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PREFACE

On the occasion of the 20™ anniversary of initiation of this series meeting, the Fifth International
Conference on Fluid Mechanics (ICFM-V) is to be held from August 15 to 19, 2007 in the coastal
metropolitan, Shanghai. Its purpose is to provide a forum for rescarchers to exchange original ideas and
recent progresses in their respective field and enhance mutual understanding between scientists and
engineers. We have regarded the organization of ICEM as a part of the long-term mission in promoting
international academic exchange for CSTAM since it became one of the adhering organizations of
IUTAM.

Well-known 8 leading scientists in the world are invited to present frontier topics in concerned field and
branches. More than 247 contributed papers are read in 47 scssions, respectively. The participants of
6 continents come from 26 countries and regions such as: Algeria, Australia, Canada, Czech, France,
Germany, Japan, Korea, Hong Kong(China), India, Iran, Italy, New Zealand, Pakistan, Russia, Saudi
Arabia, Serbia, Singapore, Spain, Sudan, Sweden, Taiwan(China), UK, USA, Venczuela as well as
China including both developed and developing countries. We are extremely pleased to see through
20 years’ common cfforts that this series of meeting have attracted ever growing numbers of researchers
to join in the events.

Both traditional and newly emerging areas are general concern of the Congress. It means that
researchers arc endeavoring to study classic topics by novel approaches and advanced apparatus to
tackle the tough problems in manned flight, moon landing and civil aircraft design. At the same
time, they are also exploring microscopic territories of the ficld to meet nowadays’ need in under-
standing behaviors of complicated media and applications in material preparation. micro-fluidics and
biomechanics. The scope of the present conference therefore covers Flow transition and instability;
Turbulence; Aerodynamics and gas dynamics; Hydrodynamics; Geophysical and environmental fluid
mechanics; Industrial fluid mechanics; Multiphase flows, Non-Newtonian flows and flows in porous
media; Bio-fluid mechanics; Micro-scale flows; Plasma and magnetic-hydrodynamics. If the 20"
century witnessed the achievements of fluid dynamics in acronautical and astronautical engineering;
energy resources, environment improvement and human’s health become the most challenging issues
to us at present days. Therefore, fluid dynamics remains an active branch with wider applications in
the 21" century.

On behalf of the Scientific and Academic committee, we appreciate the presence and collaboration of all
the participants with enthusiasm, in particular, all invited speakers for their informative talks. Many
thanks arc also duc to GAMM, BED/ASME, FED/ASME, EMD/ASCE, JSFM, HKSTAM, HKIS
and SHSTAM for their sponsorship. The financial support from K. C. Wong Education Foundation of
China, NSFC, Institute of Mechanics, CAS and Shanghai Jiaotong University should be acknowledged.
We highly evaluate the excellent work and arrangement of the local organizing committee to render
the meeting in good order. At this moment, we should remember the contribution and efforts of late
professor Allen T. Chwang, who unfortunately past away not long ago, during the organization of
ICFMs. Finally, we are also grateful to the staff of the CSTAM office for their efficient work in the
preparation of this volume.

Funggan Zhuang
Chairman of Scientific Committee, ICFM V

Jiachun Li
Chairman of Academic Committee, ICFM V



EDITORIAL COMMITTEE

Editor-in-Chief

F. G. Zhuang (China)
J. C. Li (China)

Members

M. L. Banner Australia
S. Fu China

T. Kambe Japan

H. Liu China

Q. Shen China

Techanical Editors

W. Wang J. S. Ren

H. L. Bao

USA
China
Russian
UK
China

X. F. Chen



THE FIFTH INTERNATIONAL CONFERENCE
ON FLUID MECHANICS

15-19 Aug., 2007, Shanghai, China

Organized by

Chinese Society of Theoretical and Applied Mechanics (CSTAM)
Shanghai Jiao Tong University (SJTU)

Cosponsored by

Gesellschaft fiir Angewandte Mathematik und Mechanik (GAMM)
Bioengineering Division (BED/ASME)

Fluid Enginecring Division (FED/ASME)

Engineering Mechanics Division (EMD/ASCE)

Japan Society for Fluid Mechanics (JSFM)

K. C. Wong Education Foundation

National Natural Science Foundation of China

Institute of Mechanics, Chinese Academy of Sciences

Hong Kong Society of Theoretical and Applied Mechanics (HKSTAM)
Hong Kong Institute of Sciences

Shanghai Society of Theoretical and Applied Mechanics (SHSTAM)



Scientific Committee

Chairman: F. G. Zhuang (China)

Members:

M. L. Banner Australia H. Buggisch

S. Y. Chen USA A. T. Chwang
E. J. Cui China P. E. Dimotakis
Y. C. Fung USA R. H. J. Grimshaw
S. P. Guo China Y. S. He

T. Kambe Japan Y. Kaneda

V. V. Kozlov Russian J. C. Li

P. L. F. Liu USA H. Sato

J. L. Su China C. K. Wu
T.Y. Wu USA H. R. Yu

H. X. Zhang China Z. M. Zheng

H. Zhou China Q. C. Zeng

J. Zierep Germany

Academic Committee

Co-chairmen: J. C. Li (China), Y. N. Huang (China)

Members:

J. Fan Z. L. Fan S. Fu

G. P. Miao Q. Li J. Z. Lin
C.J Lu J. S. Luo W. W. Shan
M. Sun J. J. Wang K. Q. Zhu

Organizing Committee

Chairman: Y. S. He (China)

Germany
Hong Kong, China
USA

UK
China
Japan
China
Japan
China
China
China
China

Q. G. Meng
H. Liu
Q. Shen

Co-chairmen: A. T. Chwang (Hong Kong, China), Q. Y. Ye (China)

Secretary General: H. Liu (China)

Members:
Y. J. Cai S. Q. Dai G. H. Ding
Y. J. Ge W. Q. Lin C.J. Lu
Y. J. Lu G. P. Miao P. F. Weng
K. Yan D. X. Zhu



CONTENTS

Plenary Lectures
Biomechanics of aquatic micro-organisms
..................................................................... T. J. Pedley (1)
An investigation of scalar dispersion in grid turbulence
------------------------------ P. E. Dimotakis, D. B. Lang, S. Lombeyda, J. Lindheim (7)
Flow control and hydrodynamic instability
.................................................................... V. V. Kozlov (8)
Recent progress on understanding and modelling ocean wave breaking
---------------------------------------- M. L. Banner, W. L. Peirson, R. P. Morison (16)
Recent progress on understanding and modeling sediment transport in coastal environment
..................................................... P. L. F. Liu, L. O. Amoudry (23)
Turbulent drag reduction with surfactant additives - basic research and application to an air
conditioning Systerm « «« - -« v v e Y. Kawaguchi, F. C. Li, B. Yu, J. J. Wei (29)
Research progress on high-enthalpy and hypersonic flows
..................................................... 7. Jiang. H. R. Yu, Z. B. Lin (37)
Numerical and experimental research on cavitating flows

............................................. C.J. Lu, Y. S. He, X. Chen, Y. Chen (45)
Flow Transition and Instability
Modeling flow transition in hypersonic boundary layer
................................................................. S. Fu, L. Wang (53)
Three important theorems for flow stability
...................................................................... H. S. Dou (57)

Voltage-induced flow instability and turbulence in Banana-shaped liquid crystal
................................... Y. M. Huang, L. L. Chen, F. F. Zhou, B. G. Zhai (61)
Stability analysis of boundary-layer transition using accurate velocity profiles obtained by
an advanced LES -+ -+ oo T. Atobe, T. Kurotaki, T. Sumi, J. Hiyama (65)
Convection in a fluid layer heated from below and subjected to time periodic horizontal accelerations
.................................................... J. Tao, W. Pesch, F. H. Busse (69)
Numerical studies of flow past two side-by-side circular cylinders
............................................................... J. Shao. C. Zhang (73)

......................................................................... L. Sun (74)
Three-dimensional evolution of the flow through a curved square duct
......................................................... T. Watanabe, S. Yanase (75)
Numerical estimation of the critical Reynolds number for flow past one square cylinder with
symmetric geometry boundary condition- - -« oo et X. H. Wang, W. F Zhu, Z. Y. He (76)
Turbulent transition in plane Couctte flows
................................................. H. S. Dou, B. C. Khoo, K. S. Yeo (77)



Solution to stability analysis in stratified liquid film flowing down an inclined heated plate
............................................................ Y. L. Cheng./ Y. Tian (78)

