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研究成果の概要（和文）：シリンダー周囲の流れは基本・応用両構造に関する非ニュートン流体力学の問題で
す。マイクロ流体シリンダー装置は粘弾性非ニュートン流理解の為の低慣・高弾性領域へアクセスを提供しま
す。しかし元来の研究は標準の微細加工法で制限され定性的な観察の依存でした。 本課題では選択的レーザー
誘起エッチング（SLE）の最先端微細加工技術にて新幾何学的領域でマイクロ流体シリンダー装置を製造しまし
た。完全定量的な診断方法と組合せ新シリンダー装置周辺の粘弾性の流れと不安定性が元来の研究でしたが、
SLE製造法で微視的な柔軟構造を生成し応答性のある柔軟なフィラメントと非ニュートン流体間の相互の初の定
量的研究をもたらしました。

研究成果の概要（英文）：Flow around a cylinder is a benchmark problem in non-Newtonian fluid 
mechanics due to its wide relevance to fundamental and applied systems. Microfluidic cylinder 
devices can give access to regimes of low inertia and high elasticity, which are useful in 
understanding viscoelastic non-Newtonian flows. But, until now, such studies have been limited by 
standard microfabrication methods and have mostly relied on qualitative observations. In this 
project, the state-of-the-art microfabrication technique of selective laser-induced etching (SLE) 
was used to produce microfluidic cylinder devices in new geometrical regimes. Combined with fully 
quantitative flow diagnostic methods, viscoelastic flows and instabilities around the new cylinder 
devices have been studied. The SLE fabrication method has also been used to produce microscopic 
flexible structures, yielding the first quantitative study of interactions between responsive, 
flexible filaments and non-Newtonian fluids.

研究分野： viscoelastic fluids

キーワード： microfluidics　viscoelasticity　flow stability　cylinder
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研究成果の学術的意義や社会的意義
The research has been of interest to researchers in microfluidics, fluid mechanics, rheology, 
engineering and physics, and resulted in 20 papers in international peer-reviewed journals. The 
findings are significant for understanding viscoelastic flow instabilities and elastic turbulence.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
１．研究開始当初の背景 
Flow around a cylinder is a benchmark problem in non-Newtonian fluid mechanics due to its 
wide relevance to fundamental and applied systems. Microfluidic cylinder devices can give 
access to regimes of low inertia and high elasticity, which are useful in understanding 
viscoelastic non-Newtonian flows. But, until now, such studies have been limited by standard 
microfabrication methods and have mostly relied on qualitative observations. In this project, 
the state-of-the-art microfabrication technique of selective laser-induced etching (SLE) 
was used to produce microfluidic cylinder devices in new geometrical regimes. Combined 
with fully quantitative flow diagnostic methods, viscoelastic flows and instabilities around 
the new cylinder devices have been studied. The SLE fabrication method has also been used 
to produce microscopic flexible structures, yielding the first quantitative study of interactions 
between responsive, flexible filaments and non-Newtonian fluids. 
 
 
２．研究の目的 
The purpose of the project was: 

(1) Explore the use of SLE as a novel fabrication method for microfluidic devices 
(2) Push the fabrication of microfluidic cylinder geometries into new geometric regimes 
(3) Gain new insights into the fundamental non-linear behavior of viscoelastic flows 

around cylinders 
(4) Extend the study of microscale viscoelastic flows to flexible cylinders 

 
 
３．研究の方法 
The research method involved: 

(1) Fabrication of microfluidic devices by SLE 
(2) Formulation of viscoelastic fluids such as polymer wormlike micellar solutions 

and their rheological characterization (i.e., measurement of the viscosity η, 
relaxation time λ, etc) 

(3) Flowing the viscoelastic fluid through the microfluidic device over a range of 
imposed flow rates and measuring the flow behavior (using techniques of particle 
image velocimetry, PIV, and flow-induced birefringence, FIB) 

(4) For flexible cylinders, the motion of the cylinder was also tracked using high-
speed video microscopy 

(5) Analyzing the results as a function of the rheological properties of the fluid 
and/or the geometric properties of the microfluidic devices. 

 
 
 
４．研究成果 
The project has resulted in 20 published papers in international peer-reviewed journals 
(plus several more still currently in press and under review). Eight invited seminars 
have been presented on the specific topic of the research project, plus 25 contributed 
talks at international conferences and 1 at a domestic Japanese conference.  
 
The research has proven to be of interest to the microfluidics, fluid mechanics, 
rheological, and broader engineering and physics communities. Of particular interest 
and importance has been the discovery of a new viscoelastic flow instability around 
the cylinder, that most likely impacts on a wide variety of non-Newtonian flows in 
industry and biology and also poses new challenges to computational rheology.  
 
For flow around a single rigid cylinder located in the center of a microchannel (Fig. 
1A), a flow bifurcation occurs as the Weissenberg number (Wi = λU/R, where U is the 
flow velocity and R is the cylinder radius) exceeds a critical value Wic ~ 60 [1]. For 
Wi = 37.5 < Wic, the fluid passes the cylinder symmetrically (equal flow velocity on 
either side of the cylinder) and a straight elastic wake is observed along the flow 
axis downstream of the cylinder (as seen in the retardation or FIB field). However, 
for Wi = 93.8 > Wic, the fluid selects a preferred path around the cylinder (higher 
velocity on one side than the other), and the elastic wake becomes correspondingly 
distorted downstream. This symmetry-breaking transition has been characterized as a 
supercritical pitchfork bifurcation [1]. The bifurcation at one cylinder influences 



(and is influenced by) the bifurcation occurring at neighboring cylinders positioned 
adjacently (Fig. 1B [2]) or downstream (Fig. 1C [3]) in the channel. In a hexagonal 
array of circular cylinders, the bifurcation at each obstacle results in a regular 
pattern of asymmetric wakes where the handedness of the asymmetry alternates between 
rows (Fig. 1D [4]). We note that in all the cases illustrated in Fig. 1, the flow 
becomes time-dependent and chaotic-like as Wi becomes sufficiently large. However, 
instability progresses from an initial transition to a steady asymmetric flow around 
each cylinder. These flows all appear to be governed primarily by the bifurcation that 
occurs at each obstacle for Wi > Wic. Therefore, to correctly interpret phenomena 
observed in more complex flows (e.g., porous media) it is crucial to first understand 
how instability develops around a single cylinder. 
 

