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Abstract 

 

This dissertation concentrates on the experimental study of characteristics of flow 

field and wall mass transfer behind an orifice in a round pipe. The main objective of 

this thesis is to understand the pipe-wall-thinning phenomenon behind an orifice in a 

round pipe from the viewpoint of hydrodynamics.  

The experimental work can be divided by two parts, in the first part, Particle Image 

Velocimetry (PIV) was used to measure the flow field systematically. The definitions 

of the core-, recirculation-, and shear-layer regions were given according to our 

systematic measurements for three different orifice-to-pipe-diameter ratios (defined 

as 𝛽 ratio), in which 𝛽 = 0.41, 0.50 and 0.62. In the experiments, the flow is fully 

developed pipe flow well upstream of the orifice plate, and the Reynolds number is in 

the range of 25000~55000. The flow filed is found to be nearly independent of 

Reynolds number, whereas the orifice 𝛽 ratio has very important effects on the 

downstream flow field. More specifically, the effects of 𝛽 ratio on the mean flow field, 

Reynolds stress, shear layer growth rate and energy budget terms are discussed. We 

find out that the profiles of the mean velocity, Reynolds stress or even two-point 

correlation in the recirculation region are independent of 𝛽 ratio when the orifice 

height and the mean streamwise velocity are selected as the typical velocity and 

length scales. However, in the shear-layer region, only profile of mean streamwise 

velocity has self-similar property and shows 𝛽 ratio independence. The profiles of 

Reynolds stresses and turbulent kinetic energy budget terms are only independent of 

𝛽 ratio very close to the orifice plate. As the flow progresses, the core-region collapses 

and the pipe wall exerts more and more effects on the shear-layer region, therefore 

the profiles of Reynolds stresses and turbulent kinetic energy budget terms show 

strong dependence on the 𝛽 ratio. 

 We also presents the uncertainty analysis on the instantaneous velocity and 

statistical quantities based on two state-of-art methods, namely, the image-matching 

method and Taylor-series expansion method. It is found out that both uncertainties of 

the instantaneous velocities and statistical quantities are strongly dependent on the 

location of the flow field. Therefore, it is impossible to use a uniform uncertainty value 

for the whole flow field. The experimental results and uncertainty values of statistical 

quantities makes the experimental data a useful reference for the validation of 

numerical codes in orifice flows.  

  In the second experimental part, the flow field and wall mass transfer rate 

downstream an orifice were measured simultaneously probably for the first time by 
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means of PIV and Limiting Diffusion Current Technique (LDCT), respectively. The 

hydrodynamic conditions in the simultaneous measurement were exactly the same as 

those in the PIV measurement of the first part, and the arrangement of the electrodes 

were exactly the same as that in the mass transfer measurement in our group. The 

Schmidt number of the solution is approximately 2100, and the flow field and wall 

mass transfer results were validated by our previous data and good agreements were 

found. There is a response time lag between the flow field and wall mass transfer rate. 

Even at high Schmidt numbers where the concentration boundary layer is very thin, 

the large-scale flow structures are found to be important to the wall mass transfer 

rate. There is a compression and expansion eigenmode in the recirculation region, 

which accounts for about 10% of total turbulent kinetic energy in the recirculation 

region and is independent of 𝛽 ratio. The stagnation plane of this compression and 

expansion eigenmode in the recirculation region is found out to agree very well with 

the position of the maximum mean wall mass transfer rate.  



III 

 

Acknowledgement 

 

During the last four years of PhD study, first and foremost, I want to express my 

deepest gratitude to my supervisor Professor Tsuji. Professor Tsuji brought to the gate 

of turbulence research, and taught me much fundamental knowledge of turbulence. 

