particle diameter m

Fr Froude number −

Frcr Critical Froude number −

Fr js Just-suspended Froude number −

g Gravitational acceleration ms−2

G∗
i j Normalised green channel pixel value −

h Fluid height m

hr Reactor height m

hcone Height of the truncated conical bottom m

Ia Interfacial area m2

Jm Bessel’s function of the first kind, mth order −

kL Coefficient of volumetric mass transfer mh−1

kLa Volumetric gas transfer coefficient h−1

N Shaking speed. Note that in some cases it may be expressed in revolutions

per minute s−1



Nomenclature xxx

Nc Critical shaking speed s−1

Ns Sample size −

N js Just-suspended shaking frequency s−1

Ne′ Modified Newton number −

Ntm Mixing number −

Ph Phase number −

R Tensor product matrix −

Re Reynolds number −

Re f Film Reynolds number −

tm Mixing time s

uθ tangential component of velocity ms−1

ur Radial component of velocity ms−1

uz Axial component of velocity ms−1

Vf Fluid volume m3



Chapter 1

Introduction

1.1 The context of the research

Since the introduction of the tissue plasminogen activator (tPa), the first fully li-

censed monoclonal antibody (mAb) produced by Chinese hamster ovary (CHO)

cells in 1986 (Kretzmer, 2002), the industry of monoclonal antibodies has become

increasingly important for medical research and personalised therapy. They cur-

rently represent the largest class of proteins under clinical trials (Liu, 2014) and

constitute approximately 30% of the total production of biopharmaceuticals in

the world (Singh et al., 2018). mAbs are considered as the best therapeutics for

a wide range of diseases and conditions, including immunological disorders and

cancers as they represent a novel approach to target defects and mutations in protein

structures with high specificity (Liu, 2014). The majority of mAbs approved by

the FDA and under trials are produced in mammalian cells (Wurm, 2004) due to

their ability to produce human-like post-translational modifications resulting in

full-active products (Werner et al., 1998).

Therapies generally require the use of several high doses over a prolonged period of

time, and in order to meet the global market demands, the manufacturing processes
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must be highly productive, consistent as well as economic (Kelley, 2009). The in-

creasing demand has been the driving force for the development of different culture

systems and bioreactors for commercial scale production of mAbs. The upstream

mAb production process usually starts with vial thawing and cell expansion via

several inoculum steps, sometimes carried out in single-use rocked bioreactors.

Prior to the transfer to production bioreactors, further cell expansion steps are usu-

ally carried out in a series of seed bioreactors. At the end of the upstream process,

the mAb is expressed in the production medium, and the product is recovered in

downstream processing steps with the removal of cells and cell debris (Shukla and

Thömmes, 2010).

The majority of large-scale bioprocesses involving the use of mammalian cells

are operated in Stirred Tank Reactors (STRs) which rely on the use of stirrers to

create efficient fluid motion (Kretzmer, 2002). STRs have been used extensively for

microbial fermentation processes in the past and are therefore better characterised

compared to other types of bioreactors (Rodrigues et al., 2010). Several adaptations

of STRs have been applied to mammalian cell cultivation, including modifications of

impeller design and gas sparging to minimise shear stress. Nevertheless, homogene-

ity, gas transfer as well as sterility are common issues reported in production-scale

STRs (Ozturk, 1996; Rodrigues et al., 2010). Due to the prevalence of STRs in the

chemical and biochemical industries, several studies can be found in the literature

that provide a thorough investigation of their mixing and fluid dynamics charac-

teristics for a broad range of operating conditions (Doulgerakis et al., 2009, 2011;

Ducci and Yianneskis, 2005, 2007; Escudié and Liné, 2003; Yianneskis et al., 1987).

Other types of bioreactors commonly used for industrial bioprocesses include air-lift

bioreactors and wave bioreactors. The air-lift bioreactor is a type of bubble column

where mixing and cell suspension are achieved by sparging gases from the bottom
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of the reactor. Due to the fact that several limitations have been reported in this type

of bioreactor, such as limited capability of microcarrier suspension (Ozturk and Hu,

2005) and cell damage caused by bubble rupture (Kretzmer, 2002), it is less used

for mammalian cell production compared to STRs. The wave bioreactor consists

of a disposable bag and a rocking platform which significantly reduces the risk of

cross contamination. However, this type of bioreactors is commonly employed in

the inoculation and seed expansion stages of bioprocess productions due to its size

limitation (Shukla and Thömmes, 2010).

Unlike the well-characterised STRs, Orbitally Shaken Reactors (OSRs) rely solely

on the orbital motion to ensure efficient mixing, while gas exchange between liquid

and gas phases occurs at the free surface. Figure 1.1 illustrates different commonly-

used reactors with sizes ranging from millilitre scale to several thousand litres for

orbital shaking systems. The early stage of bioprocess development relies heavily

on the use of microwell plates, which comes in either cylindrical or square cross

sections, as they provide a platform for parallel performance assessment (Klöck-

ner and Büchs, 2012; Zhang et al., 2008). TubeSpin with 16 - 600 mL capacity

are small cylindrical containers commonly used for centrifugation, but can also

act as bioreactors with vented caps for screening purposes. If larger volumes are

required, Erlenmeyer flasks with working volumes ranging from 25 - 6000 mL

are viable options as they are well-characterised for orbital shaking motion. A

number of modifications have been introduced in shaken flasks for the purpose

of enhanced mixing, such as the addition of baffles. Cylindrical or rectangular

lab-scale reactors (10 - 20 L) are also commonly employed in a wide range of

bioprocess applications. Traditionally, the process is transferred to stirred tanks

for large scale production after initial screening. However, due to the significant

differences in fluid and mixing dynamics between the two types of bioreactors, this

resulted in the lack of accurate translation from OSRs to conventional STRs, and
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also prompted the interest in the use of production-scale shaken reactors, such as

Kühner SB50-X and SB200-X, which offer users multiple scale selections for the

same reactor geometry (Raven et al., 2015; Zhang et al., 2009b). Apart from the

challenge presented by the translation between OSRs and STRs, the second scaling

challenge comes from the significant size variances among different shaken systems.

There remains controversy over the impact of mechanical stresses generated by the

agitation motion in STRs on the cultivation of mammalian and stem cells (Nienow,

2006; Nienow et al., 2013), thus OSRs have been considered as an alternative of

low shear devices. Moreover, other advantages of shaken systems over STRs have

been reported including shorter mixing time (Tissot, 2011), less required control

(Büchs, 2001; Tissot et al., 2011) as well as reduced risk of contamination and the

need of components sterilisation.

It is essential to ensure that effective mixing occurs in bioreactors by selecting the

most appropriate operating conditions, since the presence of spatial gradients, such

as in concentration, dissolved gasses and shear rate, can have detrimental impact on

antibody productivity (Lara et al., 2006). Numerous studies have been conducted

on the optimisation of culture media and chemical environment for animal cell

cultures (Bibila et al., 1994; Schröder et al., 2004), however, the engineering

characterisations are investigated to a lesser extent, especially for OSRs with non-

cylindrical shapes and at microscale. The lack of knowledge concerning the flow and

mixing dynamics in different types of OSRs as well as a link between the physics

of fluid flow and the production of cell cultures, therefore forms the motivation of

the present study. To this end, the dynamics of free surface motion, fluid flow and

mixing are investigated in a range of commonly-used shaken bioreactors with the

aim to improve geometry and operating condition selection. A number of techniques

commonly used in the research of flow and mixing dynamics are adopted in this
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study, including Particle Image Velocimetry, Proper Orthogonal Decomposition

and Dual Indicator System for Mixing Time. In the following section, a detailed

literature survey of previous studies on the engineering aspects of OSRs is presented

and used to form the aim and objectives of this work. The outline of the thesis is

presented at the end of the chapter.

1.2 Literature survey

The literature survey aims at providing a thorough account of previous works

dealing with the engineering characterisations of shaken bioreactors with various

geometries and scales. The review will be divided into three subsections, each

concerning the main findings on the following aspects, all of which are relevant to

the process design of OSRs:

• Free surface dynamics

• Flow dynamics

• Mixing dynamics

1.2.1 Free surface dynamics and aeration

The free surface dynamics for shaken reactors have been investigated extensively in

the past, and the analytical solution of potential flows has been the most commonly

employed approach (Ibrahim, 2005). Early works on sloshing began in the age of

space exploration, thus the majority of them focused on the space propellant in

either cylindrical or rectangular tanks (Abramson, 2003; Abramson et al., 1966;

Bauer, 1964; Lomen, 1965a,b). More recently, the research focus has shifted from

an analytical point of view to liquid transportation in naval carriers. For exam-

ple, Lee et al. (2007) investigated the coupling effects of the free surface of ship
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motion and its inner-tank sloshing by means of a three-dimensional (3D) diffrac-

tion/radiation panel program based on the potential theory. The analytical solutions

have been applied to several container geometries, including rectangular (Bauer,

1981) and conical tanks (Bauer and Eidel, 1988). As the main aim of ship motion

related research was to reduce the magnitude of sloshing and the force generated,

compartmented tanks (Bauer, 1963) and tanks partially covered with elastics (Bauer

and Komatsu, 2000) or rigid floating covers were also investigated (Bauer and

Eidel, 1999). In addition to analytical investigations, numerical solutions were also

employed to address the issue of liquid carriers collisions, such as the work from

Zhang and Suzuki (2007).

In recent years, a number of studies have considered the use of sloshing for mix-

ing purposes in bioreactors. The flow in partially filled OSRs is induced by the

deformational motion of the free surface resulted from the oscillatory motion of

the shaker table. The periodic motion of the free surface during orbital shaking

is due to the gravitational, centrifugal and inertial forces. Adequate aeration, also

known as the rate of mass transfer between the liquid and the gaseous phases, is

essential for cell culture growth. Aeration is usually quantified as kLa, where kL

and a are the coefficients of volumetric mass transfer and specific interficial area

between liquid and gaseous phases, respectively. The specific interficial area, a, is

obtained as the ratio of the free surface area (Ia) and fluid volume (Vf ). Limited

oxygen supply for cell culture is one of the most frequent issues encountered by

the application of shaken bioreactors. However, this insufficient oxygen supply is

always unrecognised, or even ignored, by some microbiologists, thus resulting in

significantly reduced biomass concentrations (Büchs, 2001).

Computational Fluid Dynamics (CFD) was employed by Zhang et al. (2005) to

predict aeration in a shaken flask. In contrast to bacterial cultures, mammalian cells
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were found to have relatively lower demand for oxygen, therefore sufficient aeration

could be provided by the surface aeration, i.e. in shake flask culture. However,

this work pointed out that good mixing in mammalian cell cultures is driven by

other parameters, such as efficient cell suspension and improved homogeneity of

pH and temperature. The same conclusions were drawn by Zhang et al. (2009a)

who investigated the viability of OSRs with cylindrical geometry on the cultivation

of mammalian cells at a much larger scale (50 mL to 2000 L) by analysing their

oxygen transfer capabilities. They reported that OSRs at scales up to 1000 L were

feasible to provide sufficient oxygen supply to mammalian cell cultures at high

cell densities and lower shaking speed was required to obtain the same level of kLa

for greater orbital diameter. They also found that at high shaking frequencies, the

increase in kLa was mainly caused by the increase in kL, indicating the fact that free

surface turbulence had the dominant effect on gas transfer in OSRs. Moreover, a

higher shaking speed was required for free surface turbulence to manifest itself in

OSRs with smaller internal diameters. This finding was partly corroborated by Zhu

et al. (2017) who measured oxygen transfer numerically in smaller OSRs (50 mL

cylindrical tube equipped with a ventilated cap). They demonstrated that the kLa

was affected by the specific interficial area, a, to a greater extent compared to the

kL for shaking speed in the range of 90 to 300 rpm.

Henzler and Schedel (1991) made an effort to employ dimensional analysis to aid

scaling of aeration across various shake flasks and operating conditions. Klöckner

et al. (2013) extended this work and proposed a universal scaling law for kLa in

cylindrical OSRs based on a series of dimensionless numbers, defined as follows:

Mass transfer number (kLa · 3
√

( ν

g2 )), Froude number (N2·do
g ), Volume number (V f

d3
i
),

Geometric number (do
di

), Galilei number (d3
i ·g
ν2 ) and Schmidt number ( ν

DO2
), where

ν is the kinematic viscosity, g is the gravitational acceleration, N is the shaking

speed, do is the orbital diameter, Vf is the fluid volume, di is the internal diameter
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of cylindrical reactor, DO2 is the diffusion coefficient for oxygen. Based on the

dimensional analysis, a kLa correlation independent of scale and fluid volume was

proposed and validated for cylindrical OSRs of nominal volume in the range of 2 to

200 L (a ±30% error range applies).

Weheliye et al. (2013) measured the free surface height at the side of cylindrical

OSRs and discovered that the dimensionless free surface height (∆h/di) scaled well

with 1.4Fr. It is worth noting that the definition of Fr adopted in their work is

shown in Equation (1.1):

Fr =
2(πN)2do

g
(1.1)

Furthermore, the interfacial area, Ia, was estimated based on the assumption of the

free surface as an inclined ellipse. At low Fr range, the relationship between Ia and

Fr was derived as Equation (1.2):

Ia =
d2

i π

4

√
(1.4Fr)2 +1 (1.2)

Whereas at higher Fr, the free surface shape became wavy due to the occurrence

of flow transition which will be discussed in more detail in Section 1.2.2. This

finding corroborates the results reported by Zhang et al. (2009a), in that a wavy

free surface profile at high shaking speed resulted in an enhanced kLa without

a necessary increase in a. Discacciati et al. (2013) investigated the free surface

dynamics numerically in cylindrical OSRs for viscous fluids based on a finite ele-

ment approximation. The simulations based on a new pressure correlation scheme

produced free surface height values similar to experimental results which could be

explained by the significant density ratio between the liquid and gaseous phases.

Apart from the aforementioned experimental and numerical methods, Bouvard et al.

(2017) and Reclari et al. (2014) investigated the free surface dynamics in cylindrical
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OSRs from an analytical point of view by means of a potential flow function.

Through the wave height and velocity measurements, various wave patterns have

been identified, including single- and multiple-crested waves, breaking waves and

liquid impinging at the vessel wall. The theoretical free surface height at the centre

of the cylindrical OSRs, ηc, is provided in Equation (1.3) as a function of time, t,

and tangential and radial coordinates, θ and r, respectively.

ηc =
doΩ2

2g
cos(Ωt −θ)×

{
r+

∞

∑
n=1

[
di

(ε2
1n −1)

Ω2

(ω2
1n −Ω2)

J1(2ε1nr/di)

J1(ε1n)

]}
(1.3)

where Ω is the shaking frequency, J1 is the Bessel’s function of the first kind and

first order, ε1n is the nth root of the derivative of the Bessel’s function of the first

kind and first order and ω1n is the natural frequency corresponding to the mode

(1,n) and is obtained from Equation (1.4) for cylinders with upright wall.

ω
2
1n =

2gε1n

di
tanh

(
2ε1nh

di

)
(1.4)

This potential model has been demonstrated with the capacity to predict the free

surface height for cylindrical OSRs during orbital shaken motion for single-crested

and non-breaking multiple-crested waves.

In addition to the commonly used cylindrical shaken reactors, other types of OSRs

with various geometries and scales have also been investigated in terms of free

surface dynamics and aeration. Hang et al. (2011) designed a novel type of OSR

named Inverted Frusto-conical Shaking Bioreactor (IFSB) and compared its per-

formance in terms of aeration to conventional STRs and OSRs with a flat bottom

design. Among the three types of bioreactors, the maximum kLa was achieved in

the IFSB across the shaking speed range examined (80 to 120 rpm), indicating

an enhanced oxygen transfer capability of this type of reactors for the demand of

mammalian cell cultures. The effect of conical bottom of OSRs have also been
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considered in other works, for example, Monteil et al. (2013) reported the kLa

values of 15 to 40 h−1 for the TubeSpin®bioreactor 600 at shaking speeds suitable

for mammalian cell cultures (140 - 220 rpm). Moreover, cylindrical OSRs with

various conical bottom geometries were investigated by Rodriguez et al. (2016)

but with focus on flow dynamics and kinetic energy. Zhang et al. (2008) investi-

gated aeration in two microtiter plates (24- and 96- square well) with conical and

spherical bottom designs by means of CFD. The diffusion between the liquid and

gaseous phases as well as the velocity field in microwell plates were solved by a

numerical model and the results were compared to an Erlenmeyer flask with a 250

mL nominal volume. The well with spherical bottom designs was found to perform

poorly in all aspects, whereas the kLa of the well with conical bottom designs was

9.3 times greater than that of the Erlenmeyer flask, despite operating at a much

higher Fr (7.5 times greater than the Erlenmeyer flask). Another work considered

the engineering characterisations in OSRs with square geometry was also carried

out in microtiter plates (Duetz and Witholt, 2001). They found that oxygen transfer

rates were significantly improved when greater orbital diameters were employed

at the same shaking speed for the square-deepwell microtiter plates with a flat

bottom. A smaller orbital diameter was demonstrated to result in an out-of-phase

flow condition thus leading to poor vertical mixing in the wells. It should be noted

that the works of Zhang et al. (2008) and Duetz and Witholt (2001) are the only

two literatures found which conducted engineering characterisations for OSRs with

square geometry.

1.2.2 Flow dynamics

The majority of engineering characterisation studies of OSRs, both experimental

and computational, were conducted in lab scale reactors with a cylindrical ge-

ometry. In this section, the flow dynamics investigations conducted in shaken
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cylindrical reactors are reviewed thoroughly and presented in Section 1.2.2.1. Other

engineering characteristics including power consumption, solid suspension and

shear sensitivity in cylindrical and other commonly-used OSRs are reviewed in

Section 1.2.2.2, while Section 1.2.2.3 presents a brief literature survey for OSRs

with more unconventional designs.

1.2.2.1 Flow characterisations in cylindrical OSRs

One of the early works characterising the flow and mixing dynamics in a cylindrical

vessel was conducted by Gardner and Tatterson (1992). Dye dispersion method

was adopted to measure the time required for the tracer to completely dissolve in

the working fluid (mixture of water and corn syrup) in a partially-filled cylindrical

container. Three flow regimes were identified with increasing Reynolds number

(Re = NT 2

ν
, where T = 3

√
Vf ): i) the laminar regime for Re in the range of 0.8 to

1000, characterised by the presence of toroidal vortices; ii) the transitional regime

for Re with values of approximately 1000, where poorly mixed regions present

in the top and bottom of the reactor resulted from a vertical axial vortex; iii) the

turbulent regime for Re greater than 1000, characterised by splashing of the free

surface, resulting in very short mixing times. However, one of the limitations of this

technique was that diffusion would occur prior to the full development of the flow

in the reactor as the dye was added before the start of the orbital shaking motion.

Since the seminal work of Gardner and Tatterson (1992), the fluid dynamics of

shaken bioreactors have been investigated in several studies, both numerically and

experimentally. Kim and Kizito (2009) carried out numerical simulations in a

cylindrical reactor with di = 87 mm based on a simplified Marker and Cell Method

(MAC) and identified the characteristic pair of vortical structures in the upward

stream with their axes in the tangential direction present for fluid with low viscosity.

With increased fluid viscosity, the two vortices reduced in size and a second set of
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counter-rotating vortices were developed near the wall of the reactor. The numerical

analysis also showed that a 90◦ out-of-phase between the centrifugal body force

and the deforming free surface. The results of the numerical simulations were

confirmed by visualising the cross-section of the reactor through laser illumination.

The presence of vortices in the proximity of the reactor wall was confirmed and

their sizes were found to be dependent on the fluid height and viscosity. They also

demonstrated that the core flow in the reactor was driven by the vortical structures

near the wall when the aspect ratio h/di was equal to unity, while for greater aspect

ratios, a travelling wave at the free surface dominated the mixing process.

The study of Weheliye et al. (2013) is the first work that provided an insight into the

flow dynamics occurring in OSRs with cylindrical geometry for various operating

conditions (internal diameter di = 100 and 130 mm, fluid height h = 30 - 70 mm,

orbital diameter do = 15 - 50 mm and shaken speed N = 60 - 140 rpm). Particle

Image Velocimetry (PIV) technique was employed to obtain both phase-resolved

and ensemble-averaged velocity fields in the reactors. A flow scaling law was

derived based on the force dynamics inside the reactors. The scaling law allows the

prediction of flow transition between in-phase and out-of-phase conditions. At low

shaken speed, the flow was characterised by two counter-rotating vortices near the

free surface. With increasing Froude number (the definition of Fr used in this work

is displayed in Equation (1.1)), the vortex increased in both size and intensity and

moved towards the bottom of the tank. The onset of the flow transition occurred

when the size of the toroidal vortex equals the size of the vessel and further increase

in shaken speed resulted in the formation of an axial vortex precessing in the vessel.

The relationship between the maximum inclination of the free surface, θ , and the

dimensionless free surface height is denoted in Equation (1.5):

tanθ =
∆h
di

(1.5)
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The inclination of the free surface in the reactor is also expected to be proportional

to the centrifugal acceleration which is determined by the gravitational acceleration

and orbital motion, and is expressed in Equation (1.6):

ao

g
= (

2(πN)2do

g
) = Fr (1.6)

Weheliye et al. (2013) experimentally determined the value of the constant of

proportionality, ao, which is equal to 1.4 for water, based on the linear relationship

between ∆h/di and Fr. As described earlier in Section 1.2.1, the linear relationship

was more consistent when Fr < 0.15 as the interfacial area could be approximated

as an inclined elliptic disk. In other words, the flow was in-phase with the orbital

shaking motion of the shaker table. As Fr increases, the measured ∆h/di started

deviating from the linearity and the interfacial area exhibited a more complex wavy

profile. The authors concluded that the flow transition occurring in cylindrical

OSRs can be described by a scaling law based on the critical Froude number, Frcr,

as shown in Equation (1.7), depending on the operating conditions.

Frcr =


1
ao
( h

di
)(do

di
)0.5 for ( h

di
)< (do

di
)0.5

1
ao

for ( h
di
)> (do

di
)0.5

(1.7)

Ducci and Weheliye (2014) extended the flow dynamics study to Newtonian fluids

with higher viscosities than water and established a Re-Fr flow transition map with

four quadrants of different flow dynamics and turbulence levels, which are in-phase

toroidal vortex, in-phase single vortex, out-of-phase counter-rotating toroidal cortex

and out-of-phase precessional vortex. High turbulence levels were only identified

in the quadrant with high Fr and low Re. The phase-resolved PIV measurements

demonstrated that only fluid with low viscosity (ν < 1.7 × 10−6 m2s−1) could

trigger the toroidal vortices and the precessional vortices for in-phase and out-of-

phase flows, respectively. In these cases, the scaling law of Equation (1.7) can be
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extended to Equation (1.8).

Frcr = aow(
ν

νw
)0.0256(

h
di
)(

do

di
)0.5 (1.8)

where aow is the constant for water, ν and νw are the kinematic viscosity of the

viscous fluid and water, respectively. For fluid with increased viscosity, the critical

Froude number associated with flow transition became smaller when compared to

that of water.

The PIV velocity data obtained in Weheliye et al. (2013) were further analysed by

means of two mode decomposition techniques - Proper Orthogonal Decomposition

(POD) and Dynamic Mode Decomposition (DMD), both of which have been applied

extensively to stirred tank reactors (Doulgerakis et al., 2011; Ducci et al., 2008;

Line, 2016). The analyses were applied to one in-phase (Fr = 0.23) and one out-of-

phase (Fr = 0.47) flow conditions, as identified in Weheliye et al. (2013). Weheliye

et al. (2018) identified that the first four modes could sufficiently reconstruct the

large scale flow features in shaken cylindrical reactors, thus the Low Order Model

(LOM) based on the temporal coefficient an and the spatial eigenfunction ΦΦΦnnn, as

shown in Equation (1.9), was adopted for flow reconstruction.

uLOM(x,φ) = ū(x)+a1(t)ΦΦΦ111(x)+ · · ·+a4(t)ΦΦΦ444(x) (1.9)

They found that the rotational frequency of the shaker, hence the main oscillatory

free surface motion, was associated with the first and second modes for both flow

regimes before and after flow transition, but the percentage content of energy

differed to a large extent between the two regimes. From the LOM reconstruction,

it was found that the same flow structure consistently presented throughout the

orbital shaken movement for both Fr examined. For the in-phase condition (Fr =
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0.23), the first two modes (96% kinetic energy) exhibited a strong central stream

which linked two in-phase stagnation points. The flow was redirected vertically at

this condition which is in good agreement with the in-phase flow characteristics

reported by Weheliye et al. (2013). When Fr was increased to 0.47, the local flow in

the reactor followed the curvature of the wall and greater velocity was found at the

outer side of the reactor. The kinetic energy content of the first two modes dropped

to 80%, while that of modes 3 and 4 increased to approximately 10%, corresponding

to a double frequency of the orbital shaken motion which could be linked to the

free surface observation by Reclari et al. (2014). This work provided an alternative

approach to traditional PIV and mixing time measurements to investigate fluid

dynamics in OSRs and potentially aiding the scaling between different bioreactor

systems.

1.2.2.2 Other engineering characterisations in OSRs

In addition to the studies of cylindrical OSRs with respect to fluid dynamics, other

important engineering parameters including power consumption, solid suspension

and shear sensitivity were also investigated by several authors. The literature survey

presented in this section is not limited to the cylindrical geometry, and also includes

other commonly-used OSRs such as Erlenmeyer flasks.

Power consumption Power consumption is one of the most important engineer-

ing parameters in the scale-up stage of bioprocesses as it is closely related to the

hydrodynamic stress, oxygen transfer and mixing time (Peter et al., 2006). One

of the commonly-employed technique to measure power consumption in OSRs

is based on the torque measurement generated by the motion of the shaker table.

Büchs et al. (2000) determined the power consumption in Erlenmeyer flasks with

nominal volumes of 100 - 2000 mL for different operating conditions (Vf = 4 - 400

mL, N = 80 - 380 rpm and do = 25 and 50 mm) by means of torque measurement



1.2 Literature survey 16

with a torque sensor. A similar flow transition was noted in the shake flasks as

described previously for cylindrical OSRs. A logarithmic correlation was derived

between the modified Newton number Ne′ and Re for the in-phase flow, while for

the out-of-phase condition, Ne′ was found to drop significantly. The dimensionless

Phase number, Ph, was proposed as an algebraic criterion to identify the flow

transition, as shown in Equation (1.10):

Ph =
do

d f
(1+3 · log10(Re f )) (1.10)

where d f is the base diameter of shake flask and Re f is the film Reynolds number

defined in Equation (1.11):

Re f = Re · π

2

1−

√√√√√1− π

4

V
1
3
f

d f

2


2

(1.11)

Experimental data obtained in unbaffled Erlenmeyer flasks with nominal volumes

less than or equal to 1 L and working fluid of low viscosity were demonstrated to

statistically fit into the derived model.