 
Accordingly, significant efforts have been invested in this direction, employing 
rheologically diverse fluids and a combination of experiments and numerical simulations 
[1,5,6]. The comprehensive studies indicate that instability is initiated by random 
fluctuations in the downstream wake due to the combination of high elasticity and 
streamline curvature close to the downstream stagnation point; i.e., a purely-elastic 
instability of the type described by Pakdel and McKinley [6-8]. As shown in the inset 
to Fig. 2A, from numerical simulations with the linear Phan-Thien and Tanner (l-PTT) 
model, we find the onset Weissenberg number for asymmetric flow scales with the blockage 
ratio, BR = 2R/W, where W is the channel width, in excellent agreement with the 
prediction of McKinley et al. [6,8]. However, from the same set of simulations, 
performed by varying BR at fixed Wi, we observe that asymmetric flows are only supported 
when the characteristic shear-rate near the cylinder lies on the shear-thinning region 
of the flow curve (Fig. 2A). As the shear rate approaches the high-shear-rate plateau 
region, symmetry is recovered. 
 
By fixing BR = 0.1 and varying the degrees of strain-hardening, ε, and shear-thinning, 
β, in the l-PTT model, we obtain a stability diagram in Wi-β parameter space, where 
the boundaries marking the onset of asymmetric flows can be followed along lines of 
constant ε (Fig. 2B). The instability is clearly affected by an interplay between the 
shear-thinning and the elasticity of the fluid: if strain-hardening is reduced, more 

 
Fig. 1: Transitions to steady asymmetric flow states in various geometries constructed 
from microscale cylinders as the Weissenberg number is increased beyond a critical 
value Wic. (A) Flow past a single cylinder positioned on the flow axis [1]. (B) 
Velocity fields for flow past side-by-side cylinders with different dimensionless 
intercylinder gap, G = L1/(L1 + L2), where L1 and L2 are the cylinder-cylinder, and 
cylinder-wall gaps, respectively [2]. (C) Velocity fields for flow past two axially-
aligned cylinders [3]. (D) Retardation fields for flow through a hexagonal array of 
cylinders. All cases show the flow from left to right of a shear-thinning viscoelastic 
WLM solution. 



shear-thinning is required to induce the asymmetric flow state (and vice-versa) [6]. 
 
These observations are paralleled in experimental measurements using polymer solutions 
with a range of rheological characteristics (i.e., by varying the shear-thinning and 
elasticity, see Fig. 2C). Here, to understand the role of shear-thinning, we employ 
the ``shear-thinning parameter",    S = 1-(dlnσ/ dlnγ), which is evaluated from the 
stress (σ) versus shear rate (γ) flow curve measured in steady shear [5,9]. The 
quantity “I" in Fig. 2C is a measure of the degree of asymmetry in the flow obtained 
from the difference in flow velocity on either side of the cylinder [1,5]. Elasticity 
in the wake of the cylinder is considered to depend on the magnitude of Wi. Note that 
both S and Wi depend on the imposed flow velocity through the microchannel. The colored 
lines in Fig. 2C show the trajectories of fluids with different polymer concentrations 
through the three-dimensional space, while the fitted surface is formed from a 
combination of sigmoidal curves in S and Wi [5]. From Fig. 2C, we observe that fluids 
with low polymer concentrations (e.g., 50 or 100 ppm) never show significant flow 
asymmetry (I ~ 0); shear-thinning is high only when elasticity is low. Fluids with 
higher polymer concentrations (e.g., 200 or 300 ppm) show the onset of asymmetry as Wi 
is initially increased, but the flow recovers symmetry at very high Wi due to the loss 
of shear-thinning. Fluids of very high polymer concentration (e.g., 1000 or 3000 ppm) 
develop strong flow asymmetries (I ~ 1), that can persist up to high Wi since S remains 
significant. 
 

These findings from a study in a benchmark flow geometry may have widespread 
implications for understanding viscoelastic flow instabilities in general, including 
the subsequent onset of time-dependence and “elastic turbulence” at higher driving 
flow rates or Wi.  
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Fig. 1: Influence of shear-thinning and elasticity on the onset and development of 
asymmetric flow states around a single cylinder. (A) Flow asymmetry only occurs when 
characteristic shear rates near the cylinder correspond to the shear-thinning region 
of the flow curve. (Inset) the onset of instability matches the scaling predicted by 
McKinley et al., indicating that elasticity on curved streamlines in the downstream 
wake provide the initial perturbation to destabilize the flow [6,8]. (B) Stability 
diagram constructed from simulation results with the l-PTT model examining the 
interplay between shear-thinning β and strain-hardening ε [6]. (C) Experimental 
measurements with polymer solutions over a range of concentration also show that the 
asymmetric flow around a cylinder requires both shear-thinning and elasticity in the 
fluid [5]. 
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