Turbulence
Overview of detached-eddy simulation for external and internal turbulent flow applications
........................................................... C l\lockett’ F. Thlele (79)

Computation of turbulence-generated noise by large-eddy simulation
................................................... H. D. Yao, G. W. He, X. Zhang (83)

....................................................... N. Takahashi, T. Miyazaki (87)
Statistical characteristics of elastic turbulence in a free-surface swirling flow
---------------------------- F. C. Li, M. Qishi, Y. Kawaguchi, N. Oshima, M. Oshima (91)
Large eddy simulation of a self-preserving turbulent jet using high-order schemes
.............................................................. C. Bogey, C. Bailly (95)
Large-eddy simulation of turbulent combustion using SOM and EBU SGS combustion models
................................................... L. X. Zhou, L. Y. Hu, F. Wang (99)
Large-eddy simulation of a turbulent buoyant flame interacting with droplets
.................................................... J. Xia, K. H. Luo, S. Kumar (103)
Large eddy simulation of heavy gas dispersion around an obstacle
................................................ T. X. Qin, Y. C. Guo, W. Y. Lin (107)
Multiscale large eddy simulation of scalar transport in turbulent channel flow
..................................... C. X. Xu, Z. Y. Wang, G. X. Cui, Z. S. Zhang (111)
Large eddy simulation of urban heat island phenomenon
--------------------------- M. Y. Yin, G. X. Cui, C. X. Xu, Z. S. Zhang, Z. S. Wang (115)
LES modeling of a swirling diffusion flame and validation of different SGS stress and combustion
TOAELS =+« « v vt L. Y. Hu, L. X. Zhou, Y. H. Luo (119)
Experimental and large-eddy simulation studies on three-dimensional vortices produced by an
IMpinging transverse jet =« -« - cvevrevr i J. Y. Fan, Y. Zhang, D. Z. Wang (123)
Prediction of particle distribution in isotropic turbulence by large-eddy simulation
................................................... Y. Yang, G. W. He, G. D. Jin (127)
Large eddy simulation of Re’s influence on the quasi-periodic motions of the turbulent flow over a
backWard-facing Step « - -+« <+« « v rrerer W. F. Zhu, X. H. Wang (131)
Numerical simulation of convective heat and mass transfer in a two-layer system
---------------------- B. I. Myznikova, V. A. Kazaryan, E. L. Tarunin, I. I. Wertgeim (134)
Modeling and simulation of coaxial jet flow
............................................. J. Yan, D. Eschricht, F. Thiele, X. Li (138)
Particle settling behavior in turbulent flow generated by oscillating grid
.......................................................... Q. Zhou, N. S. Cheng (142)
Analysis on turbulent flow in the impeller of chemical pump
..................................... M. G. Yang, D. Liu, H. F. Gu, C. Kang, H. Li (146)
Mixing enhancement of a 2D supersonic mixing layer induced by inflow periodic temperature
EXCIEALIOTL + « v o e e e n e e M. B. Sun, Z. G. Wang, J. H. Liang (150)
Computational prediction of local distorted flow in turbocharger
---------------- J. Yao, Y. F. Yao, P. J. Mason, T. Zhang, F. J. G. Heyes, P. E. Roach (154)



Analytical calculations of Fulerian and Lagrangian time correlations in turbulent shear flows
............................................................. X. Zhao, G. W. He (158)
Near-field mixing characteristics of turbulent jet issuing from a notched-rectangular orifice plate
.................................................... J. Mi, P. Kalt, G. J. Nathan (162)
Vertical 2D algebraic-stress turbulence model of shallow water flow in o-coordinates
...................................... S. M. Wong, T. S. Li, X. G. Wu, Y. M. Shen (166)
Large eddy simulation of flow around a square cylinder
....................................... Z. G. Xie, C. X. Xu, G. X. Cui, Z. S. Zhang (167)
Large eddy simulation of the wind field and pollution dispersion in building array
---------------------------- R. F. Shi, G. X. Cui, C. X. Xu, Z. S. Zhang, Z. S. Wang (168)
Experimental investigation on drag reduction of vessel model by microbubbles
........................................................... W. Luo, J. M. Wang (169)
Reynolds number effects on the flow around square cylinder based on lattice Boltzmann method
------------------------------ T. C. Lin, Y. J. Ge, F. C. Cao, Z. Y. Zhou, W. Zhang (170)
DNS and LES of turbulent channel flow with hydrophobic surface
................................................. X. L. Yang, G. W. He, X. Zhang (171)
Direct numerical simulations of turbulent channel flows with moving wall
......................................... X. Wan, S. W. Ma, J. B. Zhang, C. H. Li (172)
Experimental investigations of forerunners at the fronts of localized disturbances of a
straight wing boundary layer -+ -+ .. V. N. Gorev, M. M. Katasonov, V. V. Kozlov (173)
The relaxation oscillation of turbulent convection in rotating cylindrical annulus
........................................................................ J. Tao (174)
Study on the flow structures and pollutant dispersion of a moving car
.................................................... Z. Q. Yin, J. Z. Lin, K. Zhou (175)
Correction on drag coefficient in simulation of fast fluidized beds
.......................................................... L. M. Zou, Y. C. Guo (176)
Numerical simulation of the scalar dissipation rate in the non-premixed turbulent combustion
...................................... Y. F. Lin, Y. T. Zhang, H. S. Tian, J. J. Qin (177)

Aerodynamics and Gas Dynamics
The study of Reynolds number effects on the behaviors of axisymmetric vortices flow
................................................. X. Y. Deng, N. Bo, Y. K. Wang (178)
Mixing intensification by electrical discharge in high-speed flow
------------------------------------- Y. L. Isaenkov, S. B. Leonov, M. N. Shneider (182)
Measurement on asymmetric transition of a hypersonic boundary layer using a high frequency
thin-film sensor system «« -+« oo Z. X. Bi, Q. Shen, Z. F. Zhang, C. H. Wu (186)
Supersonic rupture’s shock control by electrical discharge
---------------------- S. B. Leonov, V. N. Sermanov, V. R. Soloviev, D. A. Yarantsev (190)
Formula for upstream pressure, nozzle geometry and frequency correlation in shedding/discharging
cavitation clouds determined by visualization of submerged cavitating Jet
................................................ E. A. F. Hutli, M. S. Nedeljkovic (194)
The Numerical Research on the the transition of the Three-Dimensional Supersonic spatial developing

Mixing Layer when Me=0.5-- - - Q. Li, X. B. Deng, H. X. Zhang (198)
The study of determinacy of asymmetric vortices over slender body at post-critical Reynolds
TUIMDETS <+ o v v v v e W. Tian, X. Y. Deng, B. Wu, Y. K. Wang (202)



Receptivity to free-stream disturbance waves for blunt cone axial symmetry hypersonic boundary layer
....................................... Y. D. Zhang, D. X. Fu, Y. W. Ma, X . L. Li (206)
Theoretical and numerical study of vortex-wake flow phenomenon generated from stack of elliptical
and cylindrical bodies -+« ««r e rr e K. Alhussan (210)
Some remarks on CFD drag prediction of an aircraft model
......................................................... S. H. Peng, P. Eliasson (214)
Numerical simulation of transonic buffet and flow bifurcation over airfoils
................................................................... A. Kuz'min (218)
Decaying of flow separation from a low Reynolds number airfoil with high frequency perturbations
------------------------------- H. J. Zhang, X. Y. Shi, Y. Zhou, L. Cheng, Z. D. Su (222)
Experimental investigation on the longitudinal aerodynamic performance of common swift’s wing
......................................................... J. X. Zhan, J. J. Wang (226)

................................................. B. C. Cao, B. Wang, X. Y. Deng (230)
Oil flow visualization of Reynolds number effect on asymmetric vortices at forebody
......................................... N. Bo, X. Y. Deng, Y. K. Wang, C. Dong (234)
Method research for flow and mixing process of HYLTE norzle of DF chemical laser
....................................................... J. Lei, L. Lai, Z. G. Wang (238)
Effect of hydrodynamic development on flow and heat transfer characteristics in an
axisymmetric sudden expansion -« «««c-c v K. N. Alammar (242)

Three-dimensional simulation of detonation waves
............................................... H. S. Dou, B. C. Khoo, H. M. Tsai (245)