The work of Büchs et al. (2000) was extended by Klöckner et al. (2012) to measure

power consumption in cylindrical OSRs from shake flasks. The Buckingham’ π-

Theorem analysis was employed based on various operating conditions (Re = 2400

- 250,000; do/di = 0.08 - 0.36; Fr = 0.05 - 0.3; Vf /d3
i = 0.08 - 0.36) to derive a

power input correlation for the Newton number as shown in Equation (1.12):

Ne′ = 9 ·Re−0.17 ·
(

N2di

g

)0.42

·
(

Vf

d3
i

)0.44

·
(

do

di

)0.42

(1.12)

It is worth noting that the definitions for Re and Fr in this work were Re = Nd2
i /ν

and Fr = N2di/g, respectively. The correlation of Equation (1.12) is useful in
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selecting appropriate operating conditions in cylindrical OSRs. It should be noted

that this expression was obtained for N that is greater than the critical shaking speed,

Nc, as defined in Equation (1.13), since Nc is required to induce the fluid motion in

the reactor such that the centrifugal acceleration exceeds the inertial forces.

Nc =
1
d2

i
·
√

0.28 ·Vf ·g (1.13)

Power consumption based scaling methods have been applied to a number of

cell culture studies. For instance, Mehmood et al. (2010) evaluated the relation-

ship between power dissipation and production of pristinamycins by an antibiotic-

producing microorganisms, namely Streptomyces pristinaespiralis, in unbaffled

Erlenmeyer flasks with different fill volumes at two rotational speeds. The power

dissipation was estimated numerically for various operating conditions for both

Newtonian and non-Newtonian flow conditions. The optimal power consumption

for the production of the antibiotics was found in the range of 5.5 to 8.5 kWm−3. A

decrease in the production yields was obtained when higher power consumptions

were analysed, most likely due to the cell damage caused by the hydrodynamics in

the flask.

Solid suspension Microcarriers are commonly used for the cultivation of adher-

ent cells, such as mesenchymal stem cells, in shaken bioreactors. Microcarriers

typically have a spherical shape with diameters in the range of 10 to 100 µm and

are made of various materials including plastics, glass, collagen and silica dextran.

Cells grow on the surface of microcarriers as monolayers or in the pores of porous

microcarriers as multilayers. It is important to create an optimal hydrodynamic

environment in the reactor with the aim to maintain microcarriers in suspension.

The majority of studies on microcarriers focused on the investigation of microcarrier

type and concentration or medium components (Ferrari et al., 2012; Frauenschuh
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et al., 2007; Sart et al., 2009; Schop et al., 2008), while the quality of microcarrier

suspension has been studied to a lesser extent.

The behaviour of the fluid becomes more difficult to predict in the presence of a

solid phase, i.e. microcarriers. The fluid dynamics is essential to achieve efficient

microcarrier suspension in OSRs, thus enhancing available area of microcarriers for

cell adherence and preventing microcarrier agglomeration (Lara et al., 2006). Solid

particles tend to settle down at the bottom of a vessel in a liquid medium due to their

greater density. An external force such as the force generated by agitation in stirred

tanks is required to lift solid particles and retain them in suspension (Jafari et al.,

2012). Zwietering (1958) proposed a criterion to determine the just-suspended

speed which is the minimum stirring speed required for no particles remaining at the

base of the vessel for more than 1 to 2 seconds during solid-liquid mixing processes.

Olmos et al. (2015) developed an experimental methodology to determine the

critical agitation conditions in Erlenmeyer flasks and cylindrical OSRs with the aim

to optimise the quality of solids suspension at various operating conditions. The

impacts of a number of operating parameters including orbital diameter, fill volume,

liquid viscosity, vessel geometry and size as well as the type, diameter and density of

microcarriers were investigated in a total of 220 experiments that are representative

for animal cell cultures. A dimensionless model shown in Equation (1.14) was

established to predict the just-suspended agitation rate, N js, referring to the speed

at which all microcarriers are suspended completely.

N js√
g/do

=

√
Fr js

2π2 = A · ( h
di
)0.5 · (do

di
)0.25 · (ρ∗) · (

dp

di
)−0.07 (1.14)

where A is a constant accounting for reactor geometry, ρ∗ is the dimensionless

density and dp is the mean particle diameter. This model revealed that the criti-
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cal agitation condition was mainly a function of the reactor fill ratio, the reactor

geometry ratio, the microcarrier relative density and the microcarrier to reactor

diameter ratio. The just-suspended Froude number,Fr js, reported in this work was

in close association with the critical Froude number indicating the flow transition

between in-phase and out-of-phase conditions as reported in Weheliye et al. (2013)

since both the (h/di) and (do/di) have the same exponent. Olmos et al. (2015) also

demonstrated that greater orbital diameter and larger cylindrical OSRs contribute to

complete microcarrier suspension while minimising power consumption.

A different approach to determine the “just-suspended speed” in cylindrical OSRs

was developed by Pieralisi et al. (2016) by estimating light scattered by microcarri-

ers on a laser plane parallel to the base of the reactor. The extent of homogeneity

of microcarriers across the reactor volume in cylindrical OSRs was also examined

by obtaining vertical plane measurements. Microcarriers were pushed towards the

centre of the reactor from the periphery and subsequently involved in the bulk flow

by the depression generated by the two counter rotating vortices (before flow transi-

tion) and precessional vortices (after flow transition). The impacts of microcarrier

concentration and orbital diameter on solids suspension were investigated and the

results indicated a correlation between microcarrier suspension and the critical

Froude number for a single-phase flow as reported in Weheliye et al. (2013). In the

case of h/di/
√

do/di < 1, the suspension Froude number was relatively constant

with value of approximately 1.1 × Frcr. It is desirable to use cylindrical OSRs

with this type of configuration as it allows complete microcarrier suspension while

minimising shear rates and power consumption. For h/di/
√

do/di > 1, the N js

tended to increase and full suspension was usually achieved after the occurrence of

flow transition. The vertical plane measurements demonstrated that full dispersion

of microcarriers across the reactor volume was achieved at approximately 1.2 ×

Frcr. In the presence of microcarriers, the proportionality constant, ao, between the
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dimensionless free surface height and Froude number was found to have smaller

values compared to the results reported in Weheliye et al. (2013), as described in

Section 1.2.1.

Shear sensitivity Shear stresses developed in bioreactors due to the fluid dy-

namics have inevitable effects on cells growing within the system. A number of

published literatures have investigated how different types of cells respond and

adapt to shear stresses in the bioreactors. Cherry and Hulle (1992) reported that

cell death was resulted from the high shear forces generated at the interface be-

tween air and liquid in sparged reactors. The impacts of hydrodynamics generated

by the orbital shaking motion on the formation and differentiation of embryoid

bodies (EBs) were investigated by Sargent et al. (2010). The study demonstrated

that the morphology and cellular organisations of EBs were significantly altered

by the hydrodynamic conditions in the rotary orbital culture. Furthermore, the

percentage of differentiated cell types and the kinetic profiles of gene expression

were also affected by the rotary speeds used. Toh and Voldman (2011) found

that the flow-induced shear stresses greater than 0.1 Nm−2 affected the expression

of the epiblast marker Fgf5 in the self-renewing mouse embryonic stem cells by

employing a microfluid array. However, mammalian cells experienced damage

caused by shear stress that was greater than 0.15 Nm−2, as reported in Elias et al.

(1995). Conversely, high shear stress can also have positive effects in particular

biological contexts. For example, Caro et al. (1971) demonstrated that uniform

shear stress with great magnitude resulted in optimal lining of endothelial cells in

the blood vessels. Moreover, an increased level of shear stress resulted from the

introduction of baffles in shaken flasks have desirable side effects in particular cases

(Büchs, 2001). Nienow et al. (2013) also reported that shear stress levels did not

affect the product titre of CHO cells in both laminar converging devices and stirred
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tanks equipped with Rushton turbines.

Cherry and Papoutsakis (1988) demonstrated that hydromechanical damage for

cells cultivated in microcarrer-based bioreactors mainly arose from the turbulent ed-

dies with similar dimensions to microcarriers as well as the inter-particles collisions.

Ismadi et al. (2014) investigated how flow shear stress affected the attachment of

mouse induced pluripotent stem cells (iPSC) to microcarriers in a spinner flask

with 100 mL nominal volume. They showed that the optimal proliferation of mouse

iPSCs occurred at a spinning rate of 25 rpm (corresponding to Re = 1669) and the

optimal number of cells were generated after 7 days of culture. Higher spinner rates

(i.e. higher Re) resulted in detachment of cells from microcarriers and consequently

fewer cell count and negative cell growth due to increased shear stresses. However,

a spinning rate smaller than 25 rpm was unable to maintain full suspension of

microcarriers in the flask. A shear stress distribution was produced which can be

used to create a flow condition database within the flask for different cell types. A

new detachment method developed by Nienow et al. (2014) suggested that intense

agitation for a short period of time (approximately 7 mins) in the presence of

suitable enzymes could promote the detachment process of cells from microcarriers

and leave cells undamaged in spinner flasks. The proposed detachment method was

successfully implemented for human mesenchymal stem cells cultivation and an

overall harvesting efficiency of 95% was achieved.

To obtain a better understanding of the impact of local shear stress on cell population

properties (e.g. cell viability, product titre), and also to select the optimal operating

conditions in bioreactors, it is essential to quantify the local shear stresses and

characterise their distributions in different types of bioreactors.
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1.2.2.3 OSRs with unconventional geometries

Apart from the commonly used cylindrical reactors and Erlenmeyer flasks, the engi-

neering characterisations of OSRs with other geometries have also been considered

in the literatures in terms of fluid dynamics. For example, reactors with conical

bottoms (Rodriguez et al., 2016; Zhu et al., 2017); reactors with inserts such as

baffles and coils (Mancilla et al., 2015); and reactors with very unconventional

geometries (Kaiser et al., 2013).

Zhu et al. (2017) numerically investigated the fluid dynamics in the OSR50 reactor

which was modified from a standard centrifugation tube with conical bottom and

nominal volume of 50 mL. The velocity fields were simulated in the central vertical

section of the reactor and the greatest magnitude of velocity vectors were found

below the free surface, while the magnitudes along the wall of the reactor and near

the bottom were smaller. Since the axial velocity (uz) is responsible for the flow in

the upward and downward directions, it was found that the average axial velocity

(uz) could be used to predict the speed required to maintain cells in suspension.

Rodriguez et al. (2016) investigated the flow dynamics in cylindrical OSRs with two

different conical bottom designs (hcone = 5 and 15 mm, where hcone is the height

of the truncated conical bottom), by means of phase-resolved PIV. The results

indicate that the flow transition between in- and out-of-phase conditions in flat

bottom cylindrical OSRs (Weheliye et al., 2013) was affected by the presence of

conical bottoms. Comparing to the speed range over which flow transition occurs

for flat bottom geometry, the transition occurred in the conical bottom reactors at a

much higher shaken speed range and the intensity of the vortical structure increased

significantly. They concluded that similar flow dynamics could be achieved at a

lower shaken speed in OSRs with conical bottom designs. This is advantageous for

culturing shear-sensitive cells as lower shear rates are generated by the same flow
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dynamics.

Mancilla et al. (2015) investigated the hydrodynamics in 250mL Erlenmeyer flasks

with six different configurations: conventional, baffled flasks with 1, 2, 3 and 4

baffles and indentations, and a coiled configuration with a stainless steel spring

(length and diameter of 300 and 13 mm, respectively). The velocity fields and

turbulence level in all configurations were obtained by PIV and in all cases, the

extent of the chaotic-like fluid motion increased with increasing shaken speed. The

flask with one baffle was found to exhibit the greatest turbulent intensity that was

approximately 25% greater than the rest of configurations. Moreover, the shaken

speed that produced the greatest turbulence was approximately 150 rpm for all

configurations investigated, which was in good agreement with the optimal shaking

rate reported for bacterial culture productions.

A new type of bioreactor, namely the travelling wave bioreactor, which was designed

based on an orbitally shaken and annular-shaped vessel, was proposed by Kaiser

et al. (2013). This novel bioreactor intended to enhance mass transfer and mixing

processes, while reduce mechanical shear stress. A CFD model was developed

to predict the impacts of fill volume, shaking diameter and shaking frequency on

the flow dynamics in the reactor. A turbulent flow that is favourable in terms of

mass transfer and mixing, was identified for a combination of reactor geometry,

liquid properties and operating parameters. However, due to the limitation of the

numerical model, it was hard to draw a conclusion on the optimal relationship

between flow dynamics and mechanical shear rates.
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1.2.3 Mixing dynamics

An efficient mixing process is essential for the growth of cells in bioreactors as

it ensures uniform distribution of nutrients and gasses. Mixing time is a useful

parameter widely used to characterise mixing performance in different types of

bioreactors. Cabaret et al. (2007) defined mixing time as “time taken to achieve a

given degree of homogeneity following a perturbation”, while Melton et al. (2002)

defined it as “the evolution in time of spatially dependent concentration towards a

final homogenous state”. A practical way to determine mixing time is to define an

appropriate threshold, since the final steady state may require a prolonged period of

time to reach. For example, Kasat and Pandit (2004) and Delaplace et al. (2004)

defined mixing time as the time taken to achieve 95% or 90% of homogeneity,

respectively. The dimensionless Mixing Number, Ntm, is commonly adopted to

compare the efficiency of mixing process across different bioreactors. It is defined

as the product of agitation speed (N) and mixing time (tm).

The techniques used to quantify mixing time can be broadly classified as local

and global approaches based on the extent of the measurement location. Local

approaches employ different probes to obtain measurements of physical parameters,

such as pH and conductivity, at a specific location in the vessel. The majority

of local approaches are intrusive due to the requirement of inserting probes, thus

the fluid dynamics in the vessel may be altered. On the contrary, global methods

which usually rely on optical detection or chemical reactions in the bulk fluid, are

non-intrusive. Global approaches allow the identification of unmixed zones in the

vessel. However, the measurements can be inaccurate if subjectivity is involved in

the interpretation of the measurements.
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Lee and Yianneskis (1997) developed a thermographic technique based on the use

of liquid crystals to characterise the transient mixing processes in stirred vessels. A

tiny amount of high temperature fluid (27°C) was injected into the bulk fluid with

slightly lower temperature (25.2°C). The liquid crystals were suspended in the bulk

fluid and would change colour upon the contact with the injected high-temperature

fluid. Mixing time was estimated based on the hue variation of the liquid crystals

and the results demonstrated the capability of this technique to obtain accurate

mixing time measurements. However, to extend the use of this technique to fluids

other than water, new types of liquid crystals that are neutrally buoyant in the

bulk liquid are required. Another non-intrusive technique developed by Le Coënt

et al. (2005) used two coloured powders to measure mixing time for viscous fluids.

Through the conjunction between image processing and box counting to determine

the location of powder particles, this technique provided reasonable mixing time

measurements. Laser-based technique such as planar Laser Induced Fluorescence

was also employed by some researchers to visualise mixing patterns on the laser

plane (Houcine et al., 1996; Hu et al., 2010).

Accurate mixing time determination in bioreactors is critical to minimise concen-

tration gradients that are deleterious to cell cultures. Colorimetric technique based

on the fast reaction between acid and base was adopted by a number of researchers

for cylindrical shaken reactors and Erlenmeyer flasks (Rodriguez et al., 2014, 2018,

2013; Tan et al., 2011; Tissot et al., 2010). Cabaret et al. (2007) employed this col-

orimetric method to quantify mixing time in stirred tanks and thoroughly analysed

the experimental procedures along with the image processing of this technique. In

this work, a single pH indicator was present in the bulk fluid and a video recording

of the decolourisation process was obtained. They demonstrated that the difference

between the ratio of acid and base resulted in micro-mixing when acid-to-base

ratio ≈ 1 or macro-mixing when acid-to-base ratio > 2, where micro-mixing re-
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ferring to the molecular diffusion processes occurring at the Batchelor scale and

macro-mixing referring to scales greater than the Kolmogorov scale (Godleski and

Smith, 1962). Melton et al. (2002) proposed the Dual Indicator System for Mixing

Time (DISMT) technique which employs two pH indicators for the visualisation of

the colour evolution. The DISMT technique provides a more objective and repro-

ducible way to determine mixing time in various vessels with numerous advantages,

including cheap reagents with low toxicity, simple readjustment of acid and base

concentrations, and reusability of reagents.

Tissot et al. (2010) employed the DISMT technique to measure mixing time in

cylindrical OSRs with nominal volumes ranging from 2 to 1500 L for fluids with

water-like viscosity. The impacts of shaking speed, fluid height, internal diameter

of cylinders and orbital diameter on the mixing process were investigated over a

range of agitation rates that are adapted for mammalian cell cultures. The fastest

mixing zone was identified near the wall of the cylinder, whilst a slow mixing zone

was found near the bottom of the reactor at low shaking speeds where mixing was

mainly accomplished by diffusion. The results showed that mixing time decreased

with increasing Froude number (Fr = πN(do+di)√
gdi

) and an increase of mixing time

occurred with reduced orbital diameter. The study demonstrated a correlation

between the free surface shape and the mixing regime, and that the mixing and

free surface dynamics in the 1500-L reactor mimicked those in a 30-L reactor by

keeping di/do and Fr constant.

A single indicator system was employed by Tan et al. (2011) to determine mixing

time in Erlenmeyer flasks without baffles. Bromothylmol blue was used as the

pH indicator that turned yellow and blue for pH less than 5.5 and greater than 6,

respectively. This work compared the mixing time measurements of shaken flasks

to those obtained in stirred tanks with different types of impellers (Rushton turbine,
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anchor paddle and EKATO-Mig impeller). Apart from a reduction in mixing time

observed in shaken flasks with increasing Reynolds number, similar mixing time

trends were exhibited for shaken flasks and stirred tanks with different types of

impellers. Mixing time is defined in this work as the time between the insertion of

an acid drop and the complete colour disappearance of the pH indicator. Therefore,

mixing time measurements obtained by the single indicator method only provide

a transient time indicating the pH of the bulk fluid to reach a selected threshold,

rather than achieving pH homogeneity. It is therefore necessary to take this fact into

account when comparing mixing times obtained by different techniques. Contrary

to the conclusions reported by Tissot et al. (2010), Tan et al. (2011) concluded that

no significant impact of orbital diameter on mixing time was noticed in shaken

flasks.

Rodriguez et al. (2013) investigated the mixing dynamics in OSRs with cylindrical

geometry by correlating the kinetic energy and mixing time measurements ob-

tained with phase-resolved PIV and DISMT technique, respectively. The results

demonstrated that mixing time in lab-scale cylindrical OSRs (di = 100 mm) was

highly affected by the feeding position. Insertion was recommended closer to the

wall of the bioreactor to achieve a more efficient mixing process as deformation of

initial blob and dispersion were enhanced by shear stresses created by boundary

layers. Feeding position near the centre of the bioreactor could induce an increase

in mixing time with increasing shaken speed, which most likely resulted from the

entrainment of the added base in the toroidal or axial vortices, for flow conditions

before or after the flow transition, respectively.

Another study conducted by Rodriguez et al. (2014) compared the mixing times

obtained for shaken cylindrical reactors and Erlenmeyer flasks by DISMT technique

to those of STRs. Through the comparison with previously reported results in
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both Erlenmeyer flasks and cylindrical OSRs under various operating conditions

(Tan et al., 2011; Tissot et al., 2010), they concluded that the mixing number

reduced significantly in OSRs with increasing shaken speed and proceeded to a

nearly constant value thereafter. In a few operating conditions, long mixing time

was obtained (e.g. greater than 100 seconds), which may be associated with the

presence of local concentrations of dissolved oxygen and could potentially affect

the productivity of bioprocesses. For example, Serrato et al. (2004) reported that

due to the prolonged period of time cell spent in low dissolved oxygen regions,

the growth and metabolism of the mAb were significantly affected. The study

suggested to use N/Ncr to account for various reactor sizes and fill volumes, rather

than simply using N, as the ratio takes the presence of flow transition between

in- or out-of-phase conditions into consideration. Furthermore, the variation of

mixing number with Fr/Frcr was demonstrated as an effective parameter in scaling

down/up between different reactor systems. A power law relationship was derived

to exhibit the trend, as shown in Equation (1.15).

Ntm = a(
Fr

Frcr
)−b + c (1.15)

where a, b and c are three constants accounting for different reactor sizes and

operating conditions. The value of c could be assumed in the range of 25 - 30 when

Fr/Frcr is sufficiently high.

The work of Rodriguez et al. (2018) extended previous mixing dynamics studies

in cylindrical OSRs to fluids with higher viscosities than water (ν = 1.9 × 10−6 -

1.37 × 10−5 m2s−1). The DISMT technique was employed to measure both the

macro-mixing time and the mixing time of segregated regions, as well as identify

the main flow structures. For low viscosity fluids, the flow in the reactors was

controlled by a vortical structure which also act as a segregated mixing zone at
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low shaken speed range. With increasing shaken speed, the main flow structure

changed to an axial vortex and the mixing process became faster at the sides of the

reactor. For viscous fluids, a radial flow moving towards the reactor centre and a

compressed vortical cell were observed at the right and left hand side of the reactor,

respectively. The mixing number for viscous fluids plateaued at Fr ≈ 1.6 - 1.8Frcr

which is in agreement with data reported for fluids with water-like viscosities. At

low shaken speeds, there were segregated mixing zones present in the bulk fluid

caused by the toroidal vortices. The rate of size decay of the segregated mixing

zones were measured and a linear decay was observed for low viscosity fluids. For

viscous fluids, the decay was four times slower due to the reduced fluid transfer

between the segregated region and the vortical structure.

All the aforementioned mixing time studies were conducted in lab-scale shaken

reactors. Conversely, the mixing dynamics in microwell plates were investigated to

a lesser extent despite the fact that they have been used extensively in early stage

bioprocess development for screening and process optimisation, before the process

can be implemented in conventional STRs. Microscale multi-well plates usually

have square or cylindrical cross-sectional shapes and various bottom designs, such

as flat, U-shaped or conical bottoms. Weiss et al. (2002) studied mixing dynamics

in 96-well microplates with round or flat bottoms by using a fluorescence pH sensor

and soluble pH indicators when shaken with do = 12 mm. The end point of mixing

process was very difficult to determine with this technique as the signal from the

fluorescence was indistinguishable from noises caused by mixing. Therefore, the

obtained mixing time results were generally longer than expected. Zhang et al.

(2008) measured mixing times in 24- and 96-well microplates with square geometry

by means of CFD for do = 3 mm and N in the range of 500 - 1500 rpm. They

found that the mixing process was more intense in the 96-well plate format due to

the presence of an axial fluid velocity component, which was not observed in the



1.3 Concluding remarks from the literature survey 30

24-well plate.

A review of recent mixing time studies in shaken reactors is summarised in Ta-

ble 1.1. It is evident in Table 1.1 that mixing time quantification has been conducted

by a number of researchers, however, the vast majority of them focused on Erlen-

meyer flasks and lab-scale cylindrical reactors. Despite the wide use of microwell

plates in bioprocess development, the mixing process in microwell plates was only

considered by two studies (Weiss et al., 2002; Zhang et al., 2008) more than a

decade ago and primarily by means of CFD and intrusive experimental technique

with practical limitations.

1.3 Concluding remarks from the literature survey

The preceding literature survey provided a review of engineering characterisations

in orbitally shaken reactors focusing on three major aspects - free surface dynamics,

flow dynamics and mixing dynamics. Other characterisations including power

consumption and solid suspension, and the mechanical stress present in OSRs and

its effects on cells were also discussed. The majority of engineering characterisa-

tions conducted in OSRs focused on lab-scale cylindrical reactors and Erlenmeyer

shaken flasks, the survey also presented a review on other types of OSRs with

more unconventional geometries. The main findings from the literature survey are

summarised as follows:

• Free surface dynamics: To understand the deformational motion of the free

surface during orbital shaking is fundamental to characterise the performance

of OSRs since a velocity field in the liquid is uniquely defined by the free

surface profile. In recent years, analytical approaches based on potential

flows was commonly employed by researchers to study sloshing in shaken

reactors for mixing purposes. The works of Reclari et al. (2014) and Bouvard
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et al. (2017) analytically and experimentally investigated the free surface

dynamics in lab-scale cylindrical OSRs, highlighting the importance of wave

behaviours on mixing efficiency. A mathematical solution based on the poten-

tial flow hypotheses was proposed to predict the free surface shapes at various

operating conditions. The validity of the model was assessed against large

number of experimental measurements obtained from a newly-developed

automated platform. A variety of free surface shapes were identified, includ-

ing waves with single or multiple crests, breaking waves as well as waves

with constantly changing shapes during the orbital motion. The potential

model provided accurate prediction of the free surface height as long as the

waves remain non-breaking. From the results, the free surface natural modes

and their sub-harmonics were also found in close association with the wave

behaviours.

The free surface dynamics in OSRs are closely related to the aeration process,

which is the rate of mass transfer at the interphase of liquid and gas. It is

vital for animal cell cultures to maintain adequate aeration as it provides

oxygen-enriched air contributing to the growth of animal cells. The aeration

process is in close association with the interfacial area at the free surface,

thus both experimental (Weheliye et al., 2013) and numerical (Discacciati

et al., 2013) methods have been proposed to measure the area in cylindrical

OSRs. On the other hand, the square geometry has only been investigated

briefly at the microwell scale for screening purposes, despite its application

in bioprocesses (Stettler et al., 2007).