Moreover, I studied a very important modern technique in experimental fluid 

mechanics, Particle Image Velocimetry (PIV), which I think it’s impossible to learn if I 

did not choose to study abroad. Professor Tsuji taught me how to record experimental 

data in a notebook. At first, I thought I am a young man that I can bear everything in 

my mind in detail. However, the fact is that I would totally forget what had happened 

one or two months after the experiments. In this case, Professor Tsuji would criticize 

me very seriously and teach me how to record experimental data in detail. After 

several times of criticism by Professor Tsuji, I finally learned that I should write 

everything down in a notebook rather than bear them in mind. Besides doing 

experiments, writing a paper and making a presentation are essential skills for a PhD 

student. When I read the manuscripts I wrote and the slides I made four years ago, I 

found out that how poor I was in writing and making presentations. Professor Tsuji 

spent much more time in revising my manuscript word by word than I did in every 

manuscript I wrote. I still remember that Professor Tsuji revised my first manuscript 

more than ten times, after that; he also taught me how to reply to the reviewers’ 

comments point-to-point. I would not make any progress without Professor Tsuji’s 

help and guidance during the four years’ study. I do not know whether I will become a 

college teacher or researcher in the future, however, I would definitely benefit from 

the skills of writing papers and making presentations I learned from Professor Tsuji 

in my life.  

Besides study, Professor Tsuji also cared and helped me so much in my daily life. I 

will never forget that he drive me to a park by his private car to search for some cheap 

second-hand items that could be useful for my daily life, when I just arrived at 

Nagoya. I will also never forget that he used his private car to carry a fridge from our 

lab to my apartment and then carried it to the door of my apartment. However, I did 

not even open the door and offer him a cup of tea because my apartment was too 

messy at that moment. Whenever I remember that day, I would regret my 

impoliteness. I spent several New Year’s Days in Japan, I will never forget that 

Professor Tsuji would always bring me delicious Traditional Japanese New Year’s 

Food on New Year’s Eve no matter how inconvenient it is. During the last four years, 

he gave me far more care and help in my daily life than most supervisors could do. I 



IV 

 

think what I should do is study harder and work harder after my graduation in the 

hope of becoming a successful man that can make him feel be proud of.  

I would also like to thank Associate Professor Ito Takahiro for his guidance and 

constructive discussions in my thesis. Professor Ito and I sometimes had lunch or 

dinner together. During that time he would share with me his own stories in his PhD 

years and experiences of his study, which are of great help for my study. I stayed with 

Professor Ito in the same office for almost two years. He is always concentrating and 

works very hard from 8.30 am to 10.30 pm every day. Professor Ito is model of hard 

working which encourages me whenever I am lazy.  

I want to thank my partner Mr. Fujishiro for his enormous help in the experiments. 

I do not have much experimental experience, however, Mr. Fujishiro is very skillful at 

experiments and drawing graphs, which make up for my deficiencies. Moreover, Mr. 

Fujishiro speaks English very fluently, and we cooperated very smoothly and happily. 

I would like to say that it is impossible to obtain accurate data or meeting the 

graduation requirements without his help. I am not saying that we have already got 

excellent data, but all the date would be much worse without his help. Through the 

cooperation with Mr. Fujishiro, I learned how to work together with someone in the 

same group. He is very important for the experimental data in this thesis, I am really 

grateful.  

I also thank my tutor Mr. Tatematsu. From my arrival at Nagoya, he is always 

helping me with my daily life, for instance, accompanying me to the Chikusaku Ward 

Office to apply my alien registration card, to the Office of School of Engineering to 

apply my student ID card, and to the Nissho Company to rent an apartment for me. I 

cannot speak even a Japanese word, thus I cannot image how inconvenient my life 

would become without the help from Mr. Tatematsu. Besides the help in my daily life, 

he also gave me much help in my study. When I did not even know what PIV is, he 

taught me how to do the PIV experiments step by step and how to operate Davis 

software. I am really grateful for his generous help! 

In addition, I thank the two secretaries of Tsuji’s lab, Ms. Utsumi and Ms. Nagase 

for their generous help. Because I cannot speak Japanese, and it is usually more 

inconvenient to deal with my affairs, thus they need to spend more private time. 