............................................................... X. Yi, G. L. Zhu (249)
Hybrid RANS/LES simulation of scalar transport of slot injection into a supersonic stream
.............................................. M. B. Sun J. H. Liang, Z. G. Wang (253)
Effect of wire trips on the flow over slender body at high angle of attack
............................................... Y. Chen, X. Y. Deng, Y. K. Wang (257)
A numerical study on internal and external flow fields of synthetic jet actuator
...................................................... J. Ding, P. F. Weng, Q. Li (261)
Measurements of the optical phase distortion across a supersonic flow field
......................................... Z. Q. Chen, S. Fu, L. D. Guo, W. M. Xic (265)
A new efficient high-resolution method for non-linear problems in fluid mechanics
............................................... S. A. Karabasov, V. M. Goloviznin (269)
Direct numerical simulation on stability of a supersonic mixing layer flow
..................................... Q. Shen, F. M. Guan, F. G. Zhuang, Q. Wang (273)
Effect of ablation on heat transfer & performance of an axisymmetric supersonic nozzle
................................................................... M. A. Raza (277)
Computation of flow over a rotating body on unstructured chimera mesh
.................................................... X. Zhang, G. W. He, S. Z. Ni (278)
Lattice Boltzmann simulation of the flow over wavy surface
.............................................. W. P. Shi, L. X. Ding, H. C. Zheng (279)
Propagation and reflection of gas waves in a close tube
--------------------- S. T. Chen, D. P. Hu, Z. Z. Chen, C. Zhu , R. J. Liu, Y. Q. Dai (280)

iv



A novel design: porous boundary condition for drag reduction of three dimensional rotating body of
revolution—slender body ««« -« rvererar K. Alhussan (281)
Laminar gas jets in high-temperature atmospheres
---------------------------------------- M. Sanchez-Sanz, A. L. Sanchez, A. Lifidn (282)
Numerical research on unsteady aerodynamics of a WIG airfoil flying over wavy water surface
.................................................. P. Q. Liu, X. G. Qin, Q. L. Qu (283)
Conceptual design and numerical simulations of hypersonic waverider vehicle
............................................... D.Y. Cao. J. B. Zhang, C. H. Lee (284)
Computational study of aerodynamics of low aspect ratio wings
............................................................. J. Liu, P. F. Weng (285)
Effect of end plates on the surface pressure distribution of a given cambered airfoil:
experimental study - e K. S. V. Reddy, D. M. Sharma, K. Poddar (286)
Research on nozzle performance in scramjet
................................................... J.P. Li, W. Y. Song, Y. Xing (287)
Numerical simulation of acrodynamic heating reduction due to opposing jet in hypersonic flow
............................................................. H. Y. Li, Q. T. Eri (288)

............................................................ T. Wang, Q. S. Guo (289)

Investigation of the flow in a diffusive S-duct inlet with and without secondary flow control
----------------------------------- L. F. Zhang, Z. X. Liu, G. M. Guo, X. F. Wang (290)

Numerical simulation and analysis of flow-field in rotating rectangular passage
..................................................................... X. L. Wei (291)

Hydrodynamics
Fully-nonlinear computation of water surface impact of axisymmetric bodies
.............................................. H. M. Yan, Y. M. Liu. D. K. P. Yue (292)
Analysis of wave passing a submerged breakwater by a scaled boundary finite element method
............................................................. F.S. Cao, B. Teng (296)
Relationship between pressure fluctuations on the bed wall and free surface fluctuations in weak hy-
draulic jump - -K. Onitsuka, J. Akiyama, M. Shige-eda, H. Ozeki, S. Gotoh, T. Shiraishi (300)
Wave loading on floating platforms by internal solitary waves
........................................................... H. Q. Zhang, J. C. Li (304)
Laboratory measurcments and numerical simulations of internal solitary waves in a shear flow
--------------------------------------------- D. P. Delisi, R. E. Robins, D. Y. Lai (308)
Steady ship waves due to a simple source in a viscous fluid
............................................. D. Q. Lu, X. B. Chen, A. T. Chwang (312)
The effect of curvature on the slamming force in water impact of a WIG craft
................................................... A. Rastegari, A. H. Nikseresht (316)
Experimental studies of groupiness variations of waves propagating over a submerged curvilinear sill
................................................. Y. X. Ma, X. Z. Ma, G. H. Dong (320)
Numerical analysis of incompressible viscous flows interacting with flexible structures
.................................................................... D. C. Wan (324)
Development of a 3D free surface capturing code for coastal engineering flow problems
............................................. L. Qian, D. M. Causon, C. Mingham (328)



Experimental study on response of submarine pipeline over flat beds in steady flow
............................. Y. Sha, Y. X. Wang, G. Y. Wang, Z. W. Li, Z. J. Chen (332)
Simulation of surface pressure induced by vortex/body interaction
----------------------- M. He, M. Islam, B. Veitch, N. Bose, M. B. Colbourne, P. Liu (336)
Investigation of supercavitating multiphase flow structures
.............................................. X. B. Li, G. Y. Wang, M. D. Zhang (340)
Analysis of monitoring data for the safety control of dams using neural networks
......................................................... A. Panizzo, A. Petaccia (344)
Experimental research on character of ventilated supercavity
------------------------------- Y. J. Wei, W. Cao, C. Wang, J. Z. Zhang, Z. Z. Zou (348)
Validation of HEM based cavitation for cavitation flows around disk
.................................................... Y. Chen, C. J. Lu, L. P. Xue (352)
An efficient boundary fitted non-hydrostaticmodel for free-surface flows
............................................. A. Ahmadi, P. Badiei, M. M. Namin (356)
Nonlinear analysis of ship’s large amplitude roll with zero speed in beam waves
....................................... F. Cai, H. C. Shen, Q. M. Miao, D. C. Zhou (361)
Two-dimension numerical internal wave tank for Navier-Stokes equation model in the stratified fluid
.................................................... G. Wei, Y. X. You, X. B. Su (364)
Characteristics of flow fields induced by interfacial waves in two-layer fluid
................................................................... Y. T. Yuan (368)
Numerical simulation of circular disk entering water by an axisymmetrical SPH model in cylindrical
COOTAINALES « -  « » =« + v v e et e et e e e e e e et e K. Gong, H. Liu (372)
Numerical simulation of air bubble characteristics in stationary water
....................................................... C. X. Zhang, Y. X. Wang (376)
Action of ship waves on a verticial cylinder in front of a vertical wall
.................................................... L. Sun, Z. Zong, G. H. Dong (377)

................................................... J. M. Liu, C. J. Lu, L. P. Xue (378)
........................................................... C. Kang, M. G. Yang (379)

.................................................................... L. R. Yuan (380)
Numerical study of flow characteristics with free surface using turbulence model
................................................. Y. L. Liu, J. S. Wang, H. C. Dai (381)
Effect of river training project on hydrodynamics flow circumstances by 2D finite element numerical
model - -+ --- .- B. Zou, D. F. Li, H. J. Hu, H. W. Zhang, L. H. Lou, M. Chen, Z. Y. Lv (382)
Natural boundary element method for Stokes problem of exterior circular domain
................................... W. H. Peng, Z. Z. Dong, G. H. Cao, H. M. Zhao (383)
Large eddy simulation of flows near a groin in a straight open channel
.............................................. W. L. Wei, J. S. Wang , H. Ch. Dai (384)

........................................................ Q. Y. Chen, H. G. Kang (385)

Shape design and experiment research of the supercavitating underwater high-speed projectile
...................................................... W. J. Ying, J. Hou, P. Wei (386)

vi



Geophysical and Environmental Fluid Mechanics
Vortex-wave interaction on a sphere
................................................... R. B. Nelson, N. R. McDonald (387)
Numerical simulation of partial-penetrating flow in horizontal convection
.............................................................. L. Sun, D. J. Sun (391)
Statistical mechanics of quasi-geostrophic mono- and poly-disperse point vortex systems
......................................... S. Hoshi, Y. Li, N. Takahshi, T. Miyazaki (395)
Numerical investigation of fire plume in a homogeneous shear flow
............................................................... Y. Y. Liu, S. Fu (399)
Spatial variability of the surface wave field along the Washington state coast derived from synthetic

apertllre radar imagcs ....................................... D. Y. La]i, D. P- Delisi (403)
Computational modeling of aerosol hazard arising from the opening of an anthrax letter in an
OpEn-Office COMPIEX -+« + v v e e e e F.S. Lien, H. Ji, E. Yee (407)

Numerical simulations of Tsunami generation by using Boussinesq equations
.................................................... X. Zhao, B. L. Wang, H. Liu (411)