• Flow dynamics: The fluid flow in OSRs is induced by the free surface defor-

mation resulting from the oscillatory motion of a shaker table. In addition to

the physical properties of the fluid, the flow dynamics in OSRs are affected by

a number of parameters, including the shaken speed, orbital diameter, reactor
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size and geometry, as well as the fill volume. Similarly to the characterisa-

tion of free surface dynamics, the majority of flow dynamics studies were

conducted in cylindrical OSRs. In order to identify scaling flow parameters,

Weheliye et al. (2013) carried out phase-resolved PIV measurements in two

cylindrical OSRs for a wide range of operating conditions and identified a

mean flow transition where the toroidal vortex present below the free surface

is replaced by an axial precessional vortex when reaching a sufficiently high

shaken speed. A flow scaling law based on the Froude number was derived to

predict the onset of the transition, and depending on the operating parameters,

the critical Froude number is estimated differently. Ducci and Weheliye

(2014) extended the flow dynamics study to viscous fluids and constructed a

Re-Fr map to identify different flow regimes. The PIV velocity data obtained

in Weheliye et al. (2013) were further processed by mode decomposition

methods of POD and DMD. The authors identified that the first and second

modes were responsible for the main oscillatory free surface motion for both

flow regimes. The percentage content of energy, on the other hand, differed

to a large extent between the two regimes. The decomposition techniques

provided an alternative way to study fluid dynamics in OSRs, other than the

traditional PIV technique.

Other engineering characterisations were also carried out in OSRs, such as

power consumption and solids suspension. Büchs et al. (2000) derived a

power consumption correlation based on a number of dimensionless num-

bers which facilitates the selection of appropriate operating conditions in

cylindrical OSRs. Microcarriers are commonly employed for the culture of

adherence dependent cells, and the production of recombinant proteins. The

first work that considered microcarrier suspension as a two-phase system in

cylindrical OSRs was conducted by Pieralisi et al. (2016). The suspended

Froude number which is determined by the critical Froude number reported
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by Weheliye et al. (2013), was found to scale well with shaken speed for h/di

> (do/di)
0.5. On the contrary, the Frs was constant at 1.1 × Frcr when h/di >

(do/di)
0.5.

A number of studies have looked at the responses of different types of cells to

the shear stress generated in OSRs. Cell damage is a common consequence

resulted from uncontrolled shear stress in bioreactors, however, shear stress

sometimes can also have positive impacts. It is thus essential to select

appropriate operating conditions in OSRs such that to control shear stress

carefully while maintaining high efficiency.

• Mixing dynamics: Accurate mixing time determination in shaken reactors is

critical to minimise concentration gradients that are deleterious to cell culture.

A technique based on two pH indicators (DISMT) was employed by Tissot

et al. (2010) to measure mixing time in shaken cylindrical containers. The

slowest mixing zone was identified near the bottom of the reactors, where

mixing was mainly completed by diffusion. A single indicator system was

used by Tan et al. (2011) to estimate mixing time in Erlenmeyer flasks, and

compared the results to those obtained in STRs. Contrary to the conclusions

drawn by Tissot et al. (2010), the authors found that the orbital diameter did

not significantly affect mixing time in the flasks. Rodriguez et al. (2013) con-

ducted mixing time measurements in lab-scale cylindrical OSRs by DISMT

technique and identified two mixing regimes, in-phase and out-of-phase,

corresponding to the flow transition phenomenon reported by Weheliye et al.

(2013). Their results indicated that mixing time in cylindrical reactors was

also affected by feeding pipe position. For both regimes, insertion was rec-

ommended close to the walls where wall boundary layer shear stresses are

greater. Another study conducted by Rodriguez et al. (2014) compared the

mixing times obtained for shaken cylindrical reactors and Erlenmeyer flasks
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to those of STRs. The study suggested to use N/Ncr to account for various

reactor sizes and fill volumes, rather than simply using N, as the ratio takes

the presence of flow transition into consideration. They also demonstrated

two dimensionless parameters, namely the Ntm and Fr/Frcr, could be suc-

cessfully applied to the scaling up/down between different shaken reactor

systems.

Microscale technologies such as shaken microwell plates have been used

extensively in early bioprocess development for screening and process op-

timisation, before the process can be implemented in conventional STRs.

Through a thorough review of mixing time investigations conducted in re-

cent years, it was found that there were few studies focusing on the mixing

dynamics in microwell plates, despite the wide use of them in bioprocess

development.

1.4 Aims and objectives

From the literature survey, it is evident that the deformational motion of free surface

is a fundamental phenomenon of shaken bioreactors and directly or indirectly affects

numerous parameters relating to cell culture growth and production efficiency.

A number of previous studies have considered the engineering characterisations

in lab-scale cylindrical OSRs, however, very few authors focused on lab-scale

square OSRs and microwell plates, despite their wide use in bioprocessing. From

this perspective, the present work aims at investigating the free surface and flow

dynamics in lab-scale square reactors and the mixing dynamics in several microwell

plate formats, to bridge the gap between OSRs with different geometries and scale

and to assess their suitability in the production of cell cultures. To this end, the

following objectives of the present study were identified:
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• To develop a robust and effective methodology to visualise the free surface

movement in square OSRs and measure the height variation of free surface

along the orbital movement for various operating conditions, including dif-

ferent combinations of reactor size, fill volume, orbital diameter and shaken

speed.

• To obtain both phase-resolved and ensemble-averaged velocity field measure-

ments in square OSRs by employing Particle Image Velocimetry technique at

all operating conditions used in the free surface dynamics characterisation.

• To further process the velocity data obtained in square OSRs by Proper

Orthogonal Decomposition technique to gain a more comprehensive under-

standing of flow dominant features in square reactors.

• To compare the free surface and flow dynamics results obtained in square

OSRs to those in cylindrical OSRs with similar dimensions, with the aim

to unveil the similarities and differences between the two geometries and

identify effective scaling parameters.

• To extend the DISMT technique and its corresponding image processing

algorithms established for larger shaken reactors down to intermediate-sized

and microwell systems of different geometries for significantly reduced

shaking orbital diameters and assess the effects of fluid properties (viscosity

and surface tension) on mixing time.

• To assess the validity of the scaling law established in lab-scale cylindrical

reactors based on Ntm and Fr/Frcr in smaller OSRs with reduced orbital

diameter and potentially identify more effective scaling parameters.
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1.5 Thesis outline

The remainder of the thesis comprises of five chapters. In the following chapter, the

shaken reactor configurations investigated, along with the experimental set-up and

methodologies used for the characterisations of free surface heights, flow dynamics

and mixing time are described. A brief outline of the working principle of PIV is

also given together with the selection of experimental conditions.

Chapter 3 presents the free surface dynamics results of OSRs with a square ge-

ometry obtained by measuring the wave amplitude for a wide range of operating

conditions. The similarities and key differences between cylindrical and square

geometries in terms of free surface dynamics are also discussed. Two methods, one

based on Froude number, and the other one based on potential function and natural

frequency, were proposed to investigate the flow transitions in square OSRs.

The mean flow and hydrodynamic environment present in square OSRs was de-

termined by means of 2D PIV in Chapter 4 for the same experimental conditions

investigated in Chapter 3. The velocity field measurements were further processed

by POD to extract the most energetic coherent structures within the flow and the

results were used to identify effective scaling parameters.

In Chapter 5, the DISMT technique was applied to measure mixing times in

intermediate-sized OSRs and microwell systems shaken with significantly reduced

orbital diameter. The impacts of various parameters including well size and geome-

try, fill volume, orbital diameter, fluid viscosity and surface tension on mixing time

were also evaluated.
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Finally, Chapter 6 presents the overall conclusions of the present study, in addition

to future work recommendations.
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Fig. 1.1 Different reactors currently used for orbital shaking, including microtitre
plates, TubeSpin containers, Erlenmeyer flasks, lab-scale reactors and production-
scale reactors, as well as the translation challenge between OSRs and STRs.



Chapter 2

Methodology

2.1 Introduction

In this chapter the configurations of the bioreactors employed in the present work

and details of the experimental techniques are presented. Reactors of different

sizes, cross-sections and bottom designs were used and are described in Section 2.2.

These were shaken on shaker tables of different orbital diameters and shaken

speeds. Section 2.3 describes the approach and experimental rig used for free

surface visualisation. The PIV and POD techniques used to obtain velocity field

measurements and analyse flow structures, respectively, in square lab-scale reactors

are detailed in Section 2.4. Section 2.5 outlines the the experimental rig and

DISMT technique employed for mixing time measurements in microscale and

intermediate-sized wells and the chapter ends with some concluding remarks.

2.2 The orbital shaker and bioreactor configurations

2.2.1 The orbital shaker platform

Two different shaken platforms were employed in this work to provide orbital

shaken movement for different reactors. The platform used for free surface and
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flow dynamics investigations was the LS-X shaker manufactured by Kühner AG, a

picture of which is provided Figure 2.1a. The shaker table is commonly employed

for cell cultivation in bioprocess industry as it provides a steady and smooth orbital

motion with low energy consumption and accurate control. One of the advantages

of this platform is that the orbital diameter, do, can be adjusted at any time with

partial disassemble of the shaker. The three standard orbital diameters used for cell

cultivation are 15, 25 and 50 mm, with corresponding shaken speed ranges of 20 -

500, 20 - 400, and 20 - 300 rpm, respectively. The speed can be adjusted on a touch

pad interface with an accuracy of ± 0.1 rpm. A universal tray is fitted on top of

the shaker which allows the sitting of different types of holders and bioreactors,

including microwells, Erlenmeyer flasks, test tubes or customer made holders, as

shown in Figure 2.1b.

The original shaker has been modified by coupling a magnet fixed on the rotary

shaft which is triggered by a Hall effect encoder on the table. A signal is generated

when the encoder faces the magnet and the signal is transferred to a timing box

which is connected to the measurement device (different types of camera depending

on the technique employed) at any specific phase angle over the circuit orbit, with

a 1◦ angular resolution. A coordinated system was used with the origin of the

angular coordinate ϕ set to the point furthest to the left when the system is seen

from above along its clockwise orbital motion (i.e. ϕ increases clockwisely), as

shown in Figure 2.2. This coordinate system has been adopted by a number of

studies on shaken reactors, including Weheliye et al. (2013) and Rodriguez et al.

(2013), thus the same reference system was chosen and used for the rest of the

thesis to allow a direct comparison with previous works.

The second shaken platform employed for conducting mixing time measurements

in microwells and intermediate-sized reactors is the Eppendorf ThermoMixer®C,
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which is used for heating, cooling and mixing purposes for different plate formats.

The thermal control function was not used in this work and all mixing time experi-

ments were conducted at room temperature. The shaker is characterised by a fixed

orbital diameter, do = 3 mm, and the range of speed available is between 300 to

3000 rpm at intervals of 50 rpm.

2.2.2 Bioreactor configurations

A summary table of the reactor geometrical characteristics and the schematic

diagrams of all bioreactor configurations together with the corresponding techniques

applied for investigation are provided in Table 2.1 and Figure 2.3, respectively. All

reactors employed in this work were purposely built by the Biochemical Engineering

Workshop at University College.

2.2.2.1 Free surface measurements and flow characterisations

For the free surface and flow characterisation experiments, two square reactors with

widths, a = 62 and 89 mm, were used, corresponding to cross-sectional areas of

3844 and 7921 mm2, respectively. The size of the square reactors was selected to

best compare with the data obtained by Weheliye et al. (2013) for two cylindrical

vessels having the same cross-sectional area. The reactors were made of acrylic

plastic with height and wall thickness of 250 and 4 mm, respectively. Both reactors

have a transparent flat bottom design to allow optical access.

To allow direct comparison between square and cylindrical OSRs in terms of free

surface dynamics, the newly-developed free surface measurement technique was

also applied to the two cylindrical reactors used by Weheliye et al. (2013). The

cylindrical reactors were made of borosilicate glass with di = 70 and 100 mm,

respectively. Unlike square reactors whose sides are flat, a Plexiglass square trough
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filled with distilled water is required to place the cylinder inside to minimise

diffraction caused by its curved face during these experiments. The reactors were

adequately sealed to prevent contamination of the fluid inside from water contained

in the square trough. Similarly to square reactors, the cylinders also have flat and

transparent bottom design. (cf. Table 2.2).

2.2.2.2 Mixing time measurement

Two single well mimics made of acrylic plastic were used for mixing time measure-

ment, having the same geometry as one well from commercial 24 deep square well

(24 DSW) and 24 standard round well (24 SRW) plates, respectively. The square

well has a conical bottom with hydraulic diameter and vessel height of 17.1 and

44.0 mm, respectively, while the cylindrical well has a flat bottom with internal

diameter and reactor height of 15.6 and 44.0 mm, respectively. The square well

is a complete mimic of an individual well of 24 DSW plate (i.e. the same di and

hr), while the hr of the cylindrical well was increased from 17 mm (height of the

original well in 24 SRW) to 44 mm to allow larger volumes to be assessed.

To bridge the gap between shaken microwell systems and lab-scale OSRs, two

intermediate-sized reactors with square and cylindrical geometries were designed.

Both the cylindrical and square reactors have flat bottom and the same cross-

sectional area with internal and hydraulic diameters of 40.0 and 35.4 mm, respec-

tively. The reactors were made of acrylic glass with a height of 125 mm. (cf.

Table 2.3).

2.3 Free surface measurements

It is essential to evaluate the free surface motion within shaken reactors during

orbital shaking as the free surface shape uniquely defines the velocity field and
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the resulting hydrodynamic moments, according to the liquid sloshing model from

Ibrahim (2005). A number of optical approaches have been developed to reconstruct

the free surface motion based on the light diffraction (Jähne et al., 1994; Zhang,

1996; Zhang and Cox, 1994). However, the application of these protocols to OSRs

is usually hindered by the short and steep surface wavelets in shaken reactors, which

increases the extent of light diffractions. Zhang et al. (2009a) attempted to measure

the free surface height for a 30 L cylindrical OSR by mounting a ruler on the

wall of the container to determine the minimum and maximum heights reached at

different shaking speeds. Although this method provide acceptable agreement with

the simulated results, there was a degree of subjectivity involved and was deemed

not appropriate for automated measurements. Therefore, a new optical approach to

capture the variation of the free surface at any location along the wall of a shaken

reactor during orbital shaking motion is proposed and described in this section.

2.3.1 Experimental setup

The experimental set-up for free surface measurements is displayed in Figure 2.4.

The main components of the rig included the Kühner LS-X lab shaker, the biore-

actor, a camera (iPhone 8 with slow motion recording mode) and an LED light

(Otinlai LED Motion Sensor Light).

The reactor was positioned at a level above the universal tray of the shaker table to

allow the attachment of a stripe LED white light underneath its transparent bottom

to provide a uniform illumination of the free surface. The camera with frame rate

of 240 Hz was rigidly fixed on the shaker table with its lens at approximately the

same level as the free surface of the reactor and at a distance of approximately

200 mm away from the reactor to allow capturing the entire free surface. The

distance between the camera and the reactor was slightly adjusted for different
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operating conditions, as the free surface height varies significantly between low

and high shaking speeds. The camera moved together with the reactor, thus they

both had the same reference system. Similarly to the work of Reclari et al. (2014),

a small amount of white dye (less than 1% of the total liquid volume) was added

to the bulk fluid to enhance contrast. The recording process was carried out in a

dark environment to further improve the free surface identification. Videos were

acquired with a pixel resolution of 1920 × 1080 in a dimension of 16 : 9 format for

a range of shaken speeds.

2.3.2 Free surface visualisation and measurement

For each experiment, at least 20 revolutions were allowed for the flow to fully

establish in the reactor at a particular shaking frequency prior to the start of the

video recording. Ten revolutions were acquired for each experiment after the full

development of the flow and the phase average of the ten revolutions were computed

as the final free surface height for a particular operating condition to minimise

statistical error. It should be noted that the frame rate of the camera was adapted

to the shaking frequency of the shaker table when performing the phase average

calculations.

By employing an appropriate video processing algorithm, the free surface height of

every frame of the video was obtained. The free surface at the side of the reactor

wall that is closest to the viewer was identified as those points possessing the highest

light intensity. It should be noted that the free surface is relatively easy to identify

at low shaken speeds since it exhibits a clear distinction from the background, as

shown in Figure 2.5a. Several points might be illuminated along a vertical line

at high shaken speeds (see Figure 2.5b) and in these cases the highest point is

identified as the required value. The elevation of free surface, η , and its variation
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with phase angle, ϕ , were obtained at three different locations along the frontal

side of the square reactors: a quarter, half and three quarters of the reactor side.

The free surface heights at these three locations are referred to as ηl , ηc and ηr,

corresponding to η at left, centre and right, respectively, as shown in Figure 2.6a.

To compare the free surface dynamics between square and cylindrical geometries,

the free surface elevation at the centre of the cylindrical reactors, ηc, was also

obtained, as shown in Figure 2.6b.

2.3.3 Experimental conditions

The free surface measurements were performed in two square reactors (a = 62

and 89 mm) and two cylindrical reactors (di = 70 and 100 mm). For each reactor,

three orbital diameters, do = 15, 25 and 50 mm, which are the three characteristic

orbital diameters of the LS-X shaker table, were assessed. The shaking speed range

investigated for do = 15 and 25 mm was between 60 to 160 rpm, while for do = 50

mm, the range was between 30 to 125 rpm. To investigate the effect of fill volume

on free surface dynamics, three fluid heights at do = 25 mm were also obtained in

each reactor, corresponding to h/di = 0.3, 0.5 and 0.7. The effect of fluid viscosity

was not considered in this work, therefore distilled water was employed as the

working solution for all conditions evaluated. The full operating conditions are

provided in Table 2.2.

2.4 Flow analysis by PIV and POD

Particle Image Velocimetry (PIV) technique was employed to measure the velocity

fields in square shaken reactors. The obtained velocity data were further analysed

by Proper Orthogonal Decomposition (POD) to gain a more in-depth understanding

of the flow dynamics within the reactors. The details of the two techniques are

described in this section.
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2.4.1 Particle Image Velocimetry

2.4.1.1 Principles of operation

PIV is a non-intrusive optical measurement technique commonly employed to

obtain instantaneous velocity field reconstruction in a plane within the flow region

(Adrian, 1991). The main difference between PIV and other flow measurement

techniques such as Laser Doppler Velocimetry and Hot Wire Anemometry, is that

PIV produces 2D, or even 3D velocity fields, while other techniques measure veloc-

ity only at a point. This technique has been used for over 30 years and has been

applied to a wide range of flows, including stirred tanks, Taylor-Couette systems

and other reactors that are commonly employed in the chemical industry. Since PIV

is a well-established technique, only a brief introduction of its working principle is

provided in the present section.

A typical PIV measurement apparatus consists of a laser light source (usually

equipped with a cylindrical lens for the conversion of light beam to a sheet), a

digital camera and the fluid under investigation seeded with tracer particles. Seeding

particles form a critical component of the technique as they must follow the flow to

provide an accurate measurement of its velocity. A schematic diagram showing the

working principle of PIV is provided in Figure 2.7. The flow field is illuminated

by a uniform sheet of laser light with a thickness of approximately 1 - 2 mm. The

seeding particle movements as they follow the flow in the containers are captured

by a high-speed camera recording two images taken at a known time interval.

The digital image processing stage involves background noise removal, smoothing,

binary image conversion, particle labelling and particle relative motion measure-

ments. The recorded images are divided into small areas called "interrogation

windows" (IW) whose size is carefully selected to include approximately 3 to 10
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seeding particles per window. Statistical methods such as cross-correlation are

usually employed to obtain the local displacement, ∆x, within the interrogation

window area. Subsequently, the velocity is computed as ∆x/∆t, where ∆t is the time

interval between two laser pulses. A velocity field over the whole area of interest is

obtained by repeating the cross-correlation step for each interrogation window on

the two images captured. It is also a common practice to overlap adjacent IWs by

not recorrelating particles in the portion of the new window that overlaps the old

with the aim to increase the efficiency of vector calculation.

2.4.1.2 PIV experimental setup

In this work, horizontal plane PIV measurements were carried out to obtain both

ensemble-averaged and phase-resolved velocity fields in the two square reactors.

As illustrated in Figure 2.8, the PIV experimental set up comprises a continuous

green diode laser, an intensified high speed camera, a mirror and the square shaken

reactors, all of which were mounted rigidly on the shaker table tray. The laser

source had a head dimensions of 30 × 50 × 120 mm, with an output power rating of

300 mW and a wavelength of 532 nm. A horizontal light laser sheet, approximately

1 mm thick, was created by mounting a cylindrical lens at the front of the laser.

The camera used to capture the particle motion was NanoSense MKII high speed

camera manufactured by Dantec Dynamics A/S, Denmark. The photons entering

the camera lens were amplified by the intensifier to allow short exposure times. The

flow was visualised by the addition of 50 µm rhodamine-coated spherical particles,

and an orange filter with cut-off wavelength of 580 nm mounted on the camera lens

to minimise reflections created by the laser at the free surface and reactor walls. As

shown in Figure 2.8, to obtain horizontal plane PIV measurements, the camera was

positioned underneath the laser source and captured the motion of seeding particles

from the mirror inclined at 45◦ under the square reactor. A cylindrical coordinate

system, (r, θ , z), was adopted throughout the analysis of this work with the origin
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positioned at the axis of the reactor on its base. The laser sheet was generated at

heights of 15 and 21 mm above the reactor base in the two square tanks of a = 62

and 89 mm, respectively, resulting in the same value of z/a = 0.24. The height of

the laser plane was chosen carefully to ensure that it remains below the free surface

at all operating conditions investigated to avoid shadows and reflections generated

by the oscillation of the free surface.

As described in Section 2.2.1, a magnetic encoder was installed on the shaker table

to allow the identification of ϕ = 0◦ which triggers the camera by producing a signal

via the timing box. Ensemble-averaged measurements with resolution of two to

three degrees were taken over a period of 6 revolutions of the shaker table. This

allowed to calculate the ensemble averages from a total of 21,600 vector fields,

which were later post-processed with POD to identify flow-dominant structures. It

should be noted that for different shaken speeds employed, the time interval (∆t)

had to be adjusted through the Dantec Dynamic Studio software, such that images

were obtained at every one degree along the orbit (i.e. 360 images were taken

for one revolution). For instance, at N = 100 rpm, ∆t was set as 600 Hz which is

equivalent to 1.667 ms between two consecutive images. Phase-resolved velocity

measurements at a particular phase angle were obtained by averaging 60 velocity

fields at the corresponding ϕ . Moreover, all experiments carried out in this work

were performed at room temperature (20◦C). All operating conditions conducted

for free surface measurements in the two square tanks (summarised in Table 2.2)

were also investigated by PIV to obtain velocity measurements.

2.4.1.3 Post-processing and data analysis

The images obtained were processed with a three-pass adaptive correlation analysis

method with initial and final interrogation windows of 256 × 256 pixels and 32

× 32 pixels, respectively, and 50% interrogation area overlap. This resulted in a
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final spatial resolution of 1.33 × 1.33 mm2 and 1.16 × 1.16 mm2 for the square

reactors with a = 62 and 89 mm, respectively. The adaptive correlation method was

selected for analysis as it provides multi-scale correlation, where velocity vectors

are estimated in larger interrogation windows first and the results are subsequently

used as the input for the next step with a smaller interrogation window of improved

accuracy. The effect of the interrogation window size on the velocity field calcu-

lations was illustrated in Figure 2.9 on a horizontal plane at an elevation of z/a

= 0.24. Both radial component, ur, (Figure 2.9a) and tangential component, uθ ,

(Figure 2.9b) of the velocity were compared for two sizes of interrogation windows

- 32 × 32 and 16 × 16 pixels, both with a window overlap of 50%. It is evident on

Figure 2.9 that there was no significant difference in the velocity profiles between

the two IW sizes for both ur and uθ . However, the IW32 size was selected for all

PIV processing throughout this work as it produces lower levels of random errors

compare to the IW16 size. The occurrence of large number of random errors in the

16 × 16 pixel size could possibly resulted from the fact that too few particles were

present in the window due to its small size. It is worth noting that a mask created in

the GIMP software was applied to the velocity field during processing as previous

works demonstrated that mask provided better velocity profile near the reactor wall.

An open source and platform independent software package, namely JPIV, was

employed for image pair correlation in this work. First of all, each image pair

was correlated in JPIV and subsequently a normalised median test was executed to

identify any spurious vectors on all correlated vector maps. As demonstrated in the

work of Westerweel and Scarano (2005), the PIV cross-correlation process could

be enhanced by employing a single threshold value and a fluctuation value to detect

and remove erroneous vectors from the correlation results. Therefore, a threshold

and a noise level with values of 2.0 and 0.1, respectively, were selected for the

median test and applied to all vector processing (Westerweel and Scarano, 2005).
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A built-in function in JPIV was used to replace all identified erroneous vectors with

the median value of 8 surrounding vectors. Subsequently, a 3 × 3 median filter

in JPIV was applied to replace every vector by the median value of surrounding

vectors. Finally, the obtained velocity maps in JPIV were further processed in

MATLAB (Mathworks, USA) by purposely-written scripts.

As the camera acquires images in pixels, a critical step to obtain meaningful velocity

measurements is the conversion to a physical dimension (e.g. millimetre). The

calibration factor (CF) was calculated based on the side of the square reactors.

For example, for the smaller square reactor (a = 62 mm), the number of pixels on

the acquired images from one side to the other was approximately 738.6 pixels

(found in the GIMP software), thus the calibration factor was calculated as 0.0839

mm/pixel.

2.4.1.4 Sources of errors in PIV measurements

The complex nature of PIV technique generates several sources of uncertainty

including both systematic and statistical errors. Moreover, the method used to

estimate the calibration factor can also introduce possible uncertainties.

Systematic errors The principal systematic error of PIV measurement is the

alignment of the laser with the horizontal plane at the desired height. This uncer-

tainty was addressed in this work by ensuring that all seeding particles over the

entire interrogation region were in focus prior to the measurement. The alignment

process of the laser and the camera should be re-adjusted if only part of the seeding

particles was in focus. A second source of systematic uncertainty comes from the

alignment between the encoder and the phase angle ϕ at 0◦ which corresponds to

the furthest left position of the shaker tray. This issue was addressed by marking

the position furthest to the left of the shaker tray on the shaker table and placing the
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zero of a ruler to the marked position. The shaker tray was moved slowly around the

0◦ position until a signal was generated on the oscilloscope which was connected

to the encoder. If the marked position on the shaker table was not aligned with the

zero of the ruler, the position of the magnetic component of the encoder coupled

on the shaker table was adjusted and the previous procedure was repeated until

the marked position perfectly matches the zero on the ruler. Another systematic

error was associated with the seeding density of the tracer particles in the fluid. An

appropriate density is required as high density can affect the illumination and makes

data collection more difficult, while low density can lead to bias in the subsequent

cross-correlation analysis to measure particle displacement. The concentration

of the seeding particles used throughout PIV measurements in this work was 0.5

µL/mL.