Moreover, they sometimes cook very delicious Japanese food in the laboratory. I think 

I will miss the delicious Japanese food many years later. I also hope I can have a 

chance to show them around if they and their family will travel in China in the future.  

I thank all the graduate students who studied or are studying in Tsuji’s lab for the 

last four years. Although I may not be able to list all your names here, I really 

appreciate your generous help in my study and daily life. All of you work very hard, 

which inspires me also to work hard, and your kind heart is of great help in my life. I 



V 

 

do not remember how many times when I encountered a problem in my life, one of you 

would kindly made a phone call for me and finally solved that problem. Thank you 

guys, I enjoy staying with you, and I always feel that I am just an ordinary student 

like anyone of you rather than a foreigner. I hope we are friends forever. If any one of 

you go to China in the future, please do tell me, I will be glad to meet you guys in 

China.  

I also would like to express my deepest gratitude towards Professor Obi of Keio 

University and Professor Yamazawa from Nagoya University. My English is poor, 

thus I think it is difficult to read my thesis. Thank you very much for devoting your 

precious personal time to improve my thesis. In the meantime, I also thank those 

anonymous reviewers of my papers. It is their valuable comments that help me revise 

my manuscripts to achieve the standards of publication.  

I thank all the people who once smiled at me in Nagoya in the last four years. I 

cannot speak a single Japanese word, however, everyone in supermarkets, post offices, 

banks, railway stations, and hospitals smiled to me. It makes me feel very much at 

home and enjoy my study and daily life here in Nagoya. At present, Nagoya has 

already become something like my second hometown. I like you, may God bless you. 

I also own my sincere thanks to my family and my friends for their endless love and 

supports. For each step forward, they are really very important.  

Last but not least, I want to acknowledge the China Scholarship Council (CSC) and 

the Ministry of Education, Culture, Sports, Science and Technology of Japan (MEXT). 

My PhD study has been supported by a cooperative agreement between CSC and 

MEXT.  



VI 

 

Table of Contents 

 

Abstract ..................................................................................................................... I 

Acknowledgement .................................................................................................. III 

Table of Contents ................................................................................................... VI 

List of Tables............................................................................................................ X 

List of Figures ........................................................................................................ XI 

Chapter 1: Introduction ........................................................................................... 1 

1.1 Orifice flow ......................................................................................................... 1 

1.2 Flow-accelerated Corrosion (FAC) behind an orifice ........................................ 4 

1.3 Motivations and objectives ................................................................................ 5 

1.4 Structure of this dissertation ............................................................................ 7 

Chapter 2: Experimental conditions and uncertainty quantification of PIV 

measurements .......................................................................................................... 8 

2.1 Introduction ....................................................................................................... 8 

2.2 Instantaneous PIV uncertainty quantification by image matching ................. 8 

2.2.1 Previous work on PIV instantaneous uncertainty quantification .............. 9 

2.2.2 Working principles of image-matching method ........................................ 10 

2.3 Instantaneous uncertainty propagation onto statistical quantities based on 

Taylor-series expansion. ........................................................................................ 11 

2.4 Experimental conditions and PIV measurement ............................................ 15 

2.5 Results and discussions ................................................................................... 18 

2.5.1 Uncertainties of instantaneous velocity based on image-matching method

 ............................................................................................................................ 18 

2.5.2 Uncertainties on the statistical quantities ............................................... 25 

2.6 Summary .......................................................................................................... 32 



VII 

 

Chapter 3: Basic flow field characteristics ............................................................ 33 

3.1 Introduction ..................................................................................................... 33 

3.2 Basic flow field characteristics ........................................................................ 33 

3.2.1 Mean streamline pattern .......................................................................... 33 

3.2.2 Reattachment length ................................................................................. 34 

3.2.3 Mean velocity and vena contracta............................................................. 38 

3.2.4 Instantaneous vortex structures ............................................................... 44 

3.2.5 Fluctuating velocity ................................................................................... 48 

3.2.6 Reynolds shear stress ................................................................................ 52 

3.2.7 Development of turbulent structures ........................................................ 53 

3.3 Comparison with numerical simulation .......................................................... 56 

3.4 Summary .......................................................................................................... 59 