.............................................................. L. Zhang, C. Sun (412)
Solution of two-dimensional free surface problems based on finite element program generator
.................................................. B. X. Wu, S. Wan, N. N. Chen (413)
Application of the three-dimensional environmental fluid dynamics code model in Manwan reservoir
....................................... L. Li, J. Wu, X. Wang, H. L. Zhou, B. Fang (414)
The role of flood surge plays in shaping tidal flat
..................................................................... X. Q. Du (415)

Industrial Fluid Mechanics
Numerical simulation of laminar circular and noncircular jets in cross-flow
........................................................ M. Maid, Y. Yao, J. Yao (416)
Numerical simulation of three-dimensional flow ficld in quadrate stirred tanks
............................................................ Y. B. Wu, W. Feng (420)
Tubular-type hydroturbine performance for variable guide vane opening by CFD
<+~ Y. T. Kim, S. H. Nam, Y. J. Cho, Y. C. Hwang, Y. D. Choi, C. D. Nam, Y. H. Lec (424)
CFD analysis for the performance of cross-flow hydraulic turbine with the variation of blade angle
---------------------------- Y. D. Choi, J. L Lim, C. G. Kim, Y. T. Kim, Y. H. Lee (428)
An algorithm for coarse particle sedimentation simulation by Stokesian dynamics
.................................................... L. Wang, J. C. Li, J. F. Zhou (432)
Numerical simulation of steady and filling process of low temperature liquid propellants pipeline
................................................... F. Gao, Y. Chen, Z. P. Zhang (436)
Effects of geometrical parameters and physical properties variation on transient natural convection
and conduction of high Prandtl number fluid in enclosures
............................................... O. Younis, J. Pallares, F. X. Grau (440)
Nonlinear aerodynamic forces on bridge decks due to transverse sinusoidal fluctuation of wind
....................................... F. C. Cao, Y. J. Ge, L. D. Zhu, H. F. Xiang (444)
Numerical investigation of the circumnferential grooved casing treatment as well as analyzing the
mechanism of improve stall margin--- -+« -+ .- H. G. Zhang, W. L. Chu, Y. H. Wu (448)

vil



TBCC engine inlet design and ramp angle optimization
.............................................. J. D. Zhang, Y. H. Cai, Z. X. Wang (452)
Experimental study of a fractal flowmeter in a pipe
------------------------------ C. H. A. Chong, S. B. M. Beck, F. C. G. A. Nicolleau (456)
Effects of rainfall infiltration on the stability of soil slopes
.................................................... J. P. Sun, Q. Q. Liu, J. C. Li (459)
Flow characteristics of butterfly valve by PIV and CFD
...................................... S. W. Kim, J. H. Kim, Y. D. Choi, Y. H. Lee (463)
Experimental investigation on momentumless wake and its application in reduction of unsteady stator-
TOLOT INEELACTION  + « « « o nmm vt e ettt iaatee e eenns Y. D. Wu, X. C. Zhu, Z. H. Du (467)
Dynamic voids measurement during geysering phenomenon in a natural circulation loop
..................................................... S. Paruya, P. Bhattacharya (471)
Experimental investigation on the property of high-speed ventilated supercavitation
....................................... W. G. Yang, Y. W. Zhang, L. Kan, F. Deng (475)
Bionic concept applied to flow slab design of PEMFC
....................................................... C. T. Wang, P. C. Chang (479)
The mechanism of stall margin improvement in a centrifugal compressor with the air bleeding
circumferential grooves casing treatment « « -+ c - oot P. Gao, W. L. Chu, Y. H. Wu (482)
Un-pairing and pairing mechanisms of cylinder’s wakes at low Reynolds number
......................................... W. W. Ma, S. R. Xu, A. Yang, X. L. Xie (486)
Thermal efficiency of well bore during steaming with bare tubing without packer
............................................................. B. K. Gao, L. Qiao {490)
Research on optimizing design for diffuser-tower structure of primary fan in shaft
................................................ S. Q. Chen, H. Q. Wang, Y. C. Li (494)
Application of hydrodynamics in design of flotation deinking cell
...................................... R. G. Li, X. F. Xie, A. L. Wang, K. F. Chen (495)
Effect of mixing chamber structure on a steam ejector performance
............................................................ H. J. Li, S. Q. Shen (496)

........................................ Z.D. Su, Y. Liu, H. J. Zhang, D. F. Zhang (497)
Study on the thermodynamic characteristics of the high-pressure gas in reciprocating mechanism
...................................... C. Wang, P. L. Zhang, J. P. Fu, X. D. Zhang (498)
Study on supercharging effect in artillery recoil mechanism and the effects
....................................... C. Wang, P. L. Zhang, G. Q. Ren, Z. F. Gu (499)
Characterization by proper-orthogonal-decomposition of flow field around bridge slotted decks
R R R P PR W. Zhang, Y. J. Ge, T. C. Liu (500)
Local loss coefficient of laminar flow through sudden enlargement in circular pipes
................................................. Y. B. Wy, B. Zhang, J. W. Xiao (501)
Numerical prediction of flow and heat transfer on lubricant supplying and scavenging flow path of an
aero-engine lubrication system- - - - S. Q. Huang, Y. G. Lv, L. F. Zhang, Z. X. Liu, T. Xu (502)
Experimental investigation and analysis of an axial compressor stage with 45° circumferential inlet
flow pressure distortion « -« e J. Huang, H. Wu, W. H. Du (503)
Off-design performance analysis of multi-stage transonic axial compressors
..................................................... W. H. Du, H. Wu, L. Zhang (504)



An investigation on the effect of the hot end plugs on the efficiency of the Ranque-Hilsch vortex tube
....................................................... M. Arjomandi’ Y. P. Xue (505)

Multiphase Flows, Non-Newtonian Flows and Flows in Porous Media
Analysis of fractional element of viscoelastic fluids using Heaviside operational calculus
................................................... K. Q. Zhu, K. X. Hu, D. Yang (506)
Discussion of the problems of nonlinear water wave diffraction around porous vertical circular cylinder
..................................................... H. Huang, Q. Y. Zhu, J. Fu (510)
Numerical modelling of wave interaction with porous structures
------------------------------ F. Gao, D. M. Ingram, D. M. Causon, C. G. Mingham (514)
Fluid flow simulation in random porous media at pore level using lattice Boltzmann method
.................................................... A. Nabovati, A. C. M. Sousa (518)
Absorption of microdrops: effect of multi-layer porous media structure parameters
------------------------ Y. D. Varlamov, Y. P. Meshcheryakov, M. R. Predtechensky (522)
Research on flow shift law of porous media in goaf base on the unsteady airflow theory
....................................... Y. C. Li, A. H. Lin, H. Q. Wang, S. H. Zou (526)
Comparisons of static, quasi-static and dynamic 3D porous media scale network models for two-phase
immiscible flow in porous media - ------------ FERTR X. H. Zhang, Q. J. Liu, X. B. Lu (530)
Experiment and mathematical model of gas flow in low permeability porous media
--------------------- G.Y. Zhuy, L. Liu, Z. M. Yang, X. G. Liu, Y. G. Guo, Y. T. Cui (534)
Resolving chemically reacting flow using moving mesh method
........................................................... Y. Li, T. Fei, W. Liu (538)

....................................................................... R. Sun (542)
Study on mixing field of salt tolerant polymer solution

---------------------------- L. H. Zhang, M. G. Zhang, X. G. Li, D. Zhang, B. Jiang (546)
Lateral motion and departure of vapor bubbles in nucleate pool boiling on thin wires in microgravity

-------------------------- J. F. Zhao, 8. X. Wan, G. Liu, Z. D. Li, Y. H. Lu, N. Yan (550)
Modeling of dynamic extrusion swelling using cross model

.................................................. S. X. Huang, X. Chen, C. J. Lu (554)
The numerical simulation on cooling effect of microcapsulated phase change material suspension in

laminar thermal developing section « -« vvvvviiiiit, P. Q. Liu, J. Jin, G. P. Lin (558)

PIV experiment of the gas-liquid two-phase flow within the membrane micropore aeration bioreactor

.................................................... D. Liu, M. G. Yang, Z. Wang (562)
A pressure based multi-fluid algorithm for multiphase flow

.................................... P. J. Ming, W. P. Zhang, G. D. Lei, M. G. Zhu (566)
Analytical solutions of g-jitter induced double-diffusive convection with boundary collocation method