Statistical errors The ensemble-averaged velocity field for each condition was

averaged from a total of 21,600 instantaneous measurements which is far greater

than the majority of published works where an average number of 500 images is

usually used. Therefore, the main purpose of the following reproducibility test

was to determine an appropriate sample size for phase-resolved measurements to

minimise statistical errors. To this end, the mean velocity magnitude was obtained

according to Equation (2.1) for different sample sizes, Ns:

|⟨ur⟩+ ⟨uθ ⟩|=

√
∑

Ns
i=1(u

2
ri +u2

θ i)

Ns
(2.1)

where uri and uθ i are the radial and tangential components of the velocity for the

ith experiment, respectively. The test was performed for a condition of do/a =

0.28, h/a = 0.5, Fr = 0.09 and ϕ = 0◦ and four random points were selected from

the horizontal plane to compare the effect of sample size on their main velocity

magnitude. Figure 2.10a shows a typical velocity field at ϕ = 0◦ and the location of



2.4 Flow analysis by PIV and POD 53

the four points selected, denoted as A, B, C and D. It is evident on Figure 2.10 that

the mean velocity magnitude of the four points considered converges to a nearly

constant value for a sample size greater than 60. Since the PIV measurements for

each experiment consist of 6 revolutions and 10 repetitions were carried out for

each condition, a total of 60 measurements were obtained at each phase angle which

is just enough for obtaining a reliable phase-resolved measurement based on the

reproducibility test.

2.4.2 Proper Orthogonal Decomposition

POD is one of the well-known techniques that has been applied to high-dimensional

systems to reduce model orders and produce low-dimensional approximate de-

scriptions. One of the earliest phenomena investigated by means of POD to reduce

models was turbulent flows (Berkooz et al., 1993). Since then, POD has successfully

been applied to a broad range of flows in stirred tank reactors (de Lamotte et al.,

2018; Doulgerakis et al., 2009, 2011; Ducci et al., 2008; Hasal et al., 2000; Line,

2016), and most recently to shaken reactors with a cylindrical geometry (Weheliye

et al., 2018), to extract the most energetic modes from a set of velocity fields.

2.4.2.1 Mathematical concept of POD

POD can be utilised to decompose any ensemble data (scalar or vector, obtained

from experimental measurements or numerical simulations) and can be considered

as a statistical approach to maximise the energy over the complete ensemble. Let

V be an unsteady flow field matrix which is composed of n temporal sequences of

flow fields, also known as “snapshots”:

V = v1(x, t1),v2(x, t2), . . . ,vn(x, tn) (2.2)
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where vi denotes the ith velocity field snapshot of m spatial elements. The time

interval between consecutive snapshots is ∆t (e.g. t2 - t1 = ∆t).

The POD method aims to find a set of functions ΦΦΦ(x) that maximise the mean

square projection of V , as shown in Equation (2.3):

⟨|(v(x, t),ΦΦΦ(x))|2⟩
||ΦΦΦ(x)||2

(2.3)

where ⟨.⟩, (., .), |.| and ||.|| denote the ensemble average, the inner product, the

modulus and the norm generated by the inner product, respectively. The error of

the orthogonal projection is thus minimised as the functions ΦΦΦ(x) span a subspace

of the snapshots V . This optimisation problem is equivalent to an eigenfunction

problem according to the calculus of variations (Lumley, 1967):

1
m

RΦΦΦ = λΦΦΦ (2.4)

where λ and ΦΦΦ denote eigenvalues and eigenvectors (namely the POD modes). R is

the tensor product matrix and in discrete case it can be expressed in Equation (2.5):

Rm×n =
1
n

Vm×nV T
n×m (2.5)

The POD modes can be written as Equation (2.6), since v and ΦΦΦ are in the same

linear space (Sirovich, 1987):

ΦΦΦ
k =

n

∑
i=1

qk
i vi,k = 1,2, . . . ,n (2.6)

where qk is the kth eigenvector of the correlation matrix C obtained by Equa-

tion (2.7):
1
n

Cq = λq (2.7)
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where the correlation matrix is defined as Cn×n = (1/m)V T
n×mVm×n and the eigen-

vector, q, solves this eigenvalue problem. The “energy” of the kth mode ΦΦΦ
k is

given by the eigenvalue λ k, but the exact meaning of the “energy” depends on the

definition of the inner product in Equation (2.2). For instance, if vi is defined as

velocity in Equation (2.2), λ k represents the kinetic energy of the kth POD mode

with corresponding energy proportion shown in Equation (2.8):

Ek =
λ k

∑
n
k=1 λ k (2.8)

The POD modes ΦΦΦ can be sorted by the corresponding energy content (eigenvalue)

in the descending order: λ 1 > λ 2 > · · · > λ n. As a result, the original flow field

is decomposed by the POD method into a series of spatial modes ranked by their

energy proportions and can be expressed as a linear form as shown in Equation (2.9):

v(x, t) =
n

∑
k=1

ak(t)ΦΦΦkkk(x) (2.9)

where ak(t) is the temporal coefficient reflecting the temporal evolution.

2.4.2.2 POD analysis of square OSRs

Similarly to the work of Weheliye et al. (2018) who employed POD to investigate

the flow dynamics of cylindrical OSRs, the same analysis was applied to the PIV

velocity data in the two square tanks.

The velocity fields at a specific location can be decomposed as:

u = u+u′ (2.10)

where u, u and u′ are the total, mean and fluctuating velocity fields, respectively.

By applying the POD technique, the fluctuating part of the velocity field u′ was
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decomposed to the temporal coefficient an and the spatial eigenfunction ΦΦΦnnn, both

of which are associated with the nth mode, as shown in Equation (2.11)

u′ =
N

∑
n=1

an(t)ΦΦΦnnn(x) (2.11)

The fluctuations of all the snapshots taken at each time, t, were re-arranged in the

matrix form shown in Equation (2.12),

U =



u′(x1, t1) u′(x1, t2) · · · u′(x1, tN)

u′(x2, t1) u′(x2, t2) · · · u′(x2, tN)
...

...
...

...
...

...

u′(xM, t1) u′(xM, t2) · · · u′(xM, tN)


(2.12)

so that each row contains all successive measurements at a location from x1 to xM

while each column contains all velocity fluctuation measurements at a given time

from t1 to tN .

To filter out experimental errors and turbulence, the large scale flow features in the

square reactors were reconstructed by a Low Order Model (LOM) based on the

first four modes. Similarly to cylindrical reactors (Weheliye et al., 2018), the first

four POD modes were found to sufficiently represent the dominant flow features in

square OSRs.

2.5 Mixing time measurement

Mixing time measurements were conducted in two intermediate-sized reactors and

two microwells for a small orbital diameter shaker by a global technique, namely

the Dual Indicator System for Mixing Time (DISMT), first introduced by Melton
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et al. (2002) and successfully adapted to estimate the mixing time in shaken systems

(Rodriguez et al., 2014; Tissot et al., 2010).

2.5.1 Experimental setup

The experimental set up is shown in Figure 2.11, where measurements were made

using an Eppendorf ThermoMixer®C, with a fixed orbital diameter, do = 3 mm.

In the set up, different wells (either intermediate or microscale) can be screwed

into a plate, which is placed in the plate holder on the ThermoMixer. An extension

arm was built on the plate to allow the synchronisation of the movement of the

NET NS4133CU iCube camera (1280 × 1024 pixel resolution) and the shaker. The

camera shared a stationary reference system with the reactor thus lessening the

difficulty of subsequent imaging processing. The distance between the camera and

the reactor is adjustable which maximises the field of view to allow the capture of

the entire working volume in the wells.

An 8 LED OMC panel with 580 mcd light source was fixed at the back of the plate

holder to reduce background noises and provide uniform illumination. The white

LED light rotated with the whole shaken system thus ensuring a consistent light

intensity produced throughout the experiment. An encoder was used to obtain phase-

locked images, i.e. only one image corresponding to the maximum inclination of

the free surface was recorded per revolution. The phase-locked images resulted in

significant simplification of image processing as the free surface was “freezed” thus

no need to take the cyclic variation of the free surface into consideration. A 20 µ

L Gilson pipette, attached to a clamp stand, was used for the addition of base to

initiate the chemical reaction. The clamp stand ensured the feeding location and

height were consistent for each experiment.
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2.5.2 DISMT technique

2.5.2.1 Reagent preparation and experimental procedures

The technique used to estimate mixing time in smaller shaken systems was adapted

from the method developed by Melton et al. (2002), namely Dual Indicator System

for Mixing Time. As the name implies, two acid-base pH indicators - methyl red

and thymol blue, were present in the bulk solution, which allow a direct visualisa-

tion of pH change, with fluid being red, blue and yellow for pH values less than

6.3, greater than 8 and between 6.3 and 8, respectively. The colour change of the

solution was initiated by adding small amount of sodium hydroxide, where the

base rapidly react with the hydrochloric acid that is already present in the bulk

solution. The colour change of the solution only occurs when reactants have been

mixed at the molecular level for such a reaction-based technique, thus avoiding the

“micromixing” phenomenon associated with dilution-based techniques. The capture

speed of the iCube camera is 16 frames per second, therefore allowing short mixing

time, even less than 0.1 second, to be effectively determined.

The stock solution of pH indicators was prepared in 70% ethanol and the working

reagent for DISMT test was prepared in de-ionised water containing thymol blue

(Fisher Scientific) and methyl red (Fisher Scientific) solutions, with percent concen-

trations of 4.67 × 10−3 v/v and 4.26 × 10−3 v/v, respectively. Sodium hydroxide

was subsequently added to the well-mixed red solution in increments of 2 µL until

a bright yellow colour was obtained. The pH value of the DISMT working solution

should be checked by benchtop pH meter regularly to ensure the colour evolution

process is clear. The desired volume of DISMT solution was measured into the well

and it was acidified initially by adding small amount of 0.075 M HCl. The solution

was red at the beginning and the reactor between acid and base was initiated by

the insertion of the same amount of 0.075 M NaOH after the flow in the well was
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fully established (usually 20 revolutions were allowed to develop the flow). The

detailed solution preparation protocol for DISMT test is provided in Appendix A.

Each condition was repeated 10 times to reduce the statistical error and the average

of the 10 measurements was used as the mixing time. The working fluid could be

re-used up to three times before replacing it with a fresh solution.

2.5.2.2 Image processing

The image analysis routine and standard deviation method already employed by

Rodriguez et al. (2014) who measured mixing time in lab-scale cylindrical OSRs

were used in this study to obtain objective mixing time results and allow direct

comparison with larger shaken reactors. This image analysis method was firstly

introduced by Cabaret et al. (2007) who identified and quantified poor mixing zones

in bioreactors.

The NET iCube camera acquired images in the RGB format, a model based on the

theory that three primary additive colours (red, green and blue) can be used to create

any visible colours such that each pixel in the acquired image comprises of different

intensities of red, green and blue channels (Boughen, 2003). Figure 2.12 shows a

typical variation of the three RGB values with the number of shaking revolution,

Nt, for a randomly-picked point in the square well. The green channel exhibited

a sigmoidal shape which was consistent with the colour evolution of the solution

(from red to yellow). Therefore, the green channel was selected for further analysis.

A systematic error in estimating the mixing time is associated with this method

as a 2D camera was used to investigate the mixing dynamics in a 3D reactor.

For example, the colour intensity for a point on the axis of the reactor would

be different from that of a point near the wall of the reactor. To eliminate this

uncertainty resulted from inhomogeneity across the reactor volume, the normalised
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green channel intensity of each pixel was used in the estimation of mixing time

according to Equation (2.13):

G∗
i, j(t) =

Gi, j(t)−Gi, j(t0)
Gi, j(t∞)−Gi, j(t0)

(2.13)

where indices i and j are associated with a pixel and Gi, j(t0) and Gi, j(t∞) denote the

green intensity of a pixel at the beginning and end of the experiment, respectively.

Fully mixed conditions were reached when the standard deviation, σG∗ , had reached

the desired degree of homogeneity. The final mixing time, tm, was estimated as

the average time required to achieve 13 degrees of homogeneity (in the range of

92-98%), as demonstrated in Equation (2.14) by Micheletti et al. (2003):

tm =
13

∑
i=1

ti
13

(2.14)

where ti represents the mixing time for a specific degree of mixing. This method

has the advantage of minimising mixing time data scatter caused by background

noise.

Figure 2.13 shows the typical variation in time of the standard deviation with the

number of reactor revolutions for two different speeds, N = 300 and 500 rpm,

respectively, in the cylindrical intermediate-sized reactor. Each plot includes three

repetitions of the same experimental condition. Notable differences between low-

and high-speed conditions can be identified. At 300 rpm, the peak is skewed

towards higher Nt values, indicating a relatively low dispersion after insertion. On

the contrary, the curve for 500 rpm is initially characterised by a sharper increase of

σG∗ , followed by a slower mixing rate part after maximum dispersion is achieved

(point of maximum σG∗). These general patterns occur consistently across the three

repetitions for each set of experiments.
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2.5.3 Experimental conditions

2.5.3.1 Conditions for mixing time experiments

DISMT technique was employed to conduct all mixing time measurements in

this work. For the two microwell mimics, all experiments were conducted in the

Eppendorf ThermoMixer with a fixed orbital diameter, do = 3 mm. The impact of

three parameters on mixing time were evaluated in the square microwell, including

fluid volume, Vf , fluid viscosities of 10 and 100 times greater than that of water

(ν/νw = 10 and 100, respectively), and surface tension in the range of 31.8 to

68.4 mNm−1. To prepare solutions with higher viscosities, absolute glycerol was

mixed with certain amount of de-ionised water to obtain desired fluid viscosity.

The viscosity of the glycerol/water aqueous solution was determined based on the

method proposed by Cheng (2008). The viscosity of the fluid was checked by

the Malvern Instruments Kinexus Lab+ rotational rheometer prior to mixing time

measurements. Three fill volumes (Vf = 3, 4 and 5 mL) were used to measure

mixing time in the cylindrical well and the results were compared to the square well

to assess the effect of microwell geometry on mixing performance. The range of

speed available in the ThermoMixer is between 300 to 3000 rpm, with intervals of

50 rpm. Due to the practical limitations of rigidly fixing the camera on the shaker

at very high shaking speeds, the maximum speed investigated was 1000 rpm.

For the two intermediate-sized reactors, the effects on the mixing time of three

different fill volumes were assessed in each reactor: Vf = 25.1, 37.7 and 50.3 mL,

corresponding to h/di = 0.5, 0.75, and 1, respectively. To assess the impact of

orbital diameter on mixing time, a number of experiments in the cylindrical well

were conducted on the Kühner LS-X benchtop shaker table with adjustable orbital

diameters in the range of do = 15 to 50 mm. Table 2.3 provides a summary of
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operating conditions and reactors investigated for mixing time measurements in

this work.

2.5.3.2 Surface tension measurements

The surface tension of different solutions in the microscale square well was deter-

mined using the Wilhelmy plate principle which is considered as one of the most

appropriate ring methods for surface tension measurement, due to the fact that no

hydrostatic correction is required. The digital KRÜSS K100 Force Tensiometer and

a platinum plate (20 × 10 × 0.1 mm) were used to obtain surface tension measure-

ment. The solution was placed in a thermostable flask at 25◦ and temperature was

constantly monitored by a thermostat. Three repetitions were carried out for each

condition with the average value being recorded. An anionic surfactant sodium

dodecyl sulphate (SDS) supplied by Sigma Aldrich, was dissolved in de-ionised

water and the desired solution concentration was obtained by successive dilutions.

The initial SDS concentration in the solution was 3.47 × 10−3 molL−1 and diluted

by factors of 10, 50 and 100. The surfactant concentrations and dynamic surface

tension measured by the tensiometer are shown in Table 2.4.

2.6 Concluding remarks

An overview of bioreactor configurations and measurement techniques used in this

work for the engineering characterisations of free surface, flow and mixing was

provided in this chapter. The two orbital shakers and eight bioreactors employed

in this work were firstly described. Subsequently, a novel approach to visualise

and characterise the free surface motion in lab-scale OSRs was introduced. The

experimental rig and video processing algorithms employed to extract free surface

heights at various locations were outlined. The complete list of experimental con-

ditions investigated in both cylindrical and square lab-scale shaken reactors were
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summarised in Table 2.2.

Secondly, the flow dynamics characterisations in lab-scale square reactors were

described. A brief introduction of the working principle of the well-established

PIV technique used to obtain velocity fields was provided at the beginning, while

the experimental setup to conduct 2D horizontal PIV measurements was illustrated.

The post-processing techniques in JPIV to cross-correlate the image pairs and the

criteria used to select the interrogation window size were thoroughly discussed.

A discussion of sources of uncertainties associated with the PIV measurements

including both systematic and statistical errors was also carried out. The velocity

field data were further processed by a linear decomposition technique (POD) to

extract the most energetic modes which are necessary to reconstruct the the large

scale flow features in square OSRs.

Finally, the DISMT technique used to measure mixing time in two intermediate-

sized and two microwells shaken in the lab shaker with significantly reduced orbital

diameter (do = 3 mm) was described. The image processing technique based on

the variation of green intensity standard deviation to obtain objective mixing time

measurements was outlined. The impacts of a variety of operating parameters

including reactor geometry and size, orbital diameter, fill volume, shaken speeds,

fluid viscosity as well as surface tension, on mixing dynamics were assessed and

the complete list of experimental conditions investigated in this work is provided in

Table 2.3.
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Scale Geometry Bottom design Reactor size [mm] Reactor height [mm]

Lab-scale

Square Flat 62.0

250.0
Square Flat 89.0

Cylindrical Flat 70.0
Cylindrical Flat 100.0

Intermediate-scale
Square Flat 35.4

125.0
Cylindrical Flat 40.0

Microscale
Square (24 DSW) Conical 17.1

44.0
Cylindrical (24 SRW) Flat 15.6

Table 2.1 Geometrical characteristics of the eight bioreactor configurations em-
ployed in this work.
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Microscale Intermediate scale

Geometry Square (24 DSW) Cylindrical (24 SRW) Square Cylindrical
Internal diameter

di [mm] 17.1 15.6 35.4 40.0

Orbital diameter
do [mm] 3 3 3 3, 15, 50

Fluid height
h f [mm] 6.9 - 20.8 15.7 - 26.2 17.7 - 35.4 20.0 - 40.0

Fill volume
Vf [mL] 2.0 - 6.0 3.0 - 5.0 22.2 - 44.4 25.1 - 50.3

Shaken speed
N [rpm] 300 - 1000 300 - 1000 300 - 1000 100 - 1000

Fluid viscosity
ν [m2s−1]

10−4, 10−5,
10−6 10−6 10−6 10−6

Table 2.3 List of operating conditions investigated in two microwell mimics and
two intermediate-sized reactors for mixing time measurements.
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Surfactant concentration Dilution factor Dynamic surface tension
molL−1 mNm−1

0 72.3
3.47×10−3 0 68.4
3.47×10−4 10 51.1
6.94×10−5 50 44.9
3.47×10−5 100 31.8

Table 2.4 Surfactant concentrations and corresponding values of surface tension
measured by the tensiometer.
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(a)

(b)

Fig. 2.1 (a) Bench top Kühner LS-X lab shaker; (b) The universal tray of the
LS-X shaker fitted with Erlenmeyer flasks and test tubes. Images obtained from:
https://www.kuhner.com/en/home.html, accessed on 01/11/2019.

https://www.kuhner.com/en/home.html
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Fig. 2.2 Sketch of the coordinate system adopted in this work for identifying
different angular positions of the reactor along the circular orbit.
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Fig. 2.3 Schematic diagram of all bioreactor configurations investigated in this work
and the corresponding techniques applied.
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Fig. 2.4 Side view of the schematic diagram for the experimental setup for free
surface measurement on the LS-X shaker.
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(a)

(b)

Fig. 2.5 The free surface height at a particular point at low and high shaken speeds
in the square reactor with a = 89 mm: (a) 70 rpm; (b) 130 rpm.



73

(a)

(b)

Fig. 2.6 (a) The three measuring points for free surface experiments in the lab-scale
square reactors, corresponding to one quarter, half and three quaters of the side of
the reator. (b) The measuring point at half of the internal diameter of the reactor for
lab-scale cylindrical reactors.



74

Fig. 2.7 Schematic diagram showing the measurement principle of PIV technique.
Images obtained from: https://www.dantecdynamics.com/measurement-principles-
of-piv, accessed on 01/11/2019.

https://www.dantecdynamics.com/measurement-principles-of-piv
https://www.dantecdynamics.com/measurement-principles-of-piv
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Fig. 2.8 Schematic diagram with side view of the experimental setup for 2D hori-
zontal PIV measurements on the LS-X shaker.
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Fig. 2.9 Velocity profiles obtained for two different interrogation window sizes at a
horizontal plane with height of z/a = 0.24 in the square reactor (do/a = 0.28, h/a =
0.5 and Fr = 0.09) (a) ur and (b) uθ .
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Fig. 2.10 (a) Velocity field at ϕ = 0◦ when do/a = 0.28, h/a = 0.5 and Fr = 0.09
with visualisation of four randomly-picked points; variation of the mean velocity
magnitude versus sample size at (b) point A; (c) point B; (d) point C; (e) point D.
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Fig. 2.11 Experimental set-up for DISMT experiments on Eppendorf Ther-
moMixer®C.
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Fig. 2.12 RGB channel variations with orbital revolutions for a randomly-picked
point in the square microwell (r/a = 0.45, z/a = 0.31).
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Fig. 2.13 Variation in time of the standard deviation of the normalised green
channel intensity (σG∗) for three repetitions at two different shaking speeds in the
intermediate-sized cylindrical reactor: (a) 300 rpm; (b) 500 rpm.



Chapter 3

Free surface characterisation in

square OSRs

3.1 Introduction

This chapter aims to investigate the free surface dynamics in lab-scale OSRs with a

square geometry under various operating conditions (do/a = 0.17 - 0.81 and h/a

= 0.3 - 0.7). The free surface dynamics of lab-scale shaken reactors of cylindrical

geometry were previously investigated by Weheliye et al. (2013) and Reclari et al.

(2014), whereas the characterisation of a square geometry at laboratory scale is

very limited despite its use in several bioprocess applications. The wave of the free

surface in two square reactors with a = 62 and 89 mm, respectively, is visualised

Some of the results presented in this chapter are included in:
Li, Y., Ducci, A., Micheletti, M. (2020), “An experimental study of the free surface and fluid
dynamics in square orbitally shaken bioreactors”, Chemical Engineering Journal, Submitted.

Ducci, A. (2018), “Flow and mixing dynamics across different bioreactor platforms”, oral
presentation at the 16th European Conference on Mixing, Toulouse, France.

Li, Y., Ducci, A., Micheletti, M. (2018), “An experimental study of the fluid dynamics in
square orbitally shaken bioreactors”, poster presentation at the 16th European Conference on
Mixing, Toulouse, France.

Li, Y., Ducci, A., Micheletti, M. (2018), “Study on mixing and fluid dynamics in single-
use shaken systems”, poster presentation at the Single-Use Technologies III, Utah, US.
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and characterised by the optical method described in Section 2.3. The free sur-

face results obtained in the square reactors are compared against those obtained in

shaken cylindrical reactors to identify similarities and differences between the two

geometries.

Depending on the operating conditions employed, different free surface wave pat-

terns are generated in OSRs. In Section 3.2.1, the typical wave pattern evolution

occurring in square OSRs with increasing shaking speed is presented and the effects

of orbital diameter and fluid height on the wave characteristics are further assessed.

Moreover, the free surface elevation with different phase angles (i.e. reactor position

along its orbit) is measured and the results are presented in Section 3.2.2 for low, in-

termediate and high shaken speed conditions in both square and cylindrical reactors.

In Section 3.3, the flow transition occurring in square reactors is further investi-

gated by two different methods. The first method involves the correlation of the

experimentally measured free surface height with the dimensionless Froude number,

which has previously been identified as an effective scaling parameter for cylindri-

cal reactors. The second method employs a potential flow model to theoretically

predict the free surface height. This model was previously reported by Reclari et al.

(2014) and Bouvard et al. (2017) under the assumption of potential flow (inviscid,

incompressible and irrotational assumptions) for lab-scale cylindrical reactors. In

Section 3.3.2, the potential model is first validated against experimental results

obtained in two cylindrical reactors. Subsequently the measurements obtained in

square reactors are compared to those obtained from an adapted potential model.

Finally, comparison is made between the shaken speed corresponding to the free

surface transition found by the two methods.
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3.2 Wave dynamics induced by orbital shaking

A variety of wave patterns are generated within the shaken reactors depending on

the operating conditions employed. The shape of the free surface is determined

by the combined effects of a number of parameters including reactor size, orbital

diameter, fluid height and shaken speeds, and results in unique flow dynamics

within the reactor. The free surface measurement technique outlined in Section 2.3

allowed to study the wave patterns for a total of 236 combinations of operating

parameters in two square and two cylindrical lab-scale reactors. A summary of

the reactor configurations and operating conditions has been already provided in

Table 2.1 and Table 2.2.

3.2.1 Wave pattern observations in OSRs

A typical wave pattern evolution in reactors of square geometry with increasing

shaken speed is displayed in Figures 3.1a to 3.1f for increasing shaking speed. All

images in Figure 3.1 are phase-resolved at ϕ = 0◦ (i.e. the position furthest to the

left when the orbital trajectory is seen from above), which exhibits the maximum

inclination at the left wall of the reactor and are all obtained for a side to orbital di-

ameter ratio and fluid height to side ratio of do/a = 0.81 and h/a = 0.5, respectively.

At low shaking speeds, it is evident from Figures 3.1a and 3.1b that the free surface

shows a planar shape and the inclination increases with increasing shaking speed.

A wavy profile of the free surface and some sloshing start to occur at N = 105 rpm

(Figure 3.1c) and from this speed onwards, the greater the shaken speed, the more

significant the inclination angle, the sloshing and the degree of waviness of the free

surface (see Figure 3.1d and Figure 3.1e for 120 and 135 rpm, respectively). From

Figure 3.1d, it is clear that the free surface is inclined towards the corners, and it

is possible to see it from the side. This means that the system starts to display an

“out-of-phase” condition, as for lower speeds (Figures 3.1a to 3.1c), the free surface
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propagation from the side is an inclined line. From Figure 3.1f the free surface

starts to show a complex shape with chaotic dynamics, and for some phase angles

it is in contact with the bottom of the reactor.