Chapter 4: The effects of orifice to pipe diameter ratio on the flow field behind an 

orifice ...................................................................................................................... 61 

4.1 Introduction ..................................................................................................... 61 

4.2 Experimental setup ......................................................................................... 61 

4.3 Definitions of the core, shear-layer and recirculation regions ........................ 67 

4.4 Effects of β  on the core region and vena contracta ...................................... 72 

4.5 Effects of β  on the Reynolds stresses ........................................................... 73 

4.5.1 Comparison of the maximum Reynolds stress with other experimental 

data ..................................................................................................................... 73 

4.5.2 Effects of β  on the locations of local peak Reynolds stresses ................ 75 

4.5.3 Effects of β  on the local peak Reynolds stresses ................................... 75 

4.6 Effects of β  on the recirculation region ........................................................ 80 

4.6.1 Mean streamline pattern .......................................................................... 80 

4.6.2 Lengths of the primary and secondary recirculation regions ................... 80 

4.6.3 β ratio independence of the mean velocity and Reynolds stresses in the 

recirculation region ............................................................................................ 83 



VIII 

 

4.7 Effects of β  on the shear-layer region .......................................................... 86 

4.7.1 Shear-layer growth rate ............................................................................ 86 

4.7.2 Reynolds stresses along the shear-layer mean reattachment line ........... 88 

4.7.3 Profiles of statistical quantities in the shear layer under a similarity 

coordinate ........................................................................................................... 90 

4.8 Budget of the turbulent kinetic energy ........................................................... 92 

4.8.1 Spatial variation of the energy budget terms ........................................... 93 

4.8.2 Effects of β  on the energy budget terms ................................................ 98 

4.9 Summary ........................................................................................................ 100 

Chapter 5: Coherent structures extraction of the flow field based on proper 

orthogonal decomposition (POD) in the longitudinal section ............................. 102 

5.1 Introduction ................................................................................................... 102 

5.2 Literature review of POD and Coherent structures in axisymmetric shear 

layers .................................................................................................................... 103 

5.3 Experimental implementation of the POD analysis in the longitudinal section

 .............................................................................................................................. 105 

5.4 POD spatial eigenmodes in the longitudinal section .................................... 106 

5.4.1 POD spatial eigenmodes in the recirculation region .............................. 106 

5.4.2 POD eigenmodes in the near field .......................................................... 108 

5.5 Experimental setup in the cross section measurement ................................ 111 

5.6 Coordinate systems used in analyzing the cross sectional flow field ........... 111 

5.7 Grid transformation ....................................................................................... 112 

5.8 Statistical properties of the cross section ...................................................... 114 

5.9 Joint Fourier-POD decomposition of the cross section ................................. 116 

5.9.1 Fourier-POD decomposition .................................................................... 120 

5.9.2 Joint decomposition of the streamwise component only ........................ 122 

5.9.3 Joint decomposition of all three components .......................................... 123 

5.10 Summary ...................................................................................................... 126 



IX 

 

Chapter 6: Simultaneous measurements of the velocity field and wall mass 

transfer rate ......................................................................................................... 128 

6.1 Introduction ................................................................................................... 128 

6.2 Experimental setup for the simultaneous measurement ............................. 130 

6.2.1 Mass transfer measurement base on LDCT ........................................... 130 

6.2.2 Parameters for the PIV measurements .................................................. 132 

6.2.3 Measurements in the streamwise-vertical direction .............................. 133 

6.2.4 Measurements in the cross section ......................................................... 134 

6.3 Spatial characteristics of the recirculation region and profile of mean wall 

mass transfer rate k  ........................................................................................... 134 