................................................... Z. H. He, H. Z. Cao, Z. Y. He (570)
Numerical study on the optimization of flow and temputre field in the desulphurization

SPLAY BOWET « + + + + v v v e v eneenn e et eeannns F. Zeng, L. Q. Yin, Q. Chen, Y. Wang (574)

Numerical simulations for Stochastic convection-diffusion processes in concentration fields

.......................................................... X. A. Ren, W. Q. Wu (578)
A numerical study on the characteristics of gaseous pollutant absorbed by a moving liquid aerosol

.................................................. J. J. Deng, J. Ding, P. F. Weng (582)



Simulation of two phase viscous flows in a solid rocket motor
............................................................... Y. Yu, S. Y. Liu (586)

........................................... K. Sadeghy, N. Khabazi, S. M. Taghavi (590)
Numerical simulation and optimization of gas-solid turbulence flow in a precalciner
............................................................ S. X. Mei, J. L. Xie (591)
Application of fluid-solid coupling theory in casing damage forecast
............................................. J. J. Liu, G. H. Pei, X. He, X. G. Liu (592)
Research and test on the principle of oil temperature rise of pumps with single and double valve plate
.................................................... D.S. Wen, J. Wen, X. J. Zhu (593)
Simulation of gravity feed oil for areoplane fuel transfer system
.......................................... Y. Q. Lv, Z. X. Liu, S. Q. Huang, T. Xu (594)
Simulation on flow behaviors of viscoelastic polymer solution in a channel with sudden contraction
----------------------- X. G. Sui, H. J. Yin, H. Y. Zhong, L. Wang, J. Song, Z. P. Li (595)
Analysis for transient deliverability of horizontal wells
..................................... Y. M. Pang, M. F. Li, Z. H. Luo, G. L. Zhang (596)
Boundary element method for calculating the pressure of heterogeneous reservoir
---------------------------- Y. A. Zhang, J. F. Jia, H. W. Wang, B. S. Li, Y. R. Xu (597)
3-D numerical simulation for gas-liquid two-phase flow in aeration tank
................................................ R. Xue, R. Tian, S. Y. Yan, S. Li (598)

................................................. K. Q. Li, G. C. Gong, S. H. Zou (599)
Axial wind-borne electrostatic spray research

------------------------- Z. T. Wang, J. L. Wen, X. Y. Wang, T. Q. Luo, X. N. Song (600)
Permeability coefficient inversion method based on hybrid algorithm

............................................................ X. G. Liu, G. H. Pei (601)

Modeling the interface instability and mixing flow during the process of liquid explosion dissemination
------ L. Li, S. L. Xu, Y. J. Ren, G. R. Liu, X. B. Ren, W. J. Xie, Y. C. Li, Z. L. Wang (602)

Bio-fluid Mechanics
Impact of wall shear stress and pressure variation on the stability of atherosclerotic plaque
........................................ V. Tavian, Z. Y. Li, M. Sutcliffe, J. Gillard (603)
EECP induced instant shear stress variation-experiment and math modeling
.......................................... J. H. Du, C. L. Wu, Z. S. Zheng, G. Dai (607)
Flow in idealised compliant human cystic duct models
....................................... M. Al-Atabi, S. B. Chin, S. Beck, X. Y. Luo (610)
Analysis and comparison of 2-D hemodynamic numerical simulation of elastic aneurysm and rigid
aneurysm - - - - - J. W. Zhao, G. H. Ding, W. Y. Yin, X. L. Yang, W. G. Shi, X. L. Zhang (614)
Numerical simulations of blood flow through a permeable curved vessel in a solid tumour
.................................................. Q. Sun, G. X. Wu, N. Ovenden (618)
Experimental investigation of blood flow in the brain by means of particle image velocimetry —
a preliminary study - -~ - ot N. A. Buchmann, M. C. Jermy, T. David (622)
Dynamic flight stability of a hovering hoverfly
................................................... M. Sun, Y. P. Liu, J. K. Wang (626)



Experimental hydrodynamics of turning maneuvers in koi carps
....................................................... G. Wu, Y. Yang, L. Zeng (630)
Numerical simulations for insect ‘clap and fling’ with unsteady incompressible solver on dynamic
hybrid grids-««-«- -« L. P. Zhang, X. H. Chang, X. P. Duan, Z. Y. Wang, H. X. Zhang (634)
Preliminary modeling of the fluid-structure interaction on a deformable insect wing in flapping
............................................................... L. Bao, Y. L. Yu (638)
Effects of local configuration on the flow in the circle of willis
............................................... J. H. Page, G. X. Wu, F. T. Smith (642)
A numerical investigation of controllably flexible hydrofoil in laminar flows
....................................... C. Y. He, X. Zhang, S. G. Zhang, G. W. He (643)
Fish’s muscles distortion and pectoral fins propulsion of lift-based mode
................................................... S. B. Yang, X. Y. Han, J. Qiu (644)
A numerical study on hydrodynamics of pectoral fin locomotion in Batoid fishes
..................................................................... W. R. Hu (645)
Effects of temperature on the threshold of phosphorus for algal blooms
.................................................... T. Yuan, J. C. Li, J. F. Zhou (646)

Micro-scale Flows
CFD analyses and validation of multiphase flow in micro-fluidic system
.......................................... C. M. Sewatkar, S. Dindorkar, S. Jadhao (647)
Numerical study on electroosmotic flow in trapezoidal microchannels
.................................................... C. C. Zuo, F. Ji, L. F. Wang (650)
Lattice Boltzmann simulations for microfluidics and mesoscale phenomena
................................................ E. Monaco, K. H. Luo, R. S. Qin (654)
Mixing flow of viscoelastic fluids in a microchannel
...................................... Y. C. Lam, H. Y. Gan, N. T. Nguyen, H. Lie (658)
Direct numerical simulation of micro-flow resonators in the presence of grazing flow
............................................................ X. D. Li, X. T. Sun (662)

..................................................... A. Anbarchian, H. Torabian (666)
On the early development of dispersion in flow through a tube with wall reactions

........................................................... M. W. Lau, C. O. Ng (670)
Fully-developed pulsating liquid flows in a three-dimensional wavy wall microtube

.......................................................... H. L. Wang, Y. Wang (674)
Microreactor system using the concept of numbering-up

..................................... S. Togashi, T. Miyamoto, T. Sano, M. Suzuki (678)
Diagnosis of frequency-dependent electrokinetic flow in microfluidic channels

..................................... D. G. Yan, C. Yang, X. Y. Huang, Y. C. Lam (682)
Numerical study on flow focusing in axisymmetric microchannel

.................................................................... X. P. Chen (687)
............................................................ G. W. Hu, X. S. Hu (688)

.................................................................... F. Q. Song (689)



Plasma and Magneto-Hydrodynamics

Liquid metal magnetohydrodynamics astrophysical relevance and engineering applications
------------------------------------ G. Gerbeth, I. Grants, T. Gundrum, F. Stefani (690)

Axisymmetric wave on the charged surface of a viscous liquid
...................................................... F. Li, X. Y. Yin, X. Z. Yin (694)

......................................................... M. Maache, R. Bessaih (698)
................................................................ L. Yin, J. Zhou (702)

................................................. G. Chen, J. B. Zhang, C. H. Lee (706)
Three dimensional interactions between solar wind and magnetopause
......................................................... Y. Darvish, H. Farman (710)
Characteristics of flow field in an electromagnetic flowmeter for measuring flowrate in injection
polymer well -+« -vvvevienn G. B. Zheng, N. D. Jin, J. Y. Guo, Y. H. Zhang, J. Li (714)
Control of a magnetic fluid drop moving inside a cylinder
.................................................................. M. Shinohara (715)

................................................................. K. H. W. Chu (716)
Stability and numerical simulation of the liquid metal pinch using the shallow water approximation
----------------------- B. W. Li, E. Zienicke, A. Thess, A. Krdzschmar, P. Terhoeven (717)

Supplement
Stability analysis for the immersed boundary method
............................................... Z X (;ong7 H X Huang’ C J Lu (718)

....................................................................... V. Kola (722)

........................................................... Y Wang’ Z C Deng (726)
A new second order mimetic finite difference scheme to tackle boundary layers-like problems
.................................................. S Rojas’ J M Guevara_Jordan (730)

..................................................................... G. L. Liu (734)
Experimental investigation of ventilated supercavitating flows manipulated by a pitching system