For all conditions investigated in the two square tanks, a similar wave profile tran-

sition as shown in Figure 3.1 was observed i.e. planar, wavy and chaotic wave

profiles at low, intermediate and high speed ranges, respectively. The shaken speed

corresponding to the transition to a wavy profile depends on the operating condi-

tions employed. Table 3.1 summarises the speed indicating the occurrence of the

wavy profile for various operating conditions and it is evident that the transition is

likely to occur at a lower shaken speed if larger orbital diameters and lower fluid

heights are utilised.

It should be noted that in the larger square tank (a = 89 mm), the wavy profile of

the free surface occurs earlier and quickly becomes chaotic for low fluid height

conditions, such as h/a = 0.3 shown in Figure 3.2. However, in the smaller square

reactor with a = 62 mm, the normal wave transition is observed for the same non-

dimensional fluid height.

The phase-resolved snapshots of free surface patterns in the cylindrical reactor are

displayed in Figure 3.3 for similar operating conditions (do/di = 0.71, h/di = 0.5)

as the square reactor already shown in Figure 3.1. It is evident that the inclination

of the free surface also increases with increasing shaking speed in the cylindrical

reactor. However, the wave transition is not as noticeable as in the square tanks

and the extent of sloshing is less pronounced in the cylindrical tanks at high shaken

speeds.
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3.2.2 Wave profile comparisons between different geometries

The variation of free surface elevation with phase angle was measured in both

square and cylindrical reactors by the method described in Section 2.3. The left

column of Figure 3.4 shows the typical shape of the wave observed in the square

reactor at ϕ = 180◦ (i.e. the liquid in the reactor travels from the right wall towards

the left wall) at slow, intermediate and fast shaken speeds, corresponding to Fr =

0.06, 0.18 and 0.23, respectively. The right column of Figure 3.4 displays the corre-

sponding free surface profiles with varying orbital phase angles at three locations

along the front side of the reactor. As shown in Figure 2.6a, the three locations for

the measurements were taken along a quarter, half and three quarters of the side of

the reactor, and the corresponding free surface heights are denoted as ηl , ηc and ηr,

respectively. Taking into account the shaker table rotation, the right measurement

point is related to the flow after a corner, while the left point is associated to the

free surface rotation before a corner.

At low shaking speed (e.g. Fr = 0.06, see Figure 3.4a), a sinusoidal motion of

the free surface is observed in the reactor, thus the left and right measuring points

exhibit similar difference between the maximum and minimum elevation (i.e. ∆η

= 6.71 and 6.68 mm, respectively). At ϕ = 0◦, the left measuring point shows

the maximum elevation among the three measuring points and the wave subse-

quently propagates to the right hand side with the right measuring point reaching

the maximum elevation at ϕ = 180◦. With increasing shaking speed, the free surface

inclination increases and exhibits a wavy profile as shown in Figure 3.4b. At this

speed, the wave profile starts to differ between these measuring points with the

right point exhibiting larger ∆η that is approximately 1.25 times greater than that

shown by the left point. This means that the free surface rises more after a corner

than when it approaches a corner. This condition shown in Figure 3.4b can be
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regarded as the onset of sloshing. A thin “fluid film” (indicated in the red circle on

Figure 3.4b) occurs during the wave propagation from the right wall to the left at

the intermediate speed (Fr = 0.18). With further increase in shaking speed, the size

of the “fluid film” increases and the sloshing phenomenon is more pronounced in

the reactor, with the right measuring point exhibiting much larger ∆η than the left

side, as shown in Figure 3.4c.

The same experiments were carried out in the cylindrical reactor for similar oper-

ating conditions (do/di = 0.25, h/di = 0.5) as in the square tank, and the results

are illustrated in Figure 3.5. Due to the axial-symmetry of the cylindrical reactor,

the free surface height of the centre of the field of view, ηc, was measured. At

low speed condition (Fr = 0.06), the free surface shape and wave profiles are very

similar between the square and cylindrical geometries, both of which exhibit a

sinusoidal motion (see Figure 3.4a and Figure 3.5a). However, at the intermediate

speed (Fr = 0.18), the “fluid film” is not observed in the cylindrical reactor when

the wave is propagating from the right to the left sides in the field of view. As

shown in Figure 3.5b, the wave profile exhibits a sinusoidal motion for ϕ = 0 - 225◦,

whereas after 225◦ the free surface reaches its maximum height at the front side of

the reactor and remains at a relatively constant ηc until the end of the revolution.

When the shaken speed is further increased to the fastest condition investigated (Fr

= 0.23), the sloshing phenomenon observed in the square reactor does not occur

in the cylinder. The wave profile at Fr = 0.23 is similar to that of the intermediate

speed condition (Fr = 0.18).

The free surface dynamics in the square reactor was further investigated by com-

paring the free surface height variation of the point at the centre of the bioreactor

for different phase angles and shaken speeds. The variation of ηc/ηmax with ϕ is

shown in Figure 3.6, where the maximum height reached for each condition (ηmax)
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was used for normalisation. The measurements for ηc were carried out for the

same operating conditions, do/a = 0.28 and h/a = 0.5, and for four different shaken

speeds: N = 60 rpm (Fr = 0.05), N = 90 rpm (Fr = 0.11), N = 110 rpm (Fr = 0.16)

and N = 125 rpm (Fr = 0.22).

Similar measurements were obtained by Weheliye et al. (2013) in cylindrical re-

actors to demonstrate the flow transition from in-phase to out-of-phase flow with

increasing N. They reported that for a condition with do/di = 0.25 and h/di = 0.3,

the values of the free surface height normalised by the maximum height (h f /hmax)

are equal to one at ϕ = 0◦ for Fr = 0.05 and 0.11, which indicates that the free

surface is in-phase with the movement of the reactor. However, when the speed was

further increased, the h f /hmax = 1 is achieved at ϕ = 15◦ and 20◦ for Fr = 0.2 and

0.24, respectively, resulting in a phase delay due to the transition to out-of-phase

flow.

As the free surface height was measured at the centre of the square reactor, it was

found that the phase delay can be better visualised from the minimum ηc/ηmax

rather than the maximum value. The lowest value of ηc/ηmax is expected to occur

at ϕ = 90◦ if the flow is in-phase with the shaker table, however, as shown in

Figure 3.6, all conditions experience a phase delay. The minimum ηc/ηmax for the

three low shaking speeds considered occur at similar phase angles of 130◦, 132◦

and 133◦ at Fr = 0.05, 0.11 and 0.16, respectively. However, when Fr is increased

to 0.22, the minimum wave height occurs at ϕ = 157◦ corresponding to a phase

delay of 67◦ with respect to the orbital motion of the shaker table. It should be

noted that the occurrence of the increased phase delay at high speed in the square

reactor is in close association to the “fluid film” observed for some conditions,

which corresponds to the onset of sloshing.
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3.3 Free surface transition investigation

As the free surface motion in shaken systems is the main flow driving mechanism,

two methods were used in this work to correlate the free surface dynamics and the

reactor operating conditions with the aim to facilitate the selection of appropriate

flow conditions for bioprocess reproducibility and scaling. The first method is

based on the correlation of experimentally measured dimensionless free surface

wave height with Froude number, which proved to be an effective scaling parameter

for lab-scale shaken reactors with cylindrical geometry (Weheliye et al., 2013). The

second method involves the theoretical prediction of free surface height based on

the potential sloshing model described by Reclari et al. (2014) and Bouvard et al.

(2017).

3.3.1 Method I: Froude number

3.3.1.1 Variation of free surface height with Fr

The variation of ∆ηc/a is plotted against the dimensionless Froude number in Fig-

ure 3.7 for a range of combinations of do/a and h/a in the square reactors, where

∆ηc is the difference between the maximum and minimum ηc. It should be noted

that the data obtained in Figure 3.7 were from two square reactors with a = 62 and

87 mm and for three orbital diameters of 15, 25 and 50 mm. Additionally, the effect

of fluid height was assessed for do = 25 mm for the two reactors.

As described previously, the occurrence of the “fluid film” can be considered as

the starting point of sloshing. Therefore, the shaken speed corresponding to the

occurrence of the “fluid film” was determined for each operating condition and

a second order polynomial relationship (R2 = 0.954) was fitted through the data

points. This polynominal is indicated as “sloshing line” in Figure 3.7. Below the

sloshing line, a linear relationship between ∆ηc/a and Fr is evident where the free
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surface height increases with increasing N. This linear relationship at low Fr range

indicates that the free surface in general is subject to a sinusoidal motion with no

sloshing.

With the occurrence of the “fluid film”, the flow within the square reactor reaches

the transitional phase and its free surface profile changes from the sinusoidal shape

and starts to exhibit sloshing. For conditions above the sloshing line, the ∆ηc/a

starts deviating from the linear relationship and is denoted by the typical wave pat-

tern shown in Figure 3.4c. It should be noted that for the largest do/a investigated

(i.e. do/a = 0.81), the flow within the reactor did not exhibit sloshing for any of the

speeds investigated. This explains the wide linear relationship over the entire Fr

tested.

The effect of the orbital diameter and fluid height on the free surface variation in

the two square tanks is shown in Figure 3.8 and Figure 3.9, respectively. From

Figure 3.8, it is evident that the effect of the dimensionless orbital diameter do/a

is significant on the free surface dynamics - the smaller the value of do/a, the

lower the value of Fr corresponding to the occurrence of sloshing. Moreover, the

dimensionless free surface height tends to reach a higher value for smaller do/a

when operating at the same Fr for conditions above the sloshing line. For example,

when Fr = 0.25, the ∆ηc/a is 0.48, 0.31 and 0.26 for do/a = 0.28, 0.40 and 0.56,

respectively.

On the contrary, the effect of fluid height on the free surface wave amplitude is rela-

tively small when compared to the orbital diameter. In the larger square tank (a =

89 mm), the conditions relating to h/a = 0.5 and 0.7 show similar free surface wave

height variations, especially before the occurrence of sloshing (see Figure 3.9a). As

discussed earlier in Section 3.2.1, the free surface dynamics for do/a = 0.28 and
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h/a = 0.3 was more complex and this is reflected in the free surface wave amplitude

for all Fr investigated. Similarly, in the smaller reactor (a = 62 mm), there is little

difference in the free surface wave amplitude variation among the three fluid heights

investigated.

The free surface wave height variation with Fr for cylindrical reactors and operating

conditions similar to those investigated for square reactors is plotted in Figure 3.10.

At the lower Fr range, the linear relationship is consistent as the flow is in-phase

with the orbital motion of the shaker table, while the data are more scattered at

higher Fr (Fr greater than 0.1). However, the measurements deviates from the

linear relationship to a much lesser extent when compared to the square reactors

(see Figure 3.7) at the higher speed range. This is in agreement with the free surface

shape identified previously in Section 3.2.1 where the sloshing phenomenon was not

found to occur in cylindrical reactors even at the higher end of speed investigated.

3.3.1.2 Comparisons of flow transition between the two geometries

A regression line is fitted to the results obtained for square reactors before the

phenomenon of sloshing occurs within the reactor (i.e. the occurrence of the “fluid

film”). As shown in Figure 3.11, the linear regression between the dimensionless

free surface height and Fr is obtained in the form of ∆ηc/a = 0.96 Fr (R2 = 0.894).

Unlike square reactors, a linear regression of ∆ηc/di = 1.59 Fr with R2 = 0.903 can

be fitted through all measurements obtained in the two cylindrical reactors. This is

shown in Figure 3.12. Similar analysis is reported in Weheliye et al. (2013) where

they found the proportionality constant between the dimensionless free surface

height and Fr to be 1.4. Different image analysis approaches were adopted by the

two works which could potentially result in the discrepancy. Weheliye et al. (2013)

identified the free surface wave height by measuring the light scattered by the free
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surface over a laser sheet at ϕ = 0◦. Basically the laser was intersecting the fluid

volume in the reactor while in this case the wave height is measured on the wall

of the cylinder. The methodology employed in this work is more accurate as it

provides a complete measurement of the ηc over the entire orbital trajectory. It

should be noted that Weheliye et al. (2013) fitted the regression line only to the

“in-phase conditions” (i.e. Fr < 0.1), while in this work the linear regression was

fitted to the entire range of Fr investigated.

Since the proportionality constant for cylindrical reactors (1.59) is greater than that

of square reactors (0.96), it could be concluded that a higher free surface wave

height is generated for the same Fr in cylindrical reactors, at least before sloshing

takes place in the square geometry.

3.3.2 Method II: Potential function and natural frequency

The second method used to determine the free surface transition and formulate

wave scaling correlations is based on a potential function model which assumes the

flow is to be inviscid, incompressible and irrotational. The free surface wave height

measurements obtained in the two cylindrical reactors are first compared against

those predicted by the potential model. Subsequently, the theoretical prediction of

the free surface wave height in square OSRs is assessed by fitting the experimental

results to a modified potential model.

3.3.2.1 Validation of potential model in cylindrical OSRs

In cylindrical reactors with upright wall, the potential solution is obtained by

combining two sinusoidal linear sloshing modes with a phase shift of 90◦. The

solution of the potential function is in the form of a series of tangential and radial

modes, identified by the number of nodal diameters (m) and nodal circles (n),
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respectively. The linear solution formed by the first mode (m = 1) is considered,

since only non-axisymmetric modes are likely to be excited by the orbital shaken

motion. Here we briefly recall the main results of the potential theory, while the

detailed solution can be found in Bouvard et al. (2017); Ibrahim (2005); Reclari

et al. (2014). The velocity potential of a shaken cylinder in a cylindrical reference

coordinate system (r, θ , z) is shown in Equation (3.1).

Φ =−do

2
Ωsin(Ωt −θ)

·

{
r+

∞

∑
n=1

[
di

(ε2
1n −1)

Ω2

(ω2
1n −Ω2)

J1(2ε1nr/di)

J1(ε1n)

cosh(2ε1n(z+h)/di)

cosh(2ε1nh/di)

]}
(3.1)

where do is the orbital diameter, Ω is the shaking frequency, di is the internal

diameter of the cylindrical reactor, J1 is the Bessel’s function of the first kind and

first order, ε1n is the nth root of the derivative of the Bessel’s function of the first

kind and first order and ω1n is the natural frequency corresponding to the mode (1,

n) and is obtained from Equation (3.2) for cylinders.

ω
2
1n =

2gε1n

di
tanh

(
2ε1nh

di

)
(3.2)

The corresponding free surface height η is calculated according to Equation (3.3).

η =
doΩ2

2g
cos(Ωt −θ)×{

r+
∞

∑
n=1

[
di

(ε2
1n −1)

Ω2

(ω2
1n −Ω2)

J1(2ε1nr/di)

J1(ε1n)

]}
(3.3)

The dimensionless crest-to-trough amplitude is obtained as the difference between

the maximum and minimum free surface height, which corresponds to 2 for the co-

sine of Equation (3.3). By substituting r/di = 0.5 (cylinder wall) into Equation (3.3),

the normalised free surface wave amplitude is obtained from Equation (3.4).
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∆η

di
=

doΩ2

g
×

{
0.5+

∞

∑
n=1

[
1

(ε2
1n −1)

Ω2

(ω2
1n −Ω2)

]}
(3.4)

The natural frequency is obtained from Equation (3.2) for various combinations

of do/di ranging from 0.15 - 0.71 in the two cylindrical reactors. The theoretical

dimensionless crest-to-trough amplitude is subsequently compared in Figure 3.13

to those measured experimentally for the same operating conditions as a function of

the angular shaken frequency normalised by the first natural frequency, ω11. Despite

the strict assumptions made for the potential flow, it is evident in Figure 3.13 that the

experimental measurements agree remarkably well with the theoretical predictions.

3.3.2.2 Cylindrical versus square reactors

Figure 3.14 shows the comparison of experimentally measured free surface height

in the two square reactors and the theoretical values obtained from Equation (3.2)

and Equation (3.4) for cylindrical vessels with the same do/di and h/di. It should be

noted that the hydraulic diameter (i.e. di =
√

4a2

π
) of the square reactor is substituted

into Equation (3.2) to compute the natural frequency. As shown in Figure 3.14,

the potential model for a cylinder under-predicts the measured wave amplitude of

square reactors.

3.3.2.3 Hybrid model

To extend the potential model to OSRs with a square geometry, a hybrid potential

model is proposed. In this hybrid model, Equation (3.4) is still used to compute

the dimensionless crest-to-trough free surface amplitude, however, the natural

frequency is obtained based on Equation (3.5), which is valid for a container with

a square cross-section as reported by Graham and Rodriquez (1951) and Ibrahim

(2005).
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ω
2
1n = π

√(
4
a2 +

4n2

a2

)
tanh

(√(
4
a2 +

4n2

a2

)
h

)
(3.5)

As shown in Figure 3.15a, there is a good agreement between the wave amplitude

predicted by the hybrid model and the measured values. It is noticeable in Fig-

ure 3.15a that the hybrid potential model tends to give better predictions in the

lower range of Ω/ω11 i.e. before the occurrence of sloshing for the majority of

conditions. The experimentally measured free surface heights deviate from their

corresponding potential functions when higher values of Ω/ω11 are considered.

The same trend has previously been identified in Figure 3.7 where ∆ηc/a starts

branching out from the linear relationship for conditions above the sloshing line.

Thus, both methods - the empirical correlation method based on Fr, and the the-

oretical model based on potential function and Ω/ω11, are capable of predicting

the onset of free surface transition in square shaken reactors. The comparison of

the two methods is shown in Figure 3.15 for five operating conditions with varying

do/a and the same h/a of 0.5. The transitional conditions (either Fr or Ω/ω11)

and their corresponding shaken speeds are listed in Table 3.2. It is evident that the

identified transitional speeds from the two methods for each operating condition

are in good agreement. For do/a = 0.81, the flow transition does not occur within

the range of speeds investigated thus no transitional speed is shown in Table 3.2 for

this condition. This is evident in Figure 3.15a where the measured wave amplitude

still lies on the potential line and in Figure 3.15b where the wave amplitude does

not deviate from the linear relationship even at the highest Fr.
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3.4 Concluding remarks

In this chapter, the free surface dynamics of OSRs with square geometry was inves-

tigated by measuring the free surface wave amplitude for a wide range of operating

conditions including different a, do and h (do/a = 0.17 - 0.81 and h/a = 0.3 - 0.7).

In square OSRs, a typical wave pattern evolution consists of a transition from planar

shape to wavy profile with increasing shaken speed. At sufficiently high speed,

the free surface can get in contact with the reactor bottom and induce chaotic flow

within the reactor. The shaking speed indicating the transition to wavy profile

depends on the operating conditions (i.e. reactor size, orbital diameter and fluid

height). In cylindrical reactors, the wave transition is not as evident as in the square

geometry and the extent of sloshing is less pronounced even at high speed range.

The free surface transition speed was identified using two methods. In the first

method, the free surface wave amplitudes were plotted against the Froude number.

A “sloshing line” was obtained by fitting a second order polynomial curve through

data points correlated to the flow transition for all the operating conditions investi-

gated. The onset of the flow transition was determined from the free surface images

showing a thin “fluid film” at the right corner. Points below the sloshing line were

found to obey a linear relationship between the free surface wave amplitude and

the Froude number. Points above the sloshing line branched out from the linear

relationship at higher Fr for operating conditions with smaller orbital diameter to

reactor side ratio (do/a).

The second method employed to investigate the free surface transition in square

reactors involved the use of a potential function model to theoretically predict the

free surface height. The model was first proposed by Reclari et al. (2014) and
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Bouvard et al. (2017) in cylindrical OSRs by assuming the flow within the reactor

to be inviscid, incompressible and irrotational. To validate the free surface wave

amplitude predicted by the potential model, a comparison with the experimentally

measured data was first made for a cylindrical reactor. The wave amplitudes pre-

dicted by the model and experimental data were found in good agreement. Secondly,

by comparing the experimental measurements of square reactors to the theoretical

predictions generated by the same model, it was found that higher wave amplitudes

were obtained in square reactors than the cylindrical model at the same operating

condition.

A hybrid model consisting of the same equation to compute the dimensionless

free surface amplitude as used in the cylinder and the natural frequency for rect-

angular containers, was proposed to predict the free surface wave amplitude in

square reactors. The hybrid potential model was capable of predicting the wave

amplitude at the lower range of Ω/ω11 before the occurrence of the transitional

phase. At higher values of Ω/ω11, the experimental measurements deviated from

the corresponding potential models. Both methods, either based on Fr scaling or

the hybrid potential model, were demonstrated to give similar predictions for the

onset of the free surface transition within square reactors.
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a [mm] do [mm] h [mm] Shaking speed corresponding to the
occurrence of a wavy profile [rpm]

62

15 31.0 135

25
18.6 120
31.0 125
43.4 140

50 31.0 105

89

15 44.5 110

25
26.7 90
44.5 105
62.3 110

50 44.5 95

Table 3.1 The shaking speed corresponding to the occurrence of a wavy profile of
the free surface in square reactors for various operating conditions (a = 62 and 89
mm, do = 15 - 50 mm and h = 18.6 - 62.3 mm).
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Method 1
Based on Fr

Method 2
Based on Φ and Ω/ω11

do/a [-] Fr [-] N [rpm] Ω/ω11 [-] N [rpm]
0.17 0.121 120 0.402 120
0.24 0.153 135 0.377 135
0.28 0.154 105 0.351 105
0.56 0.279 100 0.335 105
0.81

Table 3.2 Comparison of the transitional speed identified by Method 1 (sloshing
velocity) and Method 2 (potential model) for different combinations of do/a at the
same non-dimensional fluid heigh (h/a = 0.5) in square reactors.
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(a) (b)

(c) (d)

(e) (f)

Fig. 3.1 Snapshots of free surface shapes at six different shaking speeds showing
the wave pattern evolutions with increasing shaken speeds in the square reactor
with a = 62 mm and operating conditions of do = 50 mm and h = 31 mm: (a) 60
rpm; (b) 80 rpm; (c) 105 rpm; (d) 120 rpm; (e) 135 rpm; (f) 140 rpm.
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(a) (b)

(c) (d)

Fig. 3.2 Free surface snapshots at four shaking speeds in the larger square reactor
with a = 89 mm and operating conditions of do = 25 mm and h = 26.7 mm, indicating
the occurrence of chaotic fluid dynamics: (a) 100 rpm; (b) 120 rpm; (c) 130 rpm;
(d) 140 rpm.
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(a) (b)

(c) (d)

Fig. 3.3 Snapshots of free surface shapes at four shaking speeds in the cylindrical
reactor with di = 70 mm and operating conditions of do = 50 mm and h = 35
mm, exhibiting different wave patterns at high speeds in comparion to the square
geometry: (a) 60 rpm; (b) 80 rpm; (c) 110 rpm; (d) 130 rpm.
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Fig. 3.4 Free surface shape snapshots at ϕ = 180◦ (left column) and the corre-
sponding variation of the free surface height with phase angles (right column) at
three different positions in a square tank (do/a = 0.28, h/a = 0.5) for three Froude
numbers: (a) Fr = 0.06 (b) Fr = 0.18 (c) Fr = 0.23.
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Fig. 3.5 Free surface shape snapshots at ϕ = 180◦ (left column) in a cylindrical
reactor and the corresponding variation of the free surface height with phase angles
(right column) at the centre of the reactor (do/di = 0.25, h/di = 0.5) for three Froude
numbers: (a) Fr = 0.06 (b) Fr = 0.18 (c) Fr = 0.23.
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Fig. 3.6 Variation of the dimensionless wave amplitude at the centre of the reactor
(ηc/ηmax) versus phase angles for four shaking speeds in the square reactor with
do/a = 0.28 and h/a = 0.5.
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Fig. 3.7 Variation of ∆ηc/a versus Fr in square reactors for a range of combinations
of do/a and h/a (do/a = 0.17 - 0.81 and h/a = 0.3 - 0.5) and the fitted “sloshing
line” indicating the occurrence of the “fluid film” for each condition.
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Fig. 3.8 The effect of orbital diameter on free surface height variation in square
reactors for do/a = 0.17 - 0.81 with fixed h/a = 0.5.
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Fig. 3.9 Comparison of the effect of fluid height (h/a = 0.3 - 0.7) on free surface
height variation in the two square reactors (a) a = 89 mm, do/a = 0.28; (b) a = 62
mm, do/a = 0.40.
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Fig. 3.10 Variation of ∆ηc/a versus Fr in cylindrical reactors for a range of combi-
nations of do/a and h/a (do/a = 0.15 - 0.71 and h/a = 0.3 - 0.5) which were chosen
to best-compare with those conditions investigated in the square geometry.
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Fig. 3.11 The linear regression line fitted to the dimensionless free surface height
variation and Fr in square reactors before the occurrence of sloshing for various
combinations of do/a and h/a.
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Fig. 3.12 The linear regression line fitted to the dimensionless free surface height
variation and Fr in cylindrical reactors for the whole speed range investigated and
various combinations of do/di and h/a.
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Fig. 3.13 Comparison of measured (symbols) and theoretical predicted (solid lines)
∆ηc/di as a function of angular shaken frequency Ω normalised by the first natural
frequency ω11 for six different combinations of do/di in cylindrical reactors.
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Fig. 3.14 Comparison of experimentally measured (symbols) ∆ηc/a in square
reactors with theoretical data (solid lines) predicted using the cylindrical model for
the same operating parameters.
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Fig. 3.15 (a) Comparison of experimentally measured (symbols) ∆ηc/a with the
theoretical predictions (solid lines) obtained from the hybrid potential model in
square reactors for a range of operating conditions. (b) Variation of experimentally
measured ∆ηc/a with Fr for the same combinations of do/a and h/a in square
reactors.



Chapter 4

Flow dynamics investigation in

square OSRs

4.1 Introduction

The results presented in this chapter provide a thorough flow dynamics characterisa-

tion of lab-scale shaken reactors of square geometry for a wide range of operating

conditions including reactor size, fluid height, orbital shaken diameter and shaking

speeds, when water is used as the working fluid. The operating conditions employed

for the flow dynamics investigation are the same as those used for the free surface

analysis in Chapter 3 with the aim to identify the relationship between the free

surface and flow dynamics in square reactors and to assess the possibility of relating

Some of the results presented in this chapter are included in:
Li, Y., Ducci, A., Micheletti, M. (2020), “An experimental study of the free surface and fluid
dynamics in square orbitally shaken bioreactors”, Chemical Engineering Journal, Submitted.