6.4 Two-point Spatial-temporal correlation of local velocity components and wall 

mass transfer rate................................................................................................ 137 

6.4.1 One-point measurement in the streamwise-vertical direction ............... 137 

6.4.2 One-point measurement in the cross section at maxx  ........................... 142 

6.5 Canonical correlation of the POD spatial eigenmodes and wall mass transfer 

rate ....................................................................................................................... 142 

6.6 Summary ........................................................................................................ 146 

Chapter 7: Conclusions and future work ............................................................ 148 

Appendix A: Derivation of instantaneous uncertainty propagation onto statistical 

quantities based on Taylor-series expansion ...................................................... 151 

A.1 Description of instantaneous systematic and random uncertainties ........... 151 

A.2  Uncertainty on the mean quantity ............................................................. 152 

A.3  Uncertainty on the variance and covariance quantities ............................ 155 

References ............................................................................................................ 159 

List of Publications .............................................................................................. 171 

 



X 

 

List of Tables 

 

Table 2. 1 Main parameters used for the PIV measurements and vector calculations

 .................................................................................................................................. 17 

Table 3. 1 Summary of previously reported reattachment lengths ............................ 38 

Table 3. 2 Computational parameters .......................................................................... 59 

Table 4. 1 Experimental parameters for the two PIV setups ...................................... 68 

Table 4. 2 Experimental data of rx and 
2rx  and explanations ................................. 83 

Table 6. 1 Chemical composition and physical properties of the electrolyte at 20℃

 ................................................................................................................................ 132 

Table 6. 2 Parameters of the PIV in simulataneous measurements ........................ 132 

 



XI 

 

List of Figures 

Figure 1. 1 Sketch of flow regions in orifice flow: .......................................................... 2 

Figure 2. 1 Schematic of the test section ...................................................................... 16 

Figure 2. 2 Histogram of mean particle image diameter ............................................ 19 

Figure 2. 3 Mean number of matched particle pairs at nine streamwise locations .. 20 

Figure 2. 4 RMS of instantaneous systematic uncertainties 
iu

 of 
iu  ...................... 21 

Figure 2. 5 RMS of instantaneous systematic uncertainties 
iv

 of 
iv  ...................... 22 

Figure 2. 6 RMS of instantaneous random uncertainties 
iu

 of 
iu  ............................ 23 

Figure 2. 7 RMS of instantaneous random uncertainties 
iv

 of iv  ............................ 24 

Figure 2. 8 RMS of instantaneous uncertainties 
iu

Un of streamwise velocity iu  ... 24 

Figure 2. 9 RMS of instantaneous uncertainties 
iv

Un  of streamwise velocity iv  ... 25 

Figure 2. 10 Mean streamwise velocity U and its uncertainty U : ......................... 27 

Figure 2. 11 Mean vertical velocity V  and its uncertainty V : ............................... 28 

Figure 2. 12 Reynolds normal stress u u   and its uncertainty u u  : ................ 29 

Figure 2. 13 Reynolds normal stress v v   and its uncertainty v v   : ............... 30 

Figure 2. 14 Reynolds shear stress u v   and its uncertainty u v   : ................. 31 

Figure 3. 1 Mean streamline pattern for 0.62   and Re 25000  ........................... 34 

Figure 3. 2 Probability density function distributions of the four streamwise 

locations at 0.056wy R (0.15 )h  for Re 25000 : ............................................... 35 

Figure 3. 3 Forward flow probability (FFP) distribution of the flow field at 

0.056wy R (0.15 )h  from the wall ....................................................................... 36 

Figure 3. 4 Mean centerline streamwise velocity and vena contracta positions: ...... 39 

Figure 3. 5 Profiles of streamwise velocities at several streamwise positions .......... 40 



XII 

 

Figure 3. 6 Maximum streamwise velocity maxU  as a function of pipe mean 

streamwise velocity 0U  .......................................................................................... 41 

Figure 3. 7 Profiles of the vertical velocity at several streamwise locations ............. 42 