................................................... Q. T. Lee, Y. S. He, L. P. Xue (736)
Simulation of the flow field characteristics of a downburst

------------------------ S. Cao, Y. Zhao, H. Ozono, Y. Tamura, A. Kareem, Z. Duan (740)

xii



NEW TRENDS IN FLUID MECHANICS RESEARCH
Proceedings of the Fifth International Conference on Fluid Mechanics, Aug.15-19, 2007, Shanghai, China
(©2007 Tsinghua University Press & Springer

Biomechanics of Aquatic Micro-Organisms

T. J. Pedley

Department of Applied Mathematics and Theoretical Physics University of Cambridge
Email: t.j.pedley@damtp.cam.ac.uk

Abstract Aquatic micro-organisms play a major role in ocean ecology, the global carbon cycle and
bioreactor engineering. The complex foodweb of an oceanic ecosystem may be modelled in terms of a
few species of different types whose population densities obey coupled differential equations. However
the functions and constants that appear in those equations depend in a complex way on the details
of the dynamics of individual organisms and how they interact in larger scale phenomena. This talk
will survey some of the following topics: (1) the fluid dynamics of micro-organism swimming, (2)
the effect on nutrient uptake of an organism’s swimming motions, (3) chemotaxis in bacteria, (4)
capture rate of phytoplankton by zooplankton when they all swim in a turbulent environment, (5)
pattern-formation (e.g. bioconvection) in suspensions of upswimming micro-organisms (algae and
bacteria), (6) the hydrodynamic interactions between swimming model micro-organisms and (7) their
effect on the rheology and transport properties of the suspension as a whole. The long-term goal is to
formulate a continuum model for concentrated suspensions of swimmers; this is not yet realised and
may be impossible!

INTRODUCTION

Aquatic micro-organisms, many of which are active swimmers, play a vital role in life on earth.
Phytoplankton are the bottom link of the food chain in oceans and lakes, absorbing energy from
sunlight and elementary nutrients from the water. They contain and are surrounded by even smaller
bacteria (2~10 pm) and are themselves the prey for zooplankton which in turn are eaten by copepods
which are eaten by fish and so on. The phytoplankton absorb CO, from the water, most of which
comes from the atmosphere via complex mixing processes, and thus they play an important role in
the global carbon cycle and hence in global warming. Every spring, in every ocean, there are massive
phytoplankton blooms (population explosions) which underlie the ecology of all aquatic species and
need to be understood for fisheries prediction, for example. Harmful algal blooms also occur in coastal
waters (‘red tides’) and can lead to economic damage to coastal communities that rely on shellfish.
Some micro-organisms are used in bioreactors. Thus the study of micro-organism behaviour is a
proper subject for scientific investigation.

The complex food web of an oceanic ecosystem is hard to simulate: the number of species is far too
large, as is the number of ways in which they can interact. Some progress can be made with idealised
models such as that outlined in Figure 1 [1]. Organisms are arranged in two rows of three categories
each. Members of the lower row consume nutrients and are themselves consumed by members of the
top row which are also linked by predator-prey interactions. A model of the interactions consists of a
set of nonlinear ordinary differential equations. For example, the population density of ciliates (C) is
governed by an equation of the form

dC

I Ye(gca + 9cu)C — gz0Z (1)
where Y is the ciliate yield and the ¢’s are functions in which gpg means the rate at which species P
grazes on species @) (the symbols A, H, Z are defined in Figure 1). Examples of the sort of functions
involved are
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Figure 1: A “minimum model” for plankton population dynamics. Arrows between boxes represent
predator-prey interactions; the letter T by an arrow means that turbulence
may have an influence [1,2]

These are standard models, but where do the functional forms and constants come from? In other
words, how should the population-level model be derived from individual behaviour? This talk will
outline briefly some of the fluid mechanical aspects which have been or are being investigated to shed
light on both the individual and the collective behaviour of swimming micro-organisms.

INDIVIDUAL BEHAVIOUR

The question of how micro-organisms swim has attracted fluid dynamicists for over 50 years, the
pioneers being G. I. Taylor [3] and James Lighthill [4]. The Reynolds numbers of the cells in question,
and of their moving appendages, are very small so inertia is negligible. It follows that the appendages
cannot execute purely reversible motions if the cells are to make progress. Biflagellate algae such as
Chlamydomonas spp execute a sort of low-Reynolds-number breaststroke; monoflagellates and sperm
send unidirectional waves along their flagella; bacteria generate thrust from a bundle of rotating, fairly
rigid flagella; ciliates beat large numbers of cilia in the form of co-ordinated waves. The hydrodynamics
of such propulsive devices was first investigated using the rather crude (but extremely useful) resistive
force theory [5,6], according to which the normal and tangential components of the force exerted on
the fluid by one short segment of a beating flagellum are directly proportional to the normal and
tangential components of the velocity of that segment relative to the fluid far away, but with different,
constant, coefficients of proportionality Ky and K (K is nearly twice as large as K for a segment
of a circular cylinder). The next level of sophistication is to use slender body theory [4,7~9], and
these days it is feasible to do complete simulations using the boundary element method [10].

If an organism is neutrally buoyant then the net force acting on the whole organism is zero, an
important constraint in the theory. If it is homogeneous, then the net torque on the organism must
also be zero. However, most micro-organisms are denser than water and tend to sediment, though at
a speed that is much smaller than their swimming speed. For example, dead Chlamydomanas nivalis
sediment at about 3um s~! while live ones swim at over 50um s~!. In addition, C. nivalis naturally
tend to swim upwards, on average, against gravity (though individual trajectories arc very erratic).
This is because they are bottom-heavy, so a deviation from the vertical generates a gravitational
torque that rotates them back towards the vertical again (albeit slowly, against the viscous torque set
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up by such rotation) [11, 12]. It follows that the swimming direction, relative to the fluid, will change
when the cell is put into a shear flow which exerts a viscous torque on the cell.

As stated above, bacteria generate thrust and thereby swim in a roughly straight line, by rotating a
bundle of individual flagella behind them. The flagella come together when the rotation is counter
clockwise. From time to time (stochastically) the flagellar motors turn clockwise. Then the flagella
fly apart and the cell tumbles, before setting off on a run in a new direction {14]. The details of
this process have been thoroughly investigated only for Escherichia coli (a gut bacterium) but it is
presumed that other bacteria behave similarly. How the rotating flagella come together in a bundle
when rotating counter clockwise is itself a fluid mechanical problem. Recent studies suggest that
bundling could occur passively if the flagella were slightly flexible [15,16], but there is more detailed
work to be done.

It is known that bacteria exhibit chemotaxis - a tendency to swim up gradients of chemoattractant
(food). However, they are too small to be able to measurc concentration gradients directly [17], so
how do they know to swim up the gradient? The mechanism (in E. coli at least) requires that (a)
they can measure concentration, (b) they can remember it for a short time, so that they can tell
whether the concentration is rising or falling with time, and {(c) they can then alter the probability
of tumbling according to the answer to (b). This is what they do: the tumbling rate falls when they
are swimming up a gradient [18]. How the chemotaxis process is affected when the bacteria are in a
shear flow, which will rotate them, has not been investigated experimentally, but has been analysed
theoretically [19,20]. Tt is predicted that they sometimes swim the wrong way!

The functions of equation (2) require that we know the rate at which organisms take up nutrient
from the water. Even for individual cells, this problem exhibits interesting featurcs which have not
all been resolved. If the organism is small enough then adequate nutrient uptake can be achieved, in
still water, by pure diffusion. However, larger organisms neced to enhance this rate, and can do so by
moving through or stirring the fluid around them [21].

A precise analysis of how low-Reynolds-number stirring motions can enhance nutrient uptake has been
undertaken for a very simple model of a micro-organism: a spherical ’squirmer’, which propels itself
through the fluid by driving a tangential motiou along its surface [22,23]. This model was chosen for
its simplicity, not because it was meant to represent a real organism (though it is a good representation
of the envelope of cilia tips in certain ciliates, or algal colonies like Volvox, or cyanobacteria such as
the Oscillatoriaccac). The velocity ficld of a 'steady squirmer’ is represented by a two-term series
of axisymmetric solutions to the Stokes equations, in which the coefficient of the first term, B, is
proportional to the speed at which the squirmer swims, U, and that of the second, Bs, is proportional
to the force-dipole, or stresslet, that it exerts on the fluid.