Ducci, A. (2018), “Flow and mixing dynamics across different bioreactor platforms”, oral
presentation at the 16th European Conference on Mixing, Toulouse, France.

Li, Y., Ducci, A., Micheletti, M. (2018), “An experimental study of the fluid dynamics in
square orbitally shaken bioreactors”, poster presentation at the 16th European Conference on
Mixing, Toulouse, France.

Li, Y., Ducci, A., Micheletti, M. (2018), “Study on mixing and fluid dynamics in single-
use shaken systems”, poster presentation at the Single-Use Technologies III, Utah, US.
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the free surface transition associated with the occurrence of sloshing identified in

Chapter 3 to a flow transition.

The horizontal plane PIV measurements described in Section 2.4 are carried out to

obtain both ensemble-averaged and phase-resolved velocity fields in shaken square

reactors in Section 4.2. Moreover, the in-plane kinetic energy is estimated at two

horizontal planes with z/a = 0.12 and 0.24 for different shaking speeds. To improve

the understanding of flow dynamics in square reactors, the modal decomposition

technique introduced in Section 2.4.2.2, namely Proper Orthogonal Decomposition,

is employed to further process the velocity fields data obtained by PIV and the

results are presented in Section 4.3. A detailed flow analysis is compared between

two conditions: Fr = 0.09 (before the onset of sloshing) and Fr = 0.20 (after the

onset of sloshing) for the same orbital diameter to side length ratio, do/a = 0.28,

and non-dimensional fluid heigh, h/a = 0.5. The results are compared against those

obtained by Weheliye et al. (2018) in a cylindrical geometry. Finally, the correlation

between the POD modes and the free surface sloshing is discussed in Section 4.4.

4.2 Flow characterisation in square OSRs

In this section, the results on the flow dynamics and kinetic energy distribution

in square reactors obtained by 2D PIV technique are presented. Both ensemble-

averaged and phase-resolved velocity field measurements were obtained and com-

pared to those in lab-scale cylindrical reactors with the aim to understand how the

differences in free surface dynamics between the two geometries outlined in the

previous chapter affect the flow within square reactors.
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4.2.1 Ensemble-averaged velocity measurements

The ensemble-averaged velocity measurements on a horizontal plane (z/a = 0.24)

were obtained in two square reactors for all the operating conditions already pre-

sented in Chapter 3 (see the full list in Table 2.2). As described in Section 2.4,

each ensemble-averaged velocity field was computed by averaging a total of 21,600

velocity fields taken approximately every 2◦ - 3◦ for six cycles. The 2D PIV mea-

surements were taken at a horizontal plane with elevation of z/a = 0.24. This

measurement plane was kept constant throughout all the experimental conditions

investigated in this chapter. The ensemble-averaged velocity is computed using

Equation (4.1):

u(r,θ) =
∑u(r,θ , t)

Ntot
(4.1)

where Ntot is the total number of velocity fields obtained irrespective of the phase

angle ϕ . In this work, Ntot = 21,600 was used for all the operating conditions.

The magnitude of the in-plane velocity components (2D measurements) takes both

the radial and tangential components into consideration and is calculated from

Equation (4.2):

urθ =
√

(ur)2 +(uθ )2 (4.2)

where urθ denotes the velocity magnitude comprising of the radial and tangential

components. It should be noted that all velocities shown in the velocity vector plots

in the following sections have been normalised by πNdo.

Figure 4.1 shows the 2D contour map of the ensemble-averaged in-plane veloc-

ity magnitude, urθ/(πNdo), superimposed with the corresponding velocity fields

(i.e. the magnitude of the velocity is indicated by the colour of the contour map),

obtained for six different shaking speeds - 80, 90, 100, 110, 120 and 130 rpm,

corresponding to Fr = 0.09, 0.11. 0.14, 0.17, 0.20 and 0.24, respectively, with other
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parameters kept constant (do/a = 0.28, h/a = 0.5) in the larger square tank, a =

89 mm. Based on the results presented in Section 3.3, the speed associated to the

the free surface transition for this operating condition (do/a = 0.28 and h/a = 0.5)

is 105 rpm, corresponding to Fr = 0.15 ( see Table 3.2). This suggests that the

velocity fields shown in Figures 4.1a to 4.1c and Figures 4.1d to 4.1f represent the

flow before and after the free surface transition, respectively.

At the lowest shaking speed investigated (Fr = 0.08), a solid body rotation is ob-

served with nearly all the velocity vectors pointing in the clockwise direction (i.e.

same direction as the shaker table movement), as shown in Figure 4.1a. The mean

flow at this condition is very similar to the flow occurring in cylindrical shaken

reactors as reported in Weheliye et al. (2013) since the velocities at the four corners

of the square reactor are almost negligible. When Fr is increased to 0.11 as shown

in Figure 4.1b, the size of the solid body rotation at the inner part of the reactor

shrinks when compared to Figure 4.1a but the direction of the velocity vectors is

still oriented in the clockwise direction. However, fluid at the four corners is about

to develop a flow in the counter-clockwise direction, with very small magnitude

(approximately 10 times smaller than those in the reactor centre). Figure 4.1c

exhibits the velocity field when Fr is further increased to 0.14 which is very close

to the free surface transitional Froude number (Fr = 0.15), and it is evident that the

size of the solid body rotation region is further reduced and an inverted rotation

is observed at the outer side of the reactor with velocity magnitudes similar in

intensity to those found at the reactor centre.

For conditions with Fr greater than 0.15 which is the transitional speed identified

for free surface analysis, the solid body rotation completely disappears in the reactor

centre. As shown in Figure 4.1d at Fr = 0.17, the velocity vectors at the centre of

the reactor have magnitudes much smaller than those at the four corners, which are
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characterised by flow in the counter-clockwise direction. The scale of the inverted

flow at the outer side of the reactor is increased at Fr = 0.20 as shown in Figure 4.1e

with negligible velocities at the reactor centre. At the highest shaken speed in-

vestigated (Fr = 0.24), the ensemble-averaged velocity field shows a completely

inverted flow, as shown in Figure 4.1f. It should be noted that at Fr = 0.24, the

magnitude of the velocity vectors at the corners becomes smaller than those at Fr =

0.17 and 0.20. The pattern of the velocity field in Figure 4.1f reflects the impact of

the corners on the flow within the square OSR with velocity vectors reducing in

magnitude when approaching the corners and increasing when leaving them.

From the ensemble-averaged velocity field investigation in the square tank with

a = 89 mm, it is evident that for Fr less than the transitional speed identified in

the free surface analysis, a similar flow to that encountered in cylindrical reactors

occurs also for a square geometry with the direction of the velocity vectors being

aligned with the clockwise movement of the shaker table. The circular rotation part

at the reactor centre reduces in size gradually when the shaken speed is approaching

the transitional speed. For Fr greater than the free surface transitional condition

(Figures 4.1d to 4.1f), an inverted mean flow starts to develop at the corners of the re-

actor and the effects on the flow become more evident with increasing shaken speed.

A similar analysis of the ensemble-averaged velocity measurements was also carried

out in the smaller square reactor with a = 62 mm. Although the flow transitions are

not as noticeable as these in the larger square tank, the occurrence of inverted mean

flow for conditions above the transitional speed is still evident. Figures 4.2a to 4.2d

illustrate the ensemble-averaged velocity fields for do/a = 0.24 and h/a = 0.5 at the

horizontal plane, z/a = 0.24. Four shaking speeds are considered, N = 110, 130,

140 and 150 rpm, corresponding to Fr = 0.10, 0.14, 0.16 and 0.19, respectively.

The free surface transitional Fr identified for these operating conditions is Fr =
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0.15 (i.e. N = 135 rpm) as reported in Table 3.2.

Similarly to the analysis already outlined for the larger reactor, at shaking speeds

smaller than the transitional speed (N = 135 rpm and Fr = 0.15), the mean flow

at Fr = 0.10 shown in Figure 4.2a is characterised by a solid body rotation in the

clockwise direction at the inner part of the reactor and negligible flow at the four

corners. This is in agreement with the flow exhibited in a cylindrical reactor. As

the shaking speed approaches the transitional speed (Fr = 0.14, Figure 4.2b), the

flow is still mainly moving in the clockwise direction. For conditions with Fr

greater than the transitional speed, the mean flow in the reactor changes direction

as shown in Figure 4.2c and Figure 4.2d for Fr = 0.16 and 0.19, respectively. It can

therefore be concluded that the transitional speed corresponding to the occurrence

of sloshing identified in the free surface dynamics study in Chapter 3 induces also a

flow transition in the reactor volume. As a consequence from this point onwards,

the term “transition” will refer to a simultaneous free surface and flow transition.

4.2.2 Phase-resolved velocity measurements

To understand the different flow characteristics occurring before and after the

flow transition in square OSRs, phase-resolved velocity fields were also obtained.

The phase-resolved velocity fields at the same horizontal plane (z/a = 0.24) were

calculated using Equation (4.3).

⟨u(r,θ)⟩= ∑u(r,θ)
Nϕ

(4.3)

where u(r,θ) is the instantaneous velocity field on the measurement plane (r,θ ) and

Nϕ is the number of velocity fields obtained at a particular phase angle ϕ . In this

work, the phase-averaged velocity ⟨u⟩ was calculated using 60 velocity fields for
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each condition, as detailed in Section 2.4.1.4.

Figure 4.3 shows the phase-resolved measurements at three phase angles (ϕ = 0◦,

45◦ and 90◦) obtained in the larger square tank (a = 89 mm) when operating at do/a

= 0.28, h/a = 0.5 and Fr = 0.09 (i.e. before flow transition). As already shown

in Figure 4.1a, the ensemble-averaged velocity field of this condition resembles

the mean flow within cylindrical reactors. The direction of the flow at each phase

angle is consistent with the orbital shaken motion, as shown in Figures 4.3a to 4.3c,

where the flow moves in the upward, diagonal to the upper right and horizontal to

the right directions for ϕ = 0◦, 45◦ and 90◦, respectively, when viewed from the top.

It is evident from the phase-resolved velocity fields that the magnitude of velocities

is higher at the side of the reactor that is further out with respect to the centre of the

orbit. This is better shown in Figure 4.3d where the three angular positions taken by

the square reactor with respect to the orbital centre are sketched. This is similar to

the phase-resolved data presented by Weheliye et al. (2018) for cylindrical reactors.

Therefore, the ensemble-averaged flow at Fr = 0.09 shows a circular pattern and

the direction of the mean flow is consistent with the orbital shaken motion (i.e. in

the clockwise direction).

Different flow characteristics are exhibited by the flow for operating conditions

after flow transition. For example, Figures 4.4a to 4.4c illustrate the phase-resolved

velocity fields of three angular positions, ϕ = 0◦, 45◦ and 90◦, at Fr = 0.20 for

the same values of do/a and h/a as those shown in Figure 4.3. Similar to the

pre-transition condition (Fr = 0.09), the flow directions at the three phase angles are

consistent with the orbital shaken motion. The main difference between the pre- and

post-transitional conditions is that the velocities with higher magnitude are present

at the side of the reactor that is closer to the centre of the orbit. This characteristic

determines a counter-clockwise rotation around the centre of the reactor which is
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evident in the ensemble-averaged velocity field already shown in Figure 4.2. This

characteristic is evident when considering that the ensemble average is obtained by

adding the phase-resolved vector fields.

Four phase-resolved velocity fields at the same angular position (ϕ = 0◦) obtained

at four different shaking speeds are shown in Figure 4.5 for the condition of do/a

= 0.28 and h/a = 0.5. The variation of the velocity distributions with increasing

shaking speed is well-reflected in Figure 4.5. At Fr = 0.09 (Figure 4.5a), the faster

moving velocities are present at the side of the reactor that is further away from

the orbital centre while an approximately even distribution is shown in Figure 4.5b

when Fr is increased to 0.11. When approaching the transitional phase (Fr =

0.15), the faster moving velocities gradually shift to the other side of the reactor

as displayed in Figure 4.5c at Fr = 0.14. After the flow transition, as discussed

previously, the velocities with higher magnitude are present at the side closer to the

centre of the orbit.

4.2.3 In-plane kinetic energy analysis

The in-plane kinetic energy of an entire horizontal plane is estimated according to

Equation (4.4):

k =
∑
(
⟨ur⟩2 + ⟨uθ ⟩2)

Ntot
(4.4)

where Ntot is the total number of velocity vectors on the horizontal plane.

The kinetic energy of two horizontal planes (z/a = 0.12 and 0.24, respectively) are

estimated at each phase angle in the larger square tank for do/a = 0.28 and h/a =

0.5 at three different shaking speeds, as shown in Figure 4.6. The kinetic energy

of the entire horizontal plane is calculated using Equation (4.4) and normalised by

(πNdo)
2. At Fr = 0.11 (i.e. before flow transition), the effect of the four corners
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on the kinetic energy variation is visible in Figure 4.6a. The differences between

the fluctuations induced by the corners are marginal and are not fully consistent, as

some differences are present between the amplitudes of the peak and trough. This

is well-reflected in the ensemble-averaged velocity field in Figure 4.1b where the

circular motion at the inner part reduces in size compared to Fr = 0.09 and flows

start developing at the four corners.

When Fr is increased to 0.17 which is close to the transitional speed (Fr = 0.15), the

kinetic energy oscillations at both horizontal planes show no particular pattern and

the effect of corners is not identified, as exhibited in Figure 4.6b. The kinetic energy

variation is consistent with the ensemble-averaged velocity field plot in Figure 4.1d

where the solid body rotation at the reactor centre completely disappeared while

inverted flow is developed at the four corners.

At the highest shaking speed investigated (Fr = 0.24), it is clear to see the pres-

ence of kinetic energy oscillations due to the four corners in Figure 4.6c and the

distribution is smoother compared to those at low speeds. In the ensemble-averaged

velocity field shown in Figure 4.1f for this condition, the effect of corners on the

mean flow is also very clear with higher velocity magnitude when approaching

the corner and vice versa. Furthermore, the two conditions (Fr = 0.11 and 0.24

which are not close to the transitional phase) are characterised by different kinetic

energy levels at the two elevations considered. In both cases, the kinetic energy

content at z/a = 0.24 is approximately 1.3 - 1.4 the energy at z/a = 0.12. However,

in proximity of the flow transition, the energy content of the two elevations is very

similar, as shown in Figure 4.6b.
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4.3 POD analysis

The velocity fields data obtained in the horizontal planes were further analysed

using the Proper Orthogonal Decomposition method described in Section 2.4.2 with

the aim to understand the inverted flow occurring at high shaken speeds and the

effect of the four corners of square reactors on the local flow dynamics. Weheliye

et al. (2018) also applied decomposition techniques to investigate the flow dynamics

in shaken cylindrical reactors, therefore comparisons between the two different

geometries can be made.

4.3.1 Kinetic energy content

As described in Section 2.4.2.2, the velocity fields obtained by PIV at a horizontal

plane can be decomposed to an ensemble-averaged and fluctuating parts, as shown

in Equation (4.5):

u = u+u′ (4.5)

The eigenvalues normalised by (πNdo)
2 of the first ten POD modes for six different

Froude numbers and do/a = 0.28, h/a = 0.5 at z/a = 0.24 are shown in Figure 4.7a.

It should be noted that only the fluctuating component, u′, is taken into account,

while the average kinetic energy of the ensemble-averaged velocity, u, has been

removed prior to the application of the POD decomposition. As expected, the

normalised eigenvalues decrease when higher modes are considered for all Fr

investigated. For modes 1 and 2, it is evident in Figure 4.7a that the greater the Fr,

the higher the normalised eigenvalues. The difference between the eigenvalues of

the first two modes and the rest in terms of normalised λi is less significant for low

shaken speed conditions (Fr = 0.09 - 0.17), but it becomes noticeable at Fr = 0.20

and 0.24.
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When the percentage of kinetic energy (defined in Equation (4.6)) associated with a

mode is considered, the opposite trend occurs.

Energy percentage =
λi

∑λi
(4.6)

As shown in Figure 4.7b, the lower the Fr, the higher the percentage of kinetic

energy, especially for the first two modes. For example, the first two modes

contain approximately 99% of the total kinetic energy at the lowest shaking speed

investigated (Fr = 0.09), while it decreases to nearly 65% for the condition with

the highest shaking speed (Fr = 0.24). The variation of the fluctuating kinetic

energy percentage versus mode number in square tanks is consistent with the trend

identified by Weheliye et al. (2018) who considered lab-scale OSRs with cylindrical

geometry. The reason for this variation is that for higher Fr conditions modes 3

and 4 start to exhibit some energy content which is not present at lower Fr.

4.3.2 Temporal modes

The temporal coefficient of the four most energetic modes (a1, a2, a3 and a4) are

extracted for two shaken speeds, Fr = 0.09 and 0.20, representing conditions before

and after the occurrence of sloshing, respectively, when operating at do/a = 0.28

and h/a = 0.5 (the Fr indicating sloshing occurrence of this condition is 0.15).

The variation of an normalised by (πNdo) with time for six revolutions of the

orbital shaken motion is shown in Figure 4.8 and Figure 4.9 for Fr = 0.09 and 0.20,

respectively.

Before the occurrence of sloshing (i.e. Fr = 0.09), modes 1 and 2 are directly

related to the orbital motion of the system with similar magnitude of approximately

1.5 and an oscillation period of T = 0.85 s, as shown in Figure 4.8a. This is in

agreement with the results of Weheliye et al. (2018) for a cylindrical reactor. The
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orthogonality of the first two modes is reflected by a 90◦ phase difference between

a1 and a2. For modes 3 and 4, shown in Figure 4.8b, the oscillation frequency is

double that exhibited by a1 and a2 for a single revolution and a 45◦ phase lag is

identified. The magnitudes of a3 and a4 show some inconsistency between different

revolutions but discrepancy is only marginal.

Figure 4.9 exhibits the variation of the first four modes at Fr = 0.20 corresponding

to a flow condition after the occurrence of sloshing. As shown in Figure 4.9a, the

magnitudes of the normalised a1 and a2 are approximately 6.3 which are about

4 times greater than those corresponding to Fr = 0.09. Apart from this, the first

two modes exhibit similar magnitude with the oscillation frequency and phase shift

between a1 and a2 of N and 90◦, respectively. From Figure 4.9b, a phase lag of

45◦ is present between modes a3 and a4, however, the magnitudes are significantly

different when compared to Fr = 0.09 with a4 being approximately half of that of

a3. This difference is consistent over the six revolutions. This magnitude difference

between a3 and a4 is not present in data collected in reactor with cylindrical

geometries. For example, in the studies of Weheliye et al. (2018) and Doulgerakis

et al. (2011) in shaken and stirred cylindrical reactors, respectively, have a3 and a4

of equal intensity.

4.3.3 Spatial modes

To provide further insight into the flow dynamics difference at low and high shaking

speeds (i.e. before and after the occurrence of sloshing), the spatial eigenfunctions,

ΦΦΦnnn, are also compared for the first four POD modes of the two operating conditions

(Fr = 0.09 and 0.20) discussed in last section (do/a = 0.28, h/a = 0.5 at the plane

with z/a = 0.24). The velocity vector fields corresponding to Fr = 0.09 and Fr =
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0.23 are shown in Figure 4.10 and Figure 4.11, respectively.

At Fr = 0.09, it is evident from the velocity fields of modes 1 and 2 shown in

Figures 4.10a and 4.10b that the flow structures in the tangential direction are offset

by 90◦. Different velocity fields denoted by an hyperbolic flow pattern are present

in modes 3 and 4, as shown in Figures 4.10c and 4.10d. A shift of 45◦ in the flow is

present between the two modes. This characteristic determines the oscillation of ki-

netic energy which was found in Figure 4.6. When the reactor walls are orthogonal

to the centrifugal acceleration, modes 3 and 4 give a large contribution to be added

to modes 1 and 2. However, when the centrifugal acceleration is orthogonal to the

diagonal of the reactor, the flow is dominated only by modes 1 and 2 with a smaller

contribution of modes 3 and 4.

When the shaking speed is increased to Fr = 0.20, a strong jet flow is still identified

for modes 1 and 2 in the square reactor (see Figures 4.11a and 4.11b). This did not

occur in the study of Weheliye et al. (2018), where at high Fr condition, modes

1 and 2 exhibited larger flow vectors at the cylinder wall rather than at the centre

of the reactor. The flow fields of mode 3 and mode 4 are similar to the low speed

condition (Fr = 0.09) shown in Figures 4.11c and 4.11d, exhibiting a hyperbolic

pattern with 45◦ vector rotation along the tangential direction.

4.3.4 Flow reconstruction

The decomposed modes are ordered based on kinetic energy content, with the first

mode and last mode being the most and least energetic. Therefore, lower modes are

associated with large-scale structures, whereas higher modes are related to smaller

structures and turbulence. As the first four modes were identified by Weheliye

et al. (2018) to be sufficiently reconstruct the large scale flow features in shaken
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cylindrical reactors, the same Low Order Model (LOM) shown in Equation (4.7) is

also adopted in this work for flow reconstruction analysis.

uLOM(x,φ) = a1(t)ΦΦΦ111(x)+ · · ·+a4(t)ΦΦΦ444(x) (4.7)

Figure 4.12 shows the flow reconstruction of the first four modes at ϕ = 0◦ after

the occurrence of sloshing (i.e. Fr = 0.20). The reconstructed flow by modes 1 and

2 is characterised by a strong stream parallel to the wall with evenly-distributed

velocity magnitudes (Figure 4.12a), while the flow reconstructed from modes 3

and 4 exhibiting a hyperbolic pattern (Figure 4.12b). At the left part of the reactor

(further away from the orbital centre at ϕ = 0◦ when viewed above), the flow for

modes 1 and 2 is in the upward direction while it is moving downward for modes

3 and 4, thus the resulting flow is still moving in the upward direction but with a

smaller magnitude (Figure 4.12c) as the velocity magnitudes of modes 3 and 4 are

approximately 3 times smaller than those of modes 1 and 2. On the other hand, at

the right part of the reactor (closer to the orbital centre), the flows are both in the

upward direction for the flows reconstructed from modes 1 and 2 (Figure 4.12a)

and modes 3 and 4 (Figure 4.12b) thus resulting in an upward flow with greater

magnitude at the right part of the reactor, as shown in Figure 4.12c. This flow

reconstruction produces the same results as the phase-resolved PIV analysis at ϕ =

0◦ (see Figure 4.3a) where the faster moving velocity vectors are identified in the re-

actor side closer to the orbital centre thus leading to an inverted ensemble-averaged

velocity field (see Figure 4.1a). This phenomenon is not observed in cylindrical

OSRs with similar configurations and is most likely due to the sloshing occurring

at high shaking speed in square reactors.

Figure 4.13 shows the flow reconstruction at ϕ = 45◦, the same flow patterns are

observed with a stream in the diagonal direction controlled by modes 1 and 2 (Fig-
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ure 4.13a), and a hyperbolic flow controlled by modes 3 and 4 (Figure 4.13b). As

shown in the reconstructed flow by modes 3 and 4 in Figure 4.13b, the flows in the

upper left corner (when viewed from above) are in the opposite direction compared

to the same region of the flow reconstructed from modes 1 and 2 (Figure 4.13a),

whereas the flows are in the same direction at the bottom right corner. Therefore,

the magnitude of velocities are greater towards the right bottom corner and smaller

at the top left corner when combining all four modes (see Figure 4.13c).

As discussed earlier and shown in Figure 4.9b for Fr = 0.20, the temporal coeffi-

cients a3 and a4 have a phase lag of 45◦ and the magnitude of a4 is approximately

half of a3. This is also evident in the flow reconstructed by modes 3 and 4 at ϕ

= 0◦ and 45◦, shown in Figure 4.12b and Figure 4.13b, respectively, where the

magnitude of velocities at ϕ = 0◦ is approximately twice as much as that of ϕ =

45◦.

4.4 Scaling based on sloshing

Based on the analysis presented in previous sections, the sloshing mechanism is

mainly controlled by modes 3 and 4, which exhibit smaller magnitudes before

flow transition. After flow transition taken place within the square reactor, modes

3 and 4 start to affect the flow characteristics. Therefore a possible parameter to

measure the degree of flow transition can be represented by the difference between

the eigenvalues of modes 3 and 4 (i.e. λ3 −λ4).

As shown in Figure 4.14, the difference of λ3 and λ4 normalised by (Ndo)
2 is

plotted against two dimensionless parameters - Froude number (Fr) and angular

velocity normalised by the natural frequency of first kind and first order (Ω/ω11)

in Figure 4.14a and Figure 4.14b, respectively, with the aim to identify an effec-
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tive parameter to predict the onset of sloshing. Several operating conditions are

represented in both figures (do/a = 0.24 - 0.81 and h/a = 0.5 - 0.7). It is evident

that Ω/ω11 acts as a better scaling parameter compared to Fr since the datasets

show a better collapse over the range of speeds investigated. The angular velocity

associated with the onset of sloshing, Ω/ω11, is in very good agreement with the

speed identified from the free surface analysis (see Table 3.2). For example, for the

condition with do/a = 0.24 and h/a = 0.5, the Ω/ω11 corresponding to the sloshing

onset identified in Figure 4.14b by the lambda difference method is 0.391 while the

value identified by the potential method is 0.377, as reported in Table 3.2.

4.5 Concluding remarks

In this chapter, the flow dynamics of square shaken reactors were investigated by

means of PIV and POD for various operating conditions (do/a = 0.17 - 0.81 and

h/a = 0.3 - 0.7) which are the same as those used for the free surface dynamics

study in Chapter 3. The results are compared to those reported in cylindrical OSRs

by Weheliye et al. (2013, 2018) to assess the impact of reactor geometry on flow

dynamics within the reactor.

2D PIV was employed to obtain velocity data in the two square reactors (a = 62

and 89 mm) at a horizontal plane (z/a = 0.24). For the operating condition of

do/a = 0.28 and h/a = 0.5, the ensemble-averaged velocity fields show a flow

transition from a solid body rotation at the centre of the reactor to an inverted

mean flow with increasing shaking speed. At low shaking speeds (smaller than

the Fr corresponding to the occurrence of sloshing as identified in the free surface

dynamics investigation), the mean flow in the clockwise direction within the square

reactor resembles that of cylindrical reactors while the size of the solid body rotation

reduces gradually at the reactor centre with inverted flow developing at the corners.
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For conditions with Fr greater than the transitional speed identified by the free

surface study, the solid body rotation completely disappear at the reactor centre

with inverted flow developed at the outer side of the reactor. Therefore, it can be

concluded that the flow transition in square reactors is in close association with

the free surface transition (i.e. the onset of sloshing) and the counter-rotation of

mean flow occurring at high shaking speeds results from the sloshing phenomenon.