Figure 3. 8 Contour plot of the normalized streamwise velocity 
maxU U  ................. 42 

Figure 3. 9 Contour plot of the normalized vertical velocity 
maxV V  at Re 25000

 .................................................................................................................................. 43 

Figure 3. 10 Contour plots of the nondimensional instantaneous swirling strength 

2

2 2
maxDh U  and nondimensional out-of-plane vorticity maxzh U  ................... 47 

Figure 3. 11 Contour plot of maxrmsu U  at Re 25000  .............................................. 49 

Figure 3. 12 Contour plot of maxrmsv U  at Re 25000  ............................................ 50 

Figure 3. 13 RMS velocity profiles of the axisymmetric backward-facing step flow 

reported in Hudy (2005) and of the orifice flows:.................................................. 51 

Figure 3. 14 Contour map of the Reynolds shear stress 2

max
100 u u U   ..................... 52 

Figure 3. 15 Reynolds shear stress profiles of the axisymmetric backward-facing step 

flow reported in Hudy (2005) and the orifice flow at various streamwise 

locations: .................................................................................................................. 53 

Figure 3. 16 Development of peak fluctuating velocities in several shear layers: .... 55 

Figure 3. 17 Longitudinal and cross section of mesh structures ................................ 57 

Figure 3. 18 Comparison of the PIV data and numerical predictions obtained using 

RSM: ......................................................................................................................... 58 

Figure 4. 1 Definition of the coordinate system and velocity components: ................ 62 

Figure 4. 2 Top view of the planar PIV setup using two cameras placed side-by-side

 .................................................................................................................................. 64 

Figure 4. 3 Example of vector stitching of an instantaneous velocity field at 

0.38y R   for 0.62β =  and Re 25000 ............................................................ 64 



XIII 

 

Figure 4. 4 Top view of the angular-offset stereo PIV setup ....................................... 66 

Figure 4. 5 Comparison of stereo PIV and planar PIV results for 0.5β = , as an 

example: ................................................................................................................... 67 

Figure 4. 6 Illustration of δω , δms , ty , cy  and 
b
y  using the profile of the mean 

streamwise velocity U  at 1x R   for 0.62β = : ................................................ 69 

Figure 4. 7 Loci of statistical quantities for three β  ratios: ..................................... 71 

Figure 4. 8 Definition of the vena contracta and 
maxU  in orifice flow ....................... 72 

Figure 4. 9 Mean streamwise velocity at the pipe centerline and the vena contracta 

positions for different β  ratios ............................................................................. 73 

Figure 4. 10 Non-dimensional maximum Reynolds stresses at different β  ratios: 74 

Figure 4. 11 Development of 
p

u u  : (a) normalised by 2

maxU ; (b) normalised by 

2U : ........................................................................................................................ 78 

Figure 4. 12 Local peak Reynolds stress profiles in the streamwise direction: ......... 79 

Figure 4. 13 Mean streamline pattern for different β  ratios ................................... 81 

Figure 4. 14 FFP at positions 0.06wy R for different β  ratios .............................. 82 

Figure 4. 15 Loci of 0U   and maximum mean reverse flow positions for three β  

ratios: ....................................................................................................................... 84 

Figure 4. 16 β  ratio independent spatial distributions of the recirculation region:

 .................................................................................................................................. 85 

Figure 4. 17 Growth of 
ωδ or 

msδ : ................................................................................. 87 

Figure 4. 18 Profiles along the mean reattachment line for different β  ratios: ...... 89 

Figure 4. 19 Velocity profiles in similarity coordinates ............................................... 90 

Figure 4. 20 u u   profiles in the shear-layer region for different β  ratios: ......... 92 

Figure 4. 21 Spatial variation of the energy budget terms for the case of 0.62β =  :

 .................................................................................................................................. 96 



XIV 

 

Figure 4. 22 Spatial variation of the energy budget terms for 0.41β = :.................... 97 