In [22] the advection-diffusion equation for solute concentration C, in the velocity ficld of the squirmer,
was solved numerically subject to the boundary conditions C' — 1 asr — oo, C = 0 on 7 = a. After
non-dimensionalisation the results could be expressed as a plot of the Sherwood number Sh as a
function of the Péclet number Pe for different values of the 'squirming parameter’, 8 = By/B,. Here
Sh is the ratio of the actual nutrient uptake to the value it would have through purc diffusion in a
still fluid (47aD, where D is the solute diffusivity); Pe = Ua/D is the ratio of advection to diffusion.
The results are compared with those for a rigid sphere driven through the water at the same speed,
U, by an external force. They confirm that squirming has negligible effect on the mass transport
unless Pe > (1.2, but as Pe rises the effect of squirming becomes more and more important, as the
concentration boundary layer on the body surface becomes thinuer. Indeed, for large Pe it is shown
that Sh o< Pel/?, not Pe'/3 as for a rigid sphere.

The value of Pe for an algal cell of radius 10um, swimming at 50pms~!, with a small solute of
diffusivity 10~°m?s™!, is only 0.5, so the effect of swimming or stirring is small. However, spherical
colonies of Volvox can be as big as 150um in radius, and generate fluid motions of 100ums™!, so for
them the Péclet number is quite large and the fluid flow driven by their flagella is very important for
nutrient uptake[24].

Another aspect of nutrient uptake by small organisms is that of predator-prey dynamics. At what
rate do microzooplankton encounter and consume their phytoplankton prey? And how is this affected
by turbulence in the ambient fluid? Models of these processes were developed by Gerritsen & Strickler
[25] and by Rothschild & Osborn [26] and extended by Lewis & Pedley [27,29] who also tested the
modified model against a numerical simulation. The simulation consisted in placing a number of
predator and prey individuals randomly in a periodic box and allowing them to swim with random

3



speeds and orientations (according to specified probability distributions), recording an encounter when
they came within a distance R of each other. The fluid was also moving randomly, with a turbulent-
like incompressible velocity field specified by a random Fourier series with the same energy spectrum
as for isotropic, homogeneous turbulence. Simulating real turbulence would have required enormous
computer resources, for reasonable Reynolds numbers, as can be seen from the corresponding work
of Yamazaki [28]. The main result was that the modified model agreed rather well with the full
simulations in predicting encounter rates; the value of the model is that it is analytical and can be
used to specify the functional forms required in equation (1).

COLLECTIVE BEHAVIOUR

We turn now to the fluid dynamic behaviour of populations of swimming micro-organisms, in particular
the phenomenon of bioconvection. Bioconvection patterns are observed in shallow suspensions of
randomly, but on average upwardly, swimming micro-organisms which are a little denser than water.
Images of typical bioconvection patterns formed by suspensions of single-celled algae and bacteria can
be found in [12]. The basic mechanism is analogous to that of Rayleigh-Bénard convection, in which
an overturning instability develops when the upper regions of fluid become denser than the lower
regions. The reason for the upswimming however depends on the species of micro-organism: some
algae are bottom-heavy, (see above) while certain oxytactic bacteria, such as Bacillus subtilis, swim
on average up oxygen gradients that they generate by their consumption of oxygen.

The rational continuum modelling of bioconvection in dilute suspensions (volume fraction of cells
< 0.001) has been fully described in many original papers and, in particular, in two review articles
[30,31]. Here we concentrate on aspects of the phenomena or the modelling that are not completely
understood.

In a continuum model it is assumed that every volume element, small compared with the scale of the
bulk flow, contains very many cells, so that variables such as the cell number density n or the bulk
velocity u can be represented by their averages over the volume element. They can thus be taken to
be smooth functions of position and time ¢. Averaging has to be done with care, because the cells
swim randomly. Data on the trajectories of C. nivalis in still fluid are given in [32], and the bias to
upswimming is confirmed.

Perhaps the most important equation in the continuum model is the cell conservation equation:

%:—V-[n(u+Vc)~D~Vn] (3)
where V is the average cell swimming speed, representing directed cell swimming, and the last term
represents the flux due to random cell swimming, here modelled as a diffusive process. Both V. and
D can be calculated if we know the probability distribution for cell swimming velocity, incorporating
both magnitude and direction. The data in [32] provide information on this distribution, in one case.
However, assuming that the cell swimming speed was constant, Pedley & Kessler [33] proposed that
the p.d.f. f(p) for swimming direction p (a unit vector) should satisfy a quasi steady Fokker-Planck
equation. The solution of that equation for bottom-heavy algae in a still fluid is

flp) = pe*® (4)

where the unit vector k is vertically upwards, and A, u are constants, which is reasonably consistent
with the data.

When the fluid is moving, the Fokker-Planck equation can still be used to find f(p) if it is possible
to write down an equation for p, the rate of change of p, in the absence of the random reorientations.
This is straightforward for the bottom heavy algae, because p is determined by the balance between
gravitational and viscous torques and the latter can be evaluated for any ambient shear flow. However,
we do not have an equation for p in the case of chemotactic bacteria, because the chemotaxis process
cannot be expressed in terms of a torque balance. In addition, there is no general guarantee that
random swimming can be represented as a diffusion process.

In the standard model of chemotaxis in a still fluid, first proposed by Keller & Segel [34], the cell
swimming term in (3) is given by V. = xVC, where C is the chemoattractant distribution (for which,
in general, another conservation equation is required) and x is a scalar chemotaxis parameter. The
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main objective of the thesis work of Bearon [19,35] was to see under what circumstances equation (3)
can still be used for run-and-tumble chemotaxis in a shear flow, with some rational choice for V. The
investigation was highly probabilistic. The findings of [35], briefly, were that the Keller-Segel model
could be used in a general shear flow, only if the perturbation to isotropic tumbling were small enough
and if the vorticity in the flow were much less than the tumble rate. What to do in a general flow is
still very unclear.

All the research referred to above has been restricted to dilute suspensions, in which cell-cell inter-
actions are neglected. However, there is an increasing body of experimental evidence that some very
interesting hydrodynamic phenomena arise in concentrated suspensions, mainly of swimming bacteria
(B. subtilis). Mendelson et al [36] observed a population of B. subtilis swimming in a thin liquid layer
on top of an agar gel, and reported a rich structure of meso-scale motions (by which is meant motions
on length-scales intermediate between the population as a whole and the size or spacing of individual
cells)which they called “whorls and jets”. Dombrowski et al [37] also observed meso-scale motions in
three-dimensional concentrated suspensions of B. subtilis. These are not yet understood.

Our approach to modelling suspensions in which hydrodynamic cell-cell interactions are important
involves simulations in which each cell is followed as it moves and in which the interaction with other
cells is analysed in a pairwise manner. Real micro-organisms are too complicated for their geometry
and kinematics to be represented accurately in a simulation of many cells. Instead we have gone back
to the “steady squirmer” introduced above. Each ’cell’ is an identical spherical squirmer, of radius a,
swimming with a given swimming speed U and squirming parameter 3. An additional possibility is
to allow the cells to be bottom-heavy, in gravity g. The only distinction between different individuals
is their orientation, or swimming direction, p. The first step in the simulation is to calculate the
trajectories of pairs of interacting squirmers in the absence of others. This is done by computing
the virtual or effective force applied to one squirmer by the presence of another, for arbitrary initial
orientations and relative positions. In the far fleld the effective force can be calculated analytically,
as it can in the very near field, when the squirmers are nearly touching and lubrication theory can be
used. In between the calculation is performed numerically, using the boundary element method. A
database of the results, covering the space of orientations and relative positions more-or-less uniformly,
has been compiled and is used to speed up the simulations of larger numbers of spheres[38]. The
macroscopic simulations are performed for random conditions in a triply-periodic cubic domain. They
have been used to compute (a) the effect of squirming on the rheology of a suspension of neutrally
buoyant spheres in a simple shear flow and (b) the mean square displacement of individual spheres:
is the spreading diffusive or not [39]? In both cases a volume fraction of 0.1 is taken as typical. The
answer in (a) is that squirming has a negligible effect on Batchelor’s [40] results for the viscosity of a
suspension of rigid spheres up to O(C?), when the squirmers are not bottom-heavy, but a significant
effect when they are bottom-heavy, depending on the orientation of the shear flow relative to g. In
that case there can also be significant non-Newtonian normal stresses. In (b), the answer is that
the spreading apart of non-bottom-heavy squirmers in three dimensions is correctly described as a
diffusive process (i.e. their mean square displacement increases linearly with time ¢ at large times),
despite the fact that all the squirmers’ motions are calculated deterministically. However, this is valid
only for time-scales greater than about 30 a/U. Moreover, when their trajectories are confined to two
dimensions, squirmers tend to aggregate, not disperse!
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Abstract