Phase-resolved velocity fields were obtained and it was found that the locations

of the fast moving velocity vectors are opposite for Fr = 0.09 and Fr = 0.20. The

velocities with higher magnitude are present at the side further away from the centre

of the orbit before flow transition while they gradually shift to the other side with

increasing shaking speed.

From the POD analysis, it has been found that the bulk flow in the square reactor

is mainly controlled by modes 1 and 2 while modes 3 and 4 are related to the

corner flow. One characteristic identified for square reactors is that the magnitude

of the temporal coefficient a4 is approximately half that of a3 while they usually

have similar magnitudes for periodic flows including shaken cylindrical reactors

(Weheliye et al., 2018). The imbalance of mode 3 and mode 4 is found to be

correlated to the sloshing phenomenon in square reactors and their difference

(λ3 −λ4) can be used as a measure of sloshing. This hypothesis was tested with

two scaling parameters, namely Fr and a nondimensional angular velocity based

on the system natural frequency, and the latter was found more efficient. Very

good agreement was found between the velocity of flow transition predicted using

(Ω/ω11, λ3 −λ4) and those measured from the free surface.
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(e)

(f)

Fig. 4.1 2D contour map of the ensemble-averaged velocity magnitude, superim-
posed with the corresponding velocity fields for six shaking speeds (do/a = 0.28,
h/a = 0.5) in the larger square reactor (a = 89 mm): (a) Fr = 0.09; (b) Fr = 0.11;
(c) Fr = 0.14; (d) Fr = 0.17; (e) Fr = 0.20 and (f) Fr = 0.24.
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(c)

(d)

Fig. 4.2 2D contour map of the ensemble-averaged velocity magnitude, superim-
posed with the corresponding velocity fields for four shaking speeds (do/a = 0.24,
h/a = 0.5) in the smaller square reactor (a = 62 mm): (a) Fr = 0.10; (b) Fr = 0.14;
(c) Fr = 0.16; (d) Fr = 0.19.
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(a) (b)

(c) (d)

Fig. 4.3 Phase-resolved velocity fields in the larger square tank (a = 89 mm) for
three angular positions under operating conditions of do/a = 0.28, h/a = 0.5 and
Fr = 0.09 (before flow transition): (a) ϕ = 0◦; (b) ϕ = 45◦; (c) ϕ = 90◦; (d) sketch
of the three angular positions along the orbital circuit.
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(a) (b)

(c) (d)

Fig. 4.4 Phase-resolved velocity fields in the larger square tank (a = 89 mm) for
three angular positions under operating conditions of do/a = 0.28, h/a = 0.5 and
Fr = 0.20 (after flow transition): (a) ϕ = 0◦; (b) ϕ = 45◦; (c) ϕ = 90◦; (d) sketch of
the three angular positions along the orbital circuit.
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(a) (b)

(c) (d)

Fig. 4.5 Phase-resolved velocity fields in the larger square tank (a = 89 mm) for
four shaking speeds under operating conditions of do/a = 0.28 and h/a = 0.5 at the
same angular position, ϕ = 0◦: (a) Fr = 0.09; (b) Fr = 0.11; (c) Fr = 0.14; (d) Fr =
0.17.
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Fig. 4.6 Normalised ensemble-averaged kinetic energy of two horizontal planes
(z/a = 0.12 and 0.24) for do/a = 0.28 and h/a = 0.5 at three shaking speeds: (a) Fr
= 0.11; (b) Fr = 0.17 and (c) Fr = 0.24.
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Fig. 4.7 (a) The normalised eigenvalues and (b) the percentage content of energy
associated with the first ten POD modes for six Froude numbers (do/a = 0.28 and
h/a = 0.5 at the plane z/a = 0.24).
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(a)

(b)

Fig. 4.8 Variation of the first four temporal coefficients normalised by πNdo with
time for six orbital revolutions at Fr = 0.09 (before flow transition) when operating
with do/a = 0.28 and h/a = 0.5. (a) a1 and a2; (b) a3 and a4.
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(a)

(b)

Fig. 4.9 Variation of the first four temporal coefficients normalised by πNdo with
time for six orbital revolutions at Fr = 0.20 (after flow transition) when operating
with do/a = 0.28 and h/a = 0.5. (a) a1 and a2; (b) a3 and a4.
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(a) (b)

(c) (d)

Fig. 4.10 The spatial eigenfunctions, ΦΦΦnnn, of the first four POD modes for Fr = 0.09
i.e. before flow transition (do/a = 0.28, h/a = 0.5): (a) mode 1; (b) mode 2; (c)
mode 3; (d) mode 4.



144

(a) (b)

(c) (d)

Fig. 4.11 The spatial eigenfunctions, ΦΦΦnnn, of the first four POD modes for Fr = 0.20
i.e, after flow transition (do/a = 0.28, h/a = 0.5): (a) mode 1; (b) mode 2; (c) mode
3; (d) mode 4.
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(a) (b)

(c)

Fig. 4.12 Flow fields reconstruction of the first four modes at ϕ = 0◦ for do/a =
0.28, h/a = 0.5 and Fr = 0.20 (after flow transition), measured at z/a = 0.24: (a)
modes 1 and 2; (b) modes 3 and 4; (c) modes 1, 2, 3 and 4.
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(a) (b)

(c)

Fig. 4.13 Flow fields reconstruction of the first four modes ϕ = 45◦ for do/a = 0.28,
h/a = 0.5 and Fr = 0.20 (after flow transition), measured at z/a = 0.24: (a) modes
1 and 2; (b) modes 3 and 4; (c) modes 1, 2, 3 and 4.
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Fig. 4.14 Scaling of the difference between λ3 and λ4 normalised by (doN)2 by using
two different dimensionless parameters for a wide range of operating conditions:
(a) Froude number; (b) Angular velocity normalised by the natural frequency of
first kind and first order.



Chapter 5

Mixing characteristics in shaken

microwell systems and

intermediate-sized reactors

5.1 Introduction

The results presented in this chapter build upon the mixing dynamics study of

Rodriguez et al. (2014), where mixing experiments over a broad range of lab-scale

reactors (di = 70 - 130 mm) and large orbital diameters (do = 15 -50 mm) and

fluid heights (h = 30 - 75 mm) are compared. This chapter aims at assessing the

Most of the results presented in this chapter are included in:
Li, Y., Ducci, A., Micheletti, M. (2020), “Study on mixing characteristics in shaken microwell
systems”, Biochemical Engineering Journal, vol 153, 107392.

Li, Y., Ducci, A., Micheletti, M. (2019), “Mixing time in intermediate-sized orbitally
shaken reactors with small orbital diameters”, Chemical Engineering & Technology, vol 42, pp.
1611-1617.

Li, Y., Ducci, A., Micheletti, M. (2018), “Study on mixing and fluid dynamics characteris-
tics in shaken systems”, oral presentation at the 16th European Conference on Mixing, Toulouse,
France.

Li, Y., Ducci, A., Micheletti, M. (2018), “Study on mixing and fluid dynamics in single-
use shaken systems”, poster presentation at the Single-Use Technologies III, Utah, US.
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validity of the scaling rules based on mixing dynamics that have been established in

lab-scale cylindrical OSRs for smaller reactor sizes of both cylindrical and square

geometries and significantly reduced orbital diameter. Such small orbital diameters

and the associated high rotational speeds are commonly employed in the screening

stages of new drug development, where microwell plates are used.

Mixing time measurements are conducted first in two intermediate-sized reactors

with the aim to bridge the gap between litre-scale and millilitre-scale OSRs, by

means of a pH/colour-based technique (DISMT), which has been introduced in

Section 2.5.2. The results are presented in Section 5.2 where water is used as the

test fluid and operating conditions including orbital diameter, do, fill volume, Vf

and shaking speed, N, are varied. The differences in mixing dynamics between the

two reactor geometries and the relationship between mixing time and free surface

dynamics are both identified.

Section 5.3 presents the mixing time results obtained in mimics of two commonly

used microwell plates (24 DSW and 24 SRW plates) shaken in ThermoMixer (do

= 3mm). Mixing time is also quantified by the DISMT technique thus allowing

a direct and objective comparison with intermediate-sized and lab-scale shaken

reactors. Additional mixing time experiments are performed in the 24 DSW plate

mimic to evaluate the impact of fluid viscosity and surface tension on mixing dy-

namics.

Finally, the mixing time measurements obtained in the two intermediate-sized

and two microwells presented in Section 5.2 and Section 5.3, respectively, are

compared to those obtained in larger cylindrical OSRs at greater orbital diameters,

as previously reported by Rodriguez et al. (2014). The scaling based on mixing
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dynamics in shaken bioreactors with various sizes and geometries is discussed in

Section 5.4 in an effort to identify effective scaling parameters.

5.2 Mixing time measurements in intermediate-sized

reactors

Mixing time was measured in two intermediate-sized reactors with the same volume

but either cylindrical or square geometry by means of DISMT technique. The work

of Rodriguez et al. (2014) presented mixing time measurements for non-dimensional

fluid heights of h/di = 0.3 - 0.7 and orbital-to-internal diameter ratios of do/di =

0.19 - 0.35. In this section, two configurations are presented, corresponding to

orbital-to-internal diameter ratios of do/di = 0.084 and 0.075 and a fluid height

ratio of h/di = 0.5 - 1. The results presented in this section aim at bridging the gap

between lab-scale OSRs and microscale shaken plates.

5.2.1 Mixing time in a shaken cylinder

The variation of the mixing time with respect to shaking speed (N = 100 - 1000

rpm), fill volume (Vf = 25.1, 37.7 and 50.3 mL), and orbital diameter (do = 3, 15 and

50 mm) was initially assessed in the intermediate-sized bioreactor of a cylindrical

geometry. The final shaking speed of the ThermoMixer was reached with two

different acceleration modes, namely the stepwise and the direct modes. The two

acceleration modes were found to result in different flow patterns in the cylindrical

reactor thus leading to different mixing time results.

5.2.1.1 Stepwise acceleration mode

Figure 5.1 shows the mixing time variation with the shaking speed for three different

fill volumes corresponding to h/di = 0.5, 0.75 and 1, respectively, when the speed
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is increased gradually from zero to reach the desired value in 50 rpm steps (i.e. the

stepwise acceleration mode). The plot is characterised by two distinct behaviours,

above and below N = 700 rpm (indicated as the dotted line on Figure 5.1). For

speeds below 700 rpm, the plot exhibits the expected trend where the mixing time

gradually decreases as the shaking speed is increased. This is also evident from the

instantaneous phase-locked snapshots of Figure 5.2a obtained for Vf = 37.7 mL,

where the free surface inclination continuously increases with increasing speed

(N = 300, 400, 500 and 600 rpm). The greater the maximum inclination of the

free surface, the shorter the mixing time. It is interesting to note that in this range

of shaking speeds, the fill volume of the reactor does not significantly affect the

mixing time.

On the contrary, for N greater than 700 rpm, the mixing time becomes counter-

intuitively longer, despite the increase in shaking speed and reaches a peak at 800

rpm, thereafter showing the normal decreasing behaviour. It is also evident on

Figure 5.1 that larger fill volume determines a greater increase in mixing time.

From the phase-locked images of Figure 5.2b, it is evident that for shaking speed

greater than 700 rpm, the free surface does not exhibit a clear inclination, resulting

in reduced oscillations and therefore longer mixing time. This behaviour is more

accentuated at 800 rpm (last snapshot in Figure 5.2b), where the flow is mainly

characterised by an axial vortex, which trapped the acid solution (red) at its centre

and prevented the mass transfer with the surrounding base solution (yellow). These

findings are in agreement with those of Rodriguez et al. (2014), who also docu-

mented slow mixing zones inside vortical structures in larger cylindrical shaken

reactors.
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5.2.1.2 Direct acceleration mode

In the direct mode, the final shaking speed is achieved directly by setting each

speed on the shaker and the mixing time variation in the cylinder shows a different

behaviour. As shown in Figure 5.3, an additional and more pronounced peak in

mixing time occurs at a speed of 450 rpm for all Vf investigated. This is mainly

related to the small orbital diameter of the ThermoMixer which, when combined

with the sudden acceleration of the direct mode and the large shaking speed, does

not give enough time for the free surface to develop a coherent oscillation, hence

resulting in poor mixing.

This mixing time variation is well captured in the corresponding phase-locked snap-

shots, as shown in Figure 5.4 for Vf = 37.7 mL. The free surface does not exhibit

any clear inclination for those conditions with N greater or equal to 400 rpm (see the

last three snapshots on Figure 5.4a) which is in contrast to the large wave amplitude

present at N = 300 rpm. When the shaken speed is further increased to above 700

rpm, the behaviour already discussed in Figure 5.1 with a secondary mixing time

peak at 800 rpm still persists in the direct acceleration mode. Also in this case, the

intensity of the peak correlates with the fill volume, and it is related to the reduced

mass transfer across the axial vortex, as displayed in the last snapshot of Figure 5.4b.

Figure 5.5 compares the mixing pattern evolution in time within the cylindrical

reactor for the two different acceleration modes at a particular operating condition

(Vf = 37.7 mL and N = 400 rpm). As discussed previously, when the stepwise

acceleration mode is employed, a continuous increase in the free surface inclination

is observed with increasing shaking speed. The inclination of the free surface is

evident on Figure 5.5a thus resulting in a fast mixing process with an average tm

of 4 seconds. On the contrary, the free surface inclination is far less pronounced
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if the direct acceleration mode is adopted, as shown in Figure 5.5b. In this case,

the average tm (12.8 seconds) is much longer than that of the stepwise mode. The

colour evolution in time also shows the mixing patterns within the cylindrical

reactor where two counter rotating vortices are present. A portion of the inserted

base solution is trapped inside the vortical structure thus reducing the mass transfer

with surrounding fluids and leading to longer mixing process.

5.2.1.3 Free surface measurements

To further understand the impact of the two acceleration modes on mixing time in

the cylindrical reactor, the free surface height was measured for increasing shaking

speeds by the technique described in Section 2.3. The non-dimensional amplitude

of the free surface, ∆η/di, is plotted against the Froude number, Fr, as shown in

Figure 5.6, where ∆η is obtained as the difference between the highest and lowest

fluid height at the centre of the reactor. It should be noted that, as the free surface

wave is very consistent across different rotations, and it is not necessary to take an

average over several revolutions. Therefore the standard deviation is not included

in the free surface data reported in Figure 5.6.

Consistently with Figure 5.2 and Figure 5.4, the set of results in Figures 5.5

and 5.6 also shows that the two acceleration modes have a significant impact on

the free surface oscillations, and therefore on the overall flow occurring within the

cylindrical reactor. This difference is particularly pronounced at the lower end of

the shaking speeds investigated (N < 650 rpm), where the wave amplitude of the

stepwise mode can reach values nearly six times greater than those obtained for the

direct mode (Fr = 0.4). The wave amplitudes of the two acceleration modes are

closer for Fr greater than 0.7 (i.e. N > 650 rpm) where ∆η/di is decreasing with

increasing shaking speed. This is related to the formation of an axial vortex within

the reactor, which is mainly characterised by solid body rotation. It should be noted
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that this behaviour is different to that found by Weheliye et al. (2013) for larger

reactor sizes and orbital diameters, where the wave amplitude exhibited a constant

increase with the speed even after flow transition. This difference is likely to relate

to the small orbital diameter combined with the large shaking speed.

5.2.1.4 Effects of orbital diameter on mixing dynamics

To assess whether the results obtained when using the ThermoMixer are related to

the small orbital diameter (do = 3 mm), further experiments were carried out in the

intermediate-sized cylindrical reactor for larger orbital diameters of 15 and 50 mm

on the Kühner LS-X shaker table. The corresponding mixing times are plotted in

Figure 5.7 for the same fill volumes investigated in the ThermoMixer.

Both sets of experiments display the standard decrease of the mixing time with

increasing shaking speed as previously reported by Rodriguez et al. (2014), and,

as expected, their values are proportional to the fill volume. However, in this case,

the mixing time peaks identified in Figure 5.1 and Figure 5.3 for the smaller orbital

diameter are not present. Moreover, in this set of results, the acceleration modes,

either stepwise or direct, did not affect the final mixing time as the same degree

of free surface inclination can be established irrespective to the acceleration mode

used. Therefore, it can be concluded that the small orbital diameter combined with

the large shaking speeds and sudden acceleration mode can have a major impact on

the flow and mixing dynamics within the reactor and that the operating conditions

should be carefully selected to obtain representative and reliable results when a

ThermoMixer is being used.
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5.2.2 Mixing time in a square reactor

This section seeks to compare the mixing dynamics for cylindrical and square

geometries in intermediate-sized reactors. Mixing time experiments using the

DISMT technique as previously introduced in Section 2.5.2 was undertaken.

5.2.2.1 Mixing time variation

Similar to Section 5.2.1, the mixing time measurements with a small orbital di-

ameter, do = 3 mm, are obtained in the square reactor for three fill volumes, Vf

= 22.2, 33.3 and 44.4 mL, corresponding to the same fluid height, h, as in the

cylindrical reactor and different acceleration modes. However, in this case, the dif-

ference in mixing time between the stepwise and direct modes is found to be within

the statistical error associated with multiple experiment repetitions, and therefore

the mixing time data presented in Figure 5.8 are an average of the two sets of results.

The mixing time variation with the shaking speeds of Figure 5.8 is characterised by

a two-peak curve, which is similar to that obtained in the cylindrical vessel in direct

acceleration mode (see Figure 5.3). Both peaks occur at a slightly lower shaking

speed, 400 and 750 rpm, when compared to the corresponding peaks of Figure 5.3

(450 and 800 rpm, respectively). Also in this case, the first peak is associated

with suppressed oscillations of the free surface, while the second one is related to

the presence of an axial vortex inducing solid body rotation and preventing mass

transfer with the surrounding fluid.

5.2.2.2 Free surface measurements

The variation of the free surface wave amplitude with the Froude number for the

square reactor is shown in Figure 5.9. The large inclination of the free surface at

N = 300 rpm is consistent with the fast mixing occurring at the lowest shaking
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speed considered in Figure 5.8. Similar to Figure 5.6, there is a range of shaking

speeds centred around Fr = 0.4 (i.e. N = 500 rpm), where the system is denoted by

marginal free surface oscillations and does not develop a significant wave amplitude.

In this case, the free surface is mainly vibrating due to the combination of a small

orbital diameter and a large shaking speed. The presence of the corners in the

square reactor also contributes to reduced free surface oscillations, even when a

stepwise acceleration mode is employed.

5.3 Mixing time measurements in microwell plates

Shaken microwell plates are widely used for early bioprocess development as they

allow a large number of experiments to be performed in parallel using small amount

of materials. Despite their widespread use, the mixing dynamics have not been

characterised thoroughly. This section aims at extending the DISMT technique for

lab- and intermediate-scale OSRs further down to microwell systems of different

geometries for reduced shaking orbital diameter (do = 3 mm) and to assess the

effects of fluid properties (viscosity and surface tension) on mixing time. From

this perspective, mixing time was measured in two microwell formats with square

and cylindrical geometries, which are mimics of commercially-available microtitre

plates.

5.3.1 Mixing time in 24-DSW plate format

The impact of three parameters, namely fill volume, fluid viscosity and surface

tension, on mixing time were investigated in the square well, a mimic of the

24-DSW plate, while shaken on the ThermoMixer with do = 3mm.
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5.3.1.1 Effects of fill volume on mixing dynamics

Figure 5.10 shows the mixing time variation with respect to shaking speed for

five different fill volumes, ranging from 2 to 6 mL. It should be noted that the log

scale of tm is employed on the y-axis on Figure 5.10 to allow better visualisation of

the impact of fill volume on mixing time, especially in the high speed range with

very short mixing time (less than 2 seconds). A significant mixing time reduction

(from 100 s to 10 s) occurs in the lower end range of shaking speeds investigated,

between N = 300 - 400 rpm. It is also evident that the mixing time for Vf = 6 mL is

approximately 3.5 times greater than that of 2 mL at the lowest speed (300 rpm).

For shaking speeds greater than 400 rpm, the mixing process became very rapid

with mixing time less than 10 seconds for all fill volumes examined. At higher

speed range, it is evident that an increase in mixing time occurs at N = 550 - 650

rpm for Vf ranging from 3 to 6 mL, which is more pronounced the larger the fill

volume. This unexpected mixing increase occurs earlier at N = 500 rpm for the

smallest fill volume investigated. Mixing time drops again with further increase in

shaking speed and no significant change is noticed afterwards.

The unexpected mixing time increase at high speed range is associated with a

change in the free surface dynamics in the square well and most likely results from

the very short orbital shaking diameter used. To further understand this unexpected

phenomenon with respect to free surface dynamics, the non-dimensional wave

amplitude, ∆η/di, of the free surface was measured by the same method used in

intermediate-sized reactors. Figure 5.11 displays both the tm variation (left y-axis)

and the ∆η/di variation (right y-axis) with increasing shaking speed in the range of

450 to 800 rpm where the unexpected mixing time increase occurred, for Vf = 6

mL. It is evident that an increase in mixing time has resulted from a decrease in

free surface height and vice versa. This is similar to the phenomenon noticed in
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the cylindrical intermediate-sized reactor where a direct acceleration mode affected

the free surface oscillations and thus the mixing time, as described in Section 5.2.1.

The reduced free surface oscillation in the square microwell is independent of

acceleration modes, however, the long mixing time at high speed range is also due

to a significantly reduced free surface height.

To further elucidate the cause of the reduced free surface oscillation, the non-

dimensional wave amplitude was also measured in the square well for the same

fill volume (Vf = 6 mL) when shaking on the Kühner lab shaker with do = 15

mm. The results are compared to those obtained for do = 3 mm in Figure 5.12

where ∆η/di is plotted against Fr instead of N, in order to make the two sets of

results more comparable. Consistently with Figure 5.10, when shaken at do = 3

mm, the non-dimensional wave amplitude drops when Fr was increased to 0.6

corresponding to 600 rpm, which is the speed for the occurrence of the mixing time

increase. On the contrary, the wave amplitude exhibits a constant increase with

shaking speed when a larger do is employed. Therefore, the unexpected mixing

time increase in the square well has to be related to the small orbital diameter used

which has a significant impact on the free surface oscillation.

5.3.1.2 Effects of fluid viscosity on mixing dynamics

Cell culture media used in bioprocesses generally have a viscosity similar to water,

however, higher viscosities might be encountered in serum-based media for cell

expansion processes or in high cell density cultures. The viscosity of cell culture

media in the latter context increases with time due to the presence of increasing

amount of biomass.

To this perspective, mixing time measurements by DISMT technique were also

carried out in the square well for two fluids exhibiting greater viscosity than wa-
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ter and the mixing time variation with increasing shaking speed is illustrated in

Figure 5.13. For the fluid with viscosity of 10−4 m2s−1 (100 times more viscous

than water) at low shaking speed range, the mixing time shows approximately

a 7-fold increase as exhibited in Figure 5.13. The fluid with viscosity that is

10 times greater than water also exhibits an increase in mixing time at N = 300

- 350 rpm, however, to a much lesser extent compared to the previous discussed case.

At higher speed range, it is evident that the increase in mixing time also occurs

for viscous fluids and the extent is even more pronounced. It is also worth noting

that the speeds at which tm increases for water, fluid with 10 × viscosity and fluid

with 100 × viscosity are 600, 650 and 700 rpm, respectively. This indicates that

this mixing time increase phenomenon occurs at a higher shaking speed, the more

viscous the fluid is. For viscous fluids, the increase in tm at high speed range is also

resulted from a reduced free surface oscillation.

5.3.1.3 Effects of surface tension on mixing dynamics

Additional mixing time experiments were performed to assess the effect of surface

tension on mixing dynamics in the square microwell as the interfacial tension of a

liquid in the well is influenced by the gas phase and the physiochemical property of

the liquid, known as the gas-liquid interface. SDS, an anionic surfactant, was added

into the bulk solution and successive dilutions were performed to obtain liquid with

different surface tensions.

Four surfactant concentrations are investigated (see Table 2.4) and the results are

compared to pure water when the square well was filled with 3 mL of liquid. As

depicted in Figure 5.14, the mixing time decreases with increasing concentration of

the surfactant when shaken at the lowest speed (300 rpm). It is also evident that

in the presence of surfactant in the fluid, the unexpected increase of mixing time
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at high speed range, N = 600 - 650 rpm, reduces by a great extent. Therefore, the

reduction of surface tension with the addition of surfactant has a significant influ-

ence on the mixing dynamics in the square microwell, both at low and high shaking

speeds, suggesting surface tension is a key factor that needs to be considered during

orbital shaking motions, especially at small orbital diameters.

It is also worth noting that the properties of the well construction material influences

the liquid-solid interface, thus also impacting on the surface tension as indicated in

the Young’s equation:

σV/S = σL/V (cosθc)+σL/S (5.1)

where σV/S, σL/V and σL/S are vapour-solid, liquid-vapour and liquid-solid interfa-

cial tensions, respectively, and θc is the contact angle between the solid and liquid

phases. As suggested in Equation (5.1), the construction material of the microwell

needs to be taken into account when assessing the effect of surface tension on

mixing.

5.3.2 Comparison of mixing time in different well geometries

Microwell plates with cylindrical geometry, such as the 24-SRW plate, are also

commonly used for screening and process development studies. In this section,

mixing time was measured in the microwell with a cylindrical geometry for three

different fill volumes (Vf = 3, 4 and 5 mL) and the results were compared with

those obtained in the square well with similar dimensions to assess the effect of

reactor geometry on mixing dynamics in shaken microwell systems.

At low shaking speeds, the mixing process is longer in the cylindrical well than the

square one when the same fill volume is considered, as shown in Figure 5.15. The

mixing process is more efficient in the square well, most likely due to the presence
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of the four corners of a square well, as they act as baffles, thus promoting the mixing

performance. Similarly in the cylindrical well, mixing time drops significantly

with increasing shaking speed in the low speed range (i.e. 300 - 400 rpm), while

no significant change in mixing time is observed for shaking speeds greater than

400 rpm and the mixing process becomes very rapid afterwards. It should also be

noticed that in contrast to the intermediate-sized cylindrical reactor, no difference

in mixing time is identified in the cylindrical microwell when different acceleration

modes of the ThermoMixer are adopted.