Figure 4. 23 Spatial variation of the energy budget terms for the case of 0.50β = : . 98 

Figure 4. 24 Turbulent kinetic energy budget at 1x R   for different β  ratios: .... 99 

Figure 4. 25 Turbulent kinetic energy budget t at 3.5x R   for different β  ratios:99 

Figure 5. 1 POD eigenmodes of the recirculation region for different β  ratios: ... 107 

Figure 5. 2 Eigenvalues of POD eigenmodes in the recirculation region: ................ 108 

Figure 5. 3 Eigenmodes in the near field: , core region; , 0U  : ........... 110 

Figure 5. 4 Eigenvalues of POD eigenmodes in the near field .................................. 111 

Figure 5. 5 Top view of the stereo PIV setup in the cross section measurment ...... 112 

Figure 5. 6 Cartesian coordinate system .................................................................... 113 

Figure 5. 7 Cylindrical coordinate system .................................................................. 113 

Figure 5. 8 Original rectangular grid from PIV data (93 × 93) ................................. 113 

Figure 5. 9 Transformed grid used in the cylindrical coordinate .............................. 114 

Figure 5. 10 Streamwise component of statistical properties under cylindrical 

coordinate at 0.2x R   ........................................................................................... 115 

Figure 5. 11 Statistical properties under cylindrical coordinate at 0.2x R   ........... 117 

Figure 5. 12 Statistical properties of the streamwise component at 2x R   ........... 118 

Figure 5. 13 Statistical properties of the azimuthal velocity at 2x R  ................... 119 

Figure 5. 14 Profile of the eigenvalue ( )n m  as a function of azimuthal mode 

number m  and POD mode number n  at 0.2x R   .......................................... 123 

Figure 5. 15 An example of the most energetic structures of the streamwise velocity 

only at 0.2x R   ..................................................................................................... 124 

Figure 5. 16 Low-order reconstruction of the streamwise fluctuating velocity field 

0( , , )u r t t   at 0.2x R  ........................................................................................... 125 

Figure 5. 17 Profile of the eigenvalue ( )n m  as a function of azimuthal mode 

number m  and POD mode number n  for all three components at 0.2x R   125 



XV 

 

Figure 5. 18 An example of the most energetic structures obtained from 

decomposition of all three components of velocity at 0.2x R   .......................... 126 

Figure 6. 1 Sketch of the simultaneous measurement system ................................. 131 

Figure 6. 2 Sketch of the test section: ......................................................................... 133 

Figure 6. 3 Experimental setup of the simultaneous measurements in the cross 

section .................................................................................................................... 134 

Figure 6. 4 Stagnation plane of the compression and expansion eigenmode and maxx

 ................................................................................................................................ 136 

Figure 6. 5 Space-time correlation of local velocity fluctuations and wall mass 

transfer rate fluctuations k   measured at maxx ( 2)x R   ................................. 138 

Figure 6. 6 Spatio-temporal correlation coefficient between fluctuations of wall mass 

transfer rate fluctuations k   measured at maxx ( 2)x R  and local vertical 

velocity v  .............................................................................................................. 139 

Figure 6. 7 Maximum spatio-temporal correlation coefficient max
k vR    between 

fluctuations of wall mass transfer rate k   measured at maxx ( 2)x R  and local 

vertical velocity v  and correspond time lag max : the red lines depict the mean 

streamwise velocity 0U   .................................................................................... 141 

Figure 6. 8 Two-point spatio-temporal correlation fluctuations between wall mass 

transfer rate at maxx  and velocity components in the cross section ................. 144 

Figure 6. 9 Canonical correlation of POD reconstruction coefficients as a function of 

POD mode numbers .............................................................................................. 145 

Figure 6. 10 Joint pdf of the canonical variables of the POD reconstruction 

coefficients and wall mass transfer rate at maxx  ................................................ 146 


	Abstract
	Acknowledgement
	Table of Contents
	List of Tables
	List of Figures