The structure of scalar dispersion from a continuous release point was investigated for moderate
Reynolds number flow in grid turbulence. Using laser-induced fluorescence techniques, laser-volume
scanning, a custom-designed fast-readout CCD focal plane array, and high-speed digital-imaging/-
acquisition/-storage techniques, the instantaneous three-dimensional structure of a passive scalar was
investigated in flow in water (high Schmidt number). Laser Doppler and scalar-correlation velocimetry
were employed to measure th flow speed entering the test section and in the interrogated volume. Such
scalar-dispersion structure away from the release point is typically modeled assuming a Gaussian
profile. This provides a good description for the mean scalar profile as a function of the transverse
distance from a line parallel with the flow and downstream of the release point, as also confirmed by
experiment (Yamamoto & Sato 1979, Gad-el-Hak & Morton 1979, Nakamura et al. 1987, Sawford
2001). The instantaneous three-dimensional structure, however, reveals a rich topology of scalar
structures that was found to persist in the volume interrogated, spanning a distance from the grid
and release point between 22 and 30 grid mesh lengths, which is in the self-similar grid-turbulence
regime where the present three-dimensional scalar-field measurements were conducted.
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Abstract Scientific problems related to modern aeronautical engineering and dealing with basic
properties of shear flows and the associated fluid mechanics phenomena are emphasized. In this
context some recent experimental results on subsonic aerodynamics are considered.

Key words: flow control, subsonic aerodynamics, flow instability, boundary layer, MEMS-technology.

INTRODUCTION

Optimization of aerodynamics of modern and perspective air vehicles needs the solution of several
fluid mechanics problems. They are related to studying the flow phenomena occurring close to a body
surface with further elaboration of new methods to control local and global flow characteristics. As
a result, it becomes possible to increase lift of wings, reduce drag of the vehicles and their acoustic
radiation. As a whole, flow control is aimed at improvement of economy and operational functionality
of air vehicles of different destination.

A phenomenon which is crucial for the near-wall flow pattern is hydrodynamic instability one can
observe in two- and three-dimensional attached and separated boundary layers. Amplification of the
laminar flow disturbances results, finally, in transition to turbulence, generation of vortex structures
close to the body surface, and has a strong effect on formation of separated flow regions.

Thus, solution of the aerodynamic problems is integrated to studying various aspects of flow instability.
In what follows, exploration results obtained recently on this topic are discussed from the standpoint
of the main, by the author sight, problems of fluid mechanics involved in progress of commercial
aviation.

1. Flow laminarization on lifting surfaces

Flow laminarization on lifting surfaces In laminar boundary layers the skin friction is much smaller
than that in turbulent layers which is the reason for flow laminarization. Maintenance of the laminar
flow over an extended part of the wing is obviously appropriate for fuel savings and increasing efficiency
of the aircraft.

Basically, the problem is approached through current knowledge on transition to turbulence in bound-
ary layers at a low level of the external flow perturbations. Normally, the process of laminar-turbulent
transition is subdivided into several main stages including generation of the boundary layer distur-
bances, their subsequent amplification at small amplitudes of the exited oscillations, and nonlinear
interactions of the perturbations prior to onset of the turbulent motion, Figure 1. Accordingly, the
methods of transition delay utilize reduction of the initial amplitudes of the laminar boundary layer
disturbances and modification of its stability characteristics, see [1~3]. To date, the linear theory of
hydrodynamic stability, dealing with exponentially growing (damping) wavy disturbances in two- and
three-dimensional boundary layers, has been verified in a large number of experiments. The methods
of laminarization employing stability solutions are well substantiated so that some of them are in use
in engineering applications.
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Figure 1. Main stages of laminar-turbulent transition in a boundary layer at a low level of the ex-
ternal flow turbulence:/ — amplification of small-amplitude perturbations (Tollmien-Schlichting
waves), IT — evolution of three-dimensional non-linear disturbances (A-structures), III - origi-
nation and interaction of turbulent spots [4]

Beyond the scope of the classic stability theory are specific localized disturbances of the boundary layer,
the so called “streaky (streamwise) structures” or “streaks”, nowadays calling much interest during
the research of laminar-turbulent transition, see [3~5]. Under appropriate conditions, such structures
may grow in the streamwise direction initiating secondary disturbances andg lambda-shaped vortices
found at late stages of the transition to turbulence in boundary layers, Figure 2. In this case, the
effect of laminarization can be obtained through application of control techniques for modification
of the origination and dynamics of the localized perturbations which are to be investigated in more
details.
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Figure 2. Streaky structures of a laminar boundary layer with amplifying antisymmetric (I) and
symmetric (II) secondary oscillations: the streamwise evolution of the secondary disturbances
combined with their effect on the mean flow (@) and without it (b) (dark and light halftones
indicate the regions of increased and reduced flow velocity comparing to its unperturbed values)

[6]



The streaky structures developing in Blasius boundary layer, on straight and swept wings were cx-
amined under controlled experimental conditions in a series of recent studies [7~9]. Along with
determination of main characteristics of the localized laminar flow disturbances, some approaches to
their control were tested. One of them is application of the surface grooves, or riblets, used for drag
reduction in a turbulent boundary layer. As a result of Ref. [7], a beneficial effect of streamwise
riblets on the transitional flow was observed, that is, diminution of the streaky structures magnitude,
suppression of their secondary oscillations and glambda-shaped vortices, Figure 3.
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Figure 3. Streamwise amplitude variations of gA-shaped vortices on the smooth (1) and grooved
(2) flat plates [7]

Another possibility to delay the transition to turbulence caused by evolution of the streaky structures
was examined in [8] where the boundary layer was controlled by flow suction through tiny holes
in the surface of experimental models. This technique, similarly to the surface ribbing, was found
as an effective one for damping of the streaks and their secondary instabilities. Interaction of the
streaky structures gencrated by roughness elements on a swept wing was investigated in Ref.[9].
The experiments have shown that isolated stationary disturbances of the boundary layer are more
prone to high-frequency secondary instabilities and the following turbulization, than the interacting
perturbations evolving close to cach other, Figure 4.
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Figure 4. Streamwise amplitude variations of the secondary perturbations evolving on the
isolated (O, A ) and interacting (o) streaky structures [9]
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Thus, one expects the transition to turbulence induced by the streaky structures generated at the
roughness elements can be controlled by optimization of their shape, size and the spatial arrangement.
As a whole, the results of the above studies substantiate new approaches to laminarization of the
lifting surfaces in addition to the control methods inferred from the classic stability theory.

2. Control of flow separation on small-scale air vehicles

Small-scale air vehicles such as paragliders, gliding parachutes and unmanned remote-controlled de-
vices are exploited at rather low Reynolds numbers. Under such conditions, the aerodynamic char-
acteristics of the vehicles arc much influenced by the laminar flow separation. In the main, this
phenomenon affects negatively drag and lift of the wings, constraining their operation over the angles
of attack. Moreover, at a low speed of the flight vehicle in a disturbed atmosphere, sudden flow
variations on the wing may happen up to leading-edge stall. A number of passive and active methods
to control flow separation are known today. Employing different principles, they are implemented in
practice and examined in laboratory experiments, see [2, 10]. Search for new possibilities of separation
control is still an important subject of aerodynamics.

One of them was in focus of Refs. [11, 12] where flow separation on a low-aspect-ratio wing with a
surface modification was investigated. A prototype of the experimental model was a wavy wing of
paraglider, Figure 5.

Figure 5. A paraglider in flight

The wind-tunnel tests indicated a strong effect of the transverse waviness of the lifting surface upon
laminar flow separation. One can observe in Figure 6 that the separated flow covering the entire span
of the smooth wing splits into

local regions of boundary layer separation spaced between the surface waves in the spatially periodic
configuration.

A result of such a flow transformation is an increase of the wing critical angle of attack, which turned
one and a half time higher under the experimental conditions of Ref. [11]. Moreover, at moderate
(subcritical) angles of attack the wavy wing has a larger lift-to-drag ratio than the smooth one. Also,

an advantage of the modified lifting surface is the flow symmetry even at the leading-edge stall, Figure
7.
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