A close up of the mixing time variation at high speed range (450 - 1000 rpm) is

provided in Figure 5.16a to better visualise the trend. The phenomenon of small

increase in mixing time in the high speed range is not observed in the cylindrical

geometry. The phase-locked images showing the free surface shape at five different

shaken speeds for the two geometries is depicted in Figure 5.16b. When the cylin-

drical well is considered, it is evident that the free surface inclination, and therefore

oscillation, continuously increases with increasing shaken speed, resulting in faster

mixing. However, when the square geometry is considered, it is clear that at N = 650

and 700 rpm, the free surface does not show a pronounced inclination, indicating

that the sloshing mechanism and, therefore the mixing process, is reduced.

The non-dimensional wave amplitude measurements are conducted in the square

and cylindrical microwells for N = 550 - 1000 rpm. As shown in Figure 5.17, the

mixing time increase at N = 550 rpm in the square well corresponds to a significant

decrease in wave amplitude. However, the wave amplitude in the cylindrical well

maintains a nearly constant value around 0.53 in the shaken speed range measured

which is consistent with the constant mixing time variation trend as shown in

Figure 5.16a.
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5.4 Mixing time scaling in shaken bioreactors

The mixing time results obtained in the intermediate-sized reactors (Section 5.2) and

microwell systems (Section 5.3) in a ThermoMixer are compared to those reported

by Rodriguez et al. (2014) for larger reactor sizes (di = 80 - 130 mm) and greater

orbital diameters (do = 15 - 50 mm). The mixing time results between current work

and Rodriguez et al. (2014) are comparable as the same experimental methodology

and imaging processing algorithms are used. The comparison between different

results are in an attempt to derive a more universal scaling law for OSRs with

various scales, geometries and operating conditions based on the mixing dynamics

within the reactors.

5.4.1 OSR scaling based on Froude number

In the study of Rodriguez et al. (2014), two dimensionless parameters, mixing num-

ber (Ntm) and the ratio of (Fr/Frcr), were identified as effective scaling parameters

for the mixing time measurements obtained in their work and those presented by

Tissot et al. (2010) for very different reactor sizes and operating conditions. A

power law relationship was proposed for scaling in the form of Equation (5.2), that

best fit data over a broad range of operating conditions.

Ntm = 100.7(
Fr

Frcr
)−1.245 +25 (5.2)

The use of the critical Froude number in scaling was found to be more effec-

tive than simply using Fr, as Frcr takes the presence of flow transition between

in- and out-of-phase in the OSR into account, as described in Weheliye et al. (2013).

To assess the possibility of extending the scaling law identified in Rodriguez et al.

(2014) to OSRs with smaller sizes, their results obtained in larger cylindrical re-
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actors for five parameter combinations and the proposed power law are plotted in

Figure 5.18 and Figure 5.19 and compared against the mixing number curves for

intermediate-sized and microwell systems, respectively.

To increase the readability of Figure 5.18, the standard deviation of the mixing

number results obtained in the two intermediate-sized reactors are represented by

shaded areas. Mixing number results in larger cylindrical reactors (Rodriguez et al.,

2014) are plotted in black and the derived power law model (Equation (5.2)) is

represented by the dotted black line. It is evident on Figure 5.18 that the larger re-

actor model tends to overpredict the mixing number obtained in intermediate-sized

reactors, and the ratio Fr/Frcr is not as effective when small orbital diameters, such

as in the ThermoMixer, are employed.

Similarly, the mixing number results obtained in the square and cylindrical mi-

crowells are plotted together with the larger reactor model in Figure 5.19. The

overprediction problem as identified in the intermediate-sized reactor also occurs

for microwell systems, most likely due to the small orbital diameter employed

that led to different fluid and mixing dynamics within the wells. Therefore, there

is a need to identify another parameter to aid the scaling across different shaken

systems.

5.4.2 OSR scaling based on natural frequency

A potential scaling parameter was identified in the work of Reclari et al. (2014)

who demonstrated that the natural frequency of a shaken cylindrical container is

directly related to the free surface oscillations. As described in Ibrahim (2005),

depending on the geometry of the reactor, the natural frequency of mode (1,1) could
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be calculated from Equation (5.3) for upright cylinders and from Equation (5.4) for

square containers.

ω
2
11 =

2gε11

di
tanh(

2ε11h
di

) (5.3)

ω
2
11 = gπ

√
8
a2 tanh(π

√
8
a2 h) (5.4)

where ε11 = 1.841 and is the first root of the derivative of the Bessel’s function of

the first kind and first order.

It is evident from its definitions that the natural frequency only depends on the

reactor size and amount of fluid inside, but independent of shaken orbital diameters.

Therefore, it is considered as an alternative scaling parameter for shaken systems.

The comparison of mixing number variation with the new scaling parameter for the

intermediate-sized reactors and lab-scale OSRs is illustrated in Figure 5.20. It is evi-

dent that the mixing numbers obtained in intermediate-sized reactors correlate better

with those found by Rodriguez et al. (2014) when the angular velocity-to-natural

frequency ratio, ω/ω11, is used for scaling. Despite the different peaks present in

the intermediate reactor sizes for small orbital diameters, the two sets of results

display closer mixing number magnitudes over the range of ω/ω11 investigated.

Similarly for the two microwells investigated, their mixing number variations are

plotted together with those obtained in Rodriguez et al. (2014) in Figure 5.21 based

on ω/ω11. It is evident that the two datasets correlate better by using ω/ω11 as

the scaling parameter rather than Fr/Frcr, most likely due to the independence of

orbital diameter of natural frequency. It could therefore be concluded that ω/ω11

acts as a better scaling parameter for OSRs if smaller reactor sizes and reduced
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orbital diameter are employed.

A power law relationship in the form of Equation (5.5) can be used to represent

the entire data set presented in Figure 5.20 and Figure 5.21 which include two

microwells (square and cylinder), two intermediate-sized reactors (square and

cylinder) and three lab-scale cylindrical reactors (Rodriguez et al. (2014)).

Ntm = a
(

ω

ω11

)b

+ c (5.5)

where a, b and c are three constants with values of 44.58, -1.82 and 30.03, respec-

tively. This correlation between Ntm and ω/ω11 represents a useful tool in scaling

shaken bioreactors with sizes ranging from microwell plates to lab scale reactors

and shaken orbital diameters in the range of 3 mm to 25 mm. It should be noted

that the values of the three constants may be varied if different reactor sizes and

operating conditions are adopted.

5.5 Concluding remarks

In this chapter, mixing time measurements were obtained in two intermediate-sized

reactors and two microwells, with cylindrical and square geometries, respectively,

by means of a pH/colour-based technique (DISMT). A new-built experimental rig

was employed to allow the capture of high quality images showing the colour evolu-

tion process in the reactors when shaken on a ThermoMixer with significantly small

orbital diameter of 3 mm. The imaging processing procedures based on the use

of the standard deviation of the green intensity have been successfully established

which allow direct and objective comparison with mixing time measurements in

larger OSRs as reported by Rodriguez et al. (2014).
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When an intermediate-sized cylindrical reactor is shaken in the ThermoMixer, the

acceleration mode to reach the desired shaking speed had a significant impact on

the mixing time, with stepwise acceleration inducing faster mixing compared to the

direct acceleration mode. Depending on the acceleration mode employed, single-

or double-peak mixing curves were identified. The first peak only occurred in the

direct acceleration mode, and it was related to the inability of the fluid to react to

the sudden high speed motion of the system. This resulted in marginal free surface

oscillations and poor mixing. The second peak occurring for both acceleration

modes was found to be related to the transition to a vertical vortex flow, which

prevented mass transfer with the surrounding fluid. A double-peak mixing curve

was also observed for the intermediate-sized square reactor, but in this case the

acceleration mode did not affect the mixing time.

The mixing time of the 24 DSW showed in general the typical variation of a mixing

number curve, however, a range of shaking speed, N = 600 -650 rpm, was identified,

denoting an increase of mixing time with speed. This phenomenon was caused by

a reduced surface oscillation over this range of speeds, which did not occur when

a cylindrical geometry (24 SRW) was considered. With increased fluid viscosity,

the increase of the mixing time at high speed range became more pronounced,

whereas with a reduction of surface tension, this phenomenon disappeared in the

deep square well. The mixing time results presented in this work indicate that the

operating conditions and acceleration modes should be carefully selected to obtain

representative and reliable results when a ThermoMixer with a small orbitally

shaken diameter is being used.

Direct comparison between the results presented in this chapter and the mixing

time measurements reported in larger OSRs by Rodriguez et al. (2014) showed that

the angular velocity-to-natural frequency ratio can offer a viable solution to scale
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the mixing time measurements across reactor sizes in the order of millilitre to litre

scales and orbital diameters ranging from 3 mm to 250 mm. The newly-identified

scaling parameter ω/ω11 works better than the previously used parameter Fr/Frcr

when reduced orbital diameters are considered, mostly due to the independence of

orbital diameter of natural frequency. A new power law relationship between Ntm

and ω/ω11 has been proposed in the form of Ntm = 44.58(ω/ω11)
−1.82 +30.03 to

describe the trend exhibited by all mixing time data obtained.
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Fig. 5.1 Variation of mixing time with shaking speed for three different fill volumes
(Vf = 25.1, 37.7 and 50.3 mL) in the intermediate-sized cylindrical reactor (di =
35.4 mm) with stepwise acceleration mode when shaking on the ThermoMixer (do
= 3 mm).
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(a)

(b)

Fig. 5.2 Instantaneous phase-locked snapshots showing different free surface be-
haviours for increasing shaking speeds when the stepwise acceleration mode was
adopted and Vf = 37.7 mL and do = 3 mm: (a) below N = 700 rpm; (b) above N =
700 rpm.
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Fig. 5.3 Variation of mixing time with shaking speed for three different fill volumes
(Vf = 25.1, 37.7 and 50.3 mL) in the intermediate-sized cylindrical reactor (di =
35.4 mm) with direct acceleration mode when shaking on the ThermoMixer (do = 3
mm).
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(a)

(b)

Fig. 5.4 Instantaneous phase-locked snapshots showing different free surface be-
haviours for increasing shaking speeds when the direct acceleration mode was
adopted and Vf = 37.7 mL and do = 3 mm: (a) below N = 700 rpm; (b) above N =
700 rpm.
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(a)

(b)

Fig. 5.5 Instantaneous phase-locked snapshots comparing the colour evolution in
time within the intermediate-sized cylindrical reactor (Vf = 37.7 mL, N = 400 rpm
and do = 3 mm) for the two different acceleration modes: (a) stepwise mode; (b)
direct mode.
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Fig. 5.6 Non-dimensional free surface height versus Froude number for the two
acceleration modes in the intermediate-sized cylindrical reactor with Vf = 37.7 mL
and shaken at do = 3 mm.
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Fig. 5.7 Variation of mixing time with shaking speed for three different fill volumes
(Vf = 25.1, 37.7 and 50.3 mL) in the intermediate-sized cylindrical reactor (di =
35.4 mm) when larger orbital diameters were adopted (do = 15 and 50 mm).
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Fig. 5.8 Variation of mixing time with shaking speed for three different fill volumes
(Vf = 22.2, 33.3 and 44.4 mL) in the intermediate-sized square reactor (a = 40 mm)
when shaking on the ThermoMixer (do = 3 mm).
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Fig. 5.9 Non-dimensional free surface height versus Froude number in the
intermediate-sized square reactor with Vf = 33.3 mL and shaken at do = 3 mm.
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Fig. 5.10 Variation of mixing time with shaking speed showing the effect of fill
volume on mixing process in the 24 DSW plate format (a = 17.1 mm) when shaken
at do = 3 mm.
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Fig. 5.11 Comparison between mixing time (left y-axis) and non-dimensional free
surface amplitude (right y-axis) with increasing shaking speed in the square well
with Vf = 6 mL and shaken at do = 3 mm.
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Fig. 5.12 Comparison of the effect of orbital diameter on non-dimensional free
surface amplitude in the square well (a = 17.1 mm, Vf = 6 mL).
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Fig. 5.13 Variation of mixing time with shaking speed showing the effect of fluid
viscosity on mixing process in the 24 DSW plate format (a = 17.1 mm) with Vf = 3
mL when shaken at do = 3 mm.



181

300 400 500 600 700 800 900 1,000

1

10

N [rpm]

t m
[s

]

Water
Surfactant (3.47× 10−3 molL−1)
Surfactant (10× dilution)
Surfactant (50× dilution)
Surfactant (100× dilution)

Fig. 5.14 Variation of mixing time with shaking speed showing the effect of surface
tension on mixing process in the 24 DSW plate format (a = 17.1 mm) with Vf = 3
mL when shaken at do = 3 mm.
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Fig. 5.15 Comparison of mixing time variation with shaking speed between square
and cylindrical geometries in the two microwells for three different fill volumes
when shaken at do = 3 mm.
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Fig. 5.16 (a) Zoomed-in figure of the variation of mixing time with shaking speed in
the range of 450 - 1000 rpm for the two microwells with either square or cylindrical
geometry. (b) Phase-locked images showing the difference of free surface shapes at
certain speed ranges in the two geometries.
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Fig. 5.17 Comparison of non-dimensional free surface amplitude for the square and
cylindrical microwells at high speed range (550 - 1000 rpm).
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Fig. 5.18 Scaling between intermediate-sized reactor mixing time results and those
reorted in Rodriguez et al. (2014) for large cylindrical OSRs using two dimension-
less parameters — Ntm and Fr/Frcr.
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Fig. 5.19 Scaling between microwell mixing time results and those reported in Ro-
driguez et al. (2014) for large cylindrical OSRs using two dimensionless parameters
— Ntm and Fr/Frcr.
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Fig. 5.20 Scaling between intermediate-sized reactor mixing time results and those
reported in Rodriguez et al. (2014) for large cylindrical OSRs using two dimension-
less parameters — Ntm and ω/ω11.
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Fig. 5.21 Scaling between microwell mixing time results and those reported in Ro-
driguez et al. (2014) for large cylindrical OSRs using two dimensionless parameters
— Ntm and ω/ω11.



Chapter 6

Conclusions and recommendations

for future work

6.1 The present contribution

From the literature survey, it is evident that the vast majority of engineering charac-

terisations in OSRs were conducted in lab-scale cylindrical reactors while square

reactors and shaken microwell plates are considered to a relatively lesser extent,

despite their wide practical uses in bioprocessing. The overall aim of the research

presented in this thesis was to provide detailed investigations of the free surface and

flow dynamics in lab-scale orbitally shaken reactors with a square geometry and

the mixing dynamics in microwell plate formats for improved bioprocess design.

The research was organised in an attempt to provide a thorough understanding of

both fundamental and engineering aspects of shaken reactors and establish a scaling

framework that is valid for shaken systems with a wide range of scales and geome-

tries. A newly-developed optical method was employed to visualise and accurately

measure the free surface motion in square OSRs. 2D Particle Image Velocimetry

technique was used to obtain both ensemble-averaged and phase-resolved flow field

measurements in lab-scale square reactors. The Dual Indicator System for Mixing
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Time technique, established in larger OSRs, has been successfully extended to

microwell plates and shaker table with significantly reduced orbital diameter (do =

3 mm).

The free surface dynamics in two lab-scale square reactors were investigated under

various operating conditions, including reactor size, a, orbital diameter, do, fluid

height, h and shaking speed, N, for fluid with water-like viscosity (cf. Chapter 3).

The optical method allowed visualisation of the free surface shape and different

wave patterns generated in OSRs at various angular positions were identified. Two

methods were employed to investigate the free surface transition occurring in square

reactors. The first method was based on the correlation of the measured free surface

height with the dimensionless Froude number, while the second method was based

on a potential flow model and its correlation with the non-dimensional natural

frequency.

In the first part of Chapter 4, 2D PIV technique was employed to obtain ensemble-

averaged and phase-resolved velocity field data on horizontal planes for the same

operating conditions used in Chapter 3 to study the free surface dynamics. The

aim was to investigate the relationship between free surface and flow transitions

occurring in square OSRs. The second part of Chapter 4 employed the Proper

Orthogonal Decomposition technique to further analyse the flow field data. A flow

comparison between low- and high-speed conditions was carried out to identify

different characteristics before and after flow transition.

In Chapter 5, mixing time measurements obtained with the DISMT technique were

conducted in two intermediate-sized reactors with square and cylindrical geometries

(di = 35.4 and 40 mm, respectively) and two microwells also with square and cylin-

drical geometries (di = 17.1 and 15.6 mm, respectively) shaken in ThermoMixer
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with a fixed orbital diameter of 3 mm. Additional mixing time experiments were

performed in the square microwell which was a mimic of the 24 Deep Square Well

plate to assess the impacts of fluid viscosity and surface tension on the mixing

dynamics. Finally, an effective scaling parameter across reactors ranging from the

millilitre to the litre scales was identified through direct comparison of the results

obtained in this work with those reported by Rodriguez et al. (2014) for larger

cylindrical reactors (di = 70 - 130 mm).

The main findings of this work are outlined in Section 6.2 while limitations of

current work and recommendations for future work are discussed in Section 6.3.

6.2 Main findings of the investigation

The free surface dynamics of square shaken reactors were investigated through

free surface height measurement for a broad range of operating conditions (do/a

= 0.17 - 0.81 and h/a = 0.3 - 0.7) in two square reactors with a = 62 and 89 mm.

A wave transition from a planar to a wavy profile, was identified with increasing

shaking speed. At very high shaking speed, a chaotic wave pattern occurred within

the reactor. When the reactor started to exhibit some sloshing, a thin “fluid film”

was found to be present in the square reactor when the wave propagated from the

right to the left side of the reactor (i.e. ϕ = 270◦ to 360◦). The speed at which the

“fluid film” occurs were determined for all the operating conditions investigated and

the measured data were fitted with a second order polynomial (∆ηc/a = 3.64Fr2

-0.85Fr + 0.23, R2 = 0.954), which was denoted as a “sloshing line”. Below the

sloshing line, a consistent linear relationship between the dimensionless free surface

height and Fr was observed, while the measured heights started branching out from

the linear relationship for those conditions above the sloshing line.
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The free surface transition was also investigated by a potential function model,

which theoretically predicts the free surface height of a cylindrical reactor. Under

the assumptions of inviscid, incompressible and irrotational flow within the reactor,

the model proposed by Reclari et al. (2014) and Bouvard et al. (2017) was firstly

validated with data measured in cylindrical reactors and good agreement was found

between them. When the potential model for cylindrical reactor was compared to

the data for a square reactor, it was found that the wave amplitude in the square

geometry was significantly larger than the cylindrical one. To obtain a theoretical

prediction in square reactors, a hybrid model was proposed which replaces the

natural frequency of the cylindrical reactor with that of square reactor within the

wave amplitude equation. Good agreement was found between the measured wave

amplitude and those predicted by the hybrid model. It was noticed that deviation

of the measured data from the model corresponded to the onset of the free surface

transition. Overall, the method based on the sloshing line, and the one based on the

hybrid potential model predicted very close free surface transitional speed.

The flow dynamics in square reactors were investigated by PIV for the same oper-

ating conditions employed for the free surface study. For shaking speed less than

the free surface sloshing Fr, the ensemble-averaged flow field was characterised

by a solid body rotation with velocity vectors align in same direction as the shaker

table movement (i.e. clockwise direction). The size of the solid body rotation

region gradually reduced with increasing shaken speed and inverted flows started

to develop at the corners. When Fr was greater than the transitional speed identi-

fied by the free surface analysis, the mean flow completely changed its direction

of rotation (i.e. counter-clockwise direction). Therefore, it could be concluded

that the flow transition occurring in square reactors was closely related to the free

surface transition (i.e. the onset of sloshing). Moreover, it was found from the

phase-resolved velocity fields analysis that the counter-rotation of the mean flow at
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high shaken speeds was resulted from the location of those faster-moving velocities

present at the side that is further away from the orbit centre.

By applying the modal decomposition analysis to the velocity fields, it was found

that the POD modes 1 and 2 dominate the bulk flow for all shaking speeds investi-

gated. On the contrary, the contribution of modes 3 and 4 was found to be relevant

to the flow in the corners and only at higher speeds. The magnitude of the temporal

coefficient a4 was found to be approximately half of that of a3 and therefore the

difference of the eigenvalues of modes 3 and 4 (i.e. λ3 − λ4) was employed to

predict the flow transition. A good agreement between the flow transition shaken

speed predicted by using (Ω/ω11 and λ3−λ4) and those measured from free surface

was identified.

Mixing time measurements were carried out in two intermediate-sized reactors with

square and cylindrical geometries shaken in the ThermoMixer with do = 3mm by

using the DISMT technique. The acceleration mode to achieve the desired shaken

speed was found to have a significant impact on mixing time in the cylindrical well

with a faster mixing process induced by the stepwise mode rather than the direct

acceleration mode. A peak in mixing time occurred at high shaking speeds for both

acceleration modes, which was associated with the presence of a vertical vortex flow

in the reactor thus preventing mass transfer with the surrounding fluid. An addi-

tional peak occurred earlier if the direct acceleration mode was employed, because

the free surface was incapable of responding to the sudden increase in shaken speed.

Mixing times were also measured in two microwells which are mimics of the

commercially-available 24 DSW and 24 SRW plates. A range of shaken speeds

(N = 600 -650 rpm) was identified in the square microwell which was denoted by

an increase in mixing time despite the increase of shaking speed, resulting from
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a reduced free surface oscillation. An increase in the fluid viscosity was found

to result in a more pronounced mixing time peak at the range identified for the

occurrence of mixing time increase. Moreover, the mixing time increase at high

speed range in the square well disappeared with a reduction in the surface tension. It

should be noted that no mixing time increase was noticed in the cylindrical reactor

at high shaking speeds.

The angular velocity-to-natural frequency ratio was identified as an effective scal-

ing parameter by comparing the mixing time results in smaller reactor sizes and

reduced orbital diameters obtained in this work to those reported in larger OSRs

by Rodriguez et al. (2014). Ω/ω11 was proved to be an effective scaling parameter

over a broad range of conditions when compared to the scaling parameter Fr/Frcr

which was identified for larger cylindrical reactors (di = 70 - 130 mm).

6.3 Limitations of current work and recommenda-

tions for future work

The work presented in this thesis has provided a thorough investigation of three

important engineering features of shaken reactors, namely the free surface, flow and

mixing dynamics. The majority of previous works focused on lab-scale cylindrical

shaken reactors, thus this work made an effort to bridge the gap between OSRs with

different scales and geometries by extending the engineering characterisations to

lab-scale square reactors and microwell plate formats. The scaling methodology

based on the use of the natural frequency of the system could also be used to achieve

correlation using either flow fields data or mixing time measurements for different

bioreactor systems such as stirred tanks and wave bioreactors.
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This study, however, is subject to potential limitations. Firstly, the optical method

employed to measure free surface height variation in the reactors relies on manual

identification of the angular positions of shaken trajectory. It is recommended to

automate this process in the future by using appropriate encoder systems thus en-

hancing the accuration and efficiency of identifying angular positions of the reactor.

The second limitation concerns that the PIV measurements were only obtained on

the horizontal planes in the square reactors thus limiting the overall understanding

of the flow dynamics in shaken square reactors. Vertical PIV measurements should

be conducted in the future and compared to those in the cylindrical geometry (We-

heliye et al., 2013).

The results obtained in Chapters 3 and 4 sought to characterise the free surface

and flow dynamics in shaken square reactors. By comparing the flow occurring in

cylindrical reactors with similar dimensions, it was found that the corners of square

reactors have a significant impact on the flow dynamics. A similar approach to

that employed in this work could be implemented in baffled stirred tank reactors to

identify analogies between the flow identified at the corners of the square reactor.

This could potentially establish a link between different agitation mechanisms, such

as shaken and stirred.

Volumetric PIV measurements for three dimensional flow dynamics characterisa-

tion should be conducted in the square reactors to obtain a more comprehensive

understanding of the flow transition occurring within the reactors. Moreover, other

engineering characterisations such as mixing time measurements and solid sus-

pension study can also be conducted in the square reactors to allow an overall

assessment of its performance. Further investigations of highly viscous fluid shaken

in square reactors is also required as the cell culture medium usually has higher

viscosities than water, especially towards the end of the process. Finally, it is rec-
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ommended to study the flow within microwell plates to shed light on the different

flow behaviours occurring for a certain range of shaking speeds and for certain

acceleration strategies.
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Appendix A

DISMT test protocol

Preparation of pH indicators

1. Take two clean 500 mL Duran bottles and measure 50 mL 70% ethanol in

each bottle.

2. To one of the bottles, add 69 mg of Thymol Blue indicator (1.38 mg/mL).

3. To the other bottle, add 76 mg of Methyl Red indicator (1.52 mg/mL).

4. These are the stock solutions for the DISMT test.

Preparation of acid and base

1. Take two clean 500 mL Duran bottles and label them clearly.

2. Add 3 mL NaOH (5M concentrate) to 17 mL MilliQ water to make a NaOH

solution with concentration of 0.75 M.

3. Add 3 mL HCl (5M concentrate) to 17 mL MilliQ water to make a HCl

solution with concentration of 0.75 M.
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Preparation of working reagent for DISMT test

1. Take a clean 2 L Duran bottle and measure MilliQ water (1 L or 2 L depending

on the requirement).

2. For 1 L water, add 4.67 mL Thymol Blue stock solution, followed by 4.26

mL Methyl Red stock solution.

3. Mix well until a uniform and consistent red colour is obtained.

4. To this mixed solution, add 0.75 M NaOH in increments of 2 µL until the red

colour changes to bright yellow (pH ≈ 7.15).

5. This solution is now ready for the DISMT test and can be kept for about 1

week.

6. Measure 300 mL of the solution into a shaker flask or beaker to practice.

7. Acidify the solution by adding approximately 20 µL of 0.75 M HCl and

shake well until it is uniformly red. (pH ≈ 4.90).

8. The test starts the moment 20 µL 0.75 M NaOH solution is added to the bulk

solution.

9. Observe the colour change (from red to yellow with an intermediate transient

formation of a dark green colour, with pH ≈ 6.66) and practise until the

procedure is reproducible.
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