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Abstract

A shear-induced structure (SIS) is formed under appropriate concentration
and shear conditions in a surfactant micellar solution. In this study, we per-
formed experiments of surfactant solution dosing in a fully developed
two-dimensional turbulent channel flow from a sintered metallic wire mesh
plate attached to a side wall. We investigated the behavior of the solution un-
der the elongation during its passing through the wire mesh and under the
strong shear due to the channel flow. It was confirmed that the dosed solution
containing a laser dye was visualized by a laser sheet, and the accumulated gel
from the wire mesh formed a layer and developed with time. Consequently,
on dosing the dilute surfactant solution from the wire mesh, a gel-like SIS
layer was formed, which majorly covered the wire mesh plate. The gel-like SIS
layer on the wire mesh plate acted as a sticky solid and restricted the flow in
the channel. This layer continued to grow while dosing, owing to which the
pressure drop of the channel flow significantly increased. The gel-like SIS
layer grew rapidly even in the turbulent flow and reached the equilibrium
thickness. After the termination of the dosing, the gel layer collapsed gradu-
ally. In addition, the thickness of the gel-like SIS layer (indicating the strength
indirectly) strongly depended on the surfactant concentration and the elon-
gation rate in the wire mesh.
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1. Introduction

Sol-gel characteristics that respond to a wide variety of stimuli have been the fo-
cus of numerous previous studies [1]-[7]. In a surfactant solution categorized as
a viscoelastic fluid, shear induces sol-gel characteristics with a change in the vo-
lume. Shear-induced structures (SISs) in long wormlike micelles are formed lo-
cally in the flow of the surfactant solution [8]. Chu ef al [9] reported that gela-
tion occurred simultaneously with the transition to shear-banding. Yamamoto et
al. [10] observed the simultaneous appearance of turbidity and SISs, shear-banding,
and stress fluctuation (a phenomenon in which the viscosity fluctuates in a long
cycle of the rheometer). These reports suggest that shear-banding is closely re-
lated to SISs and gel formation [11]. Furthermore, a surfactant solution containing
the formed SISs reduces the wall friction under turbulent flow conditions. Such a
solution is expected to be used for energy saving in an air conditioning equip-
ment, which circulates hot and cold water, and in district cooling and heating
systems. This is because the surfactant solution has the characteristic of restruc-
turing against the destruction of the micellar structure caused by the strong
shear from the flow. Particularly, when a counter ion is added to a cationic sur-
factant solution, stable wormlike micelles are formed even at a dilute concentra-
tion. They provide the solution with remarkable viscoelasticity, which is essential
for its drag-reducing ability. Thus, the surfactant solution has been studied in
various basic research fields. In numerous previous studies, thus far, SISs were
treated as dispersions; however, in the study of an impinging wall jet flow, Tuan
et al. [12] reported that gel-like SISs acted similar to the lumps of soft gels in the
liquid confining the flow around a jet. Moreover, Vasudevan et al [13] pre-
sented that a surfactant micellar solution formed an irreversible gel in an elonga-
tion-dominated microchannel flow, and it maintained the gel state even after 20
months. Under the condition of a microfluidic flow, some reports presented the
microstructure of the flow-induced structural phase in worm-like micellar solu-
tions [14] [15]. There are also references to the passage of non-Newtonian na-
nofluids through porous media [16] [17].

However, there is no report on the prediction of the formation of gel-like SISs
and about the persistence of the condition in which a high shear is induced by a
high-speed flow. In living bodies, the high-speed flows in large animals (such as
in arteries) and the flows with high stress in the digestive tract are controlled by
soft materials, such as blood vessel walls, valves, and the digestive tract. Gels play
a key role in the drag reduction on the slimy skin surface of an organism, such as
fish, allowing it to move efficiently in water [18]. They are also types of soft ma-
terials important in the industrial field [13] [19] [20] [21]. If a gel-like SIS can be
formed under a high-speed flow condition with a strong shear, then applications
in the field of biomimetics can be expected in the future. Previous studies fo-
cused on the injection of a mucus, polymer, or surfactant in the wall vicinity or
on the wall [18] [22] [23] [24] [25]. However, they did not consider the possibil-

ity of gel formation in turbulence and of diffusion of the gel to the flow.

DOI: 10.4236/0jfd.2022.123012

250 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2022.123012

S. Hara et al.

The present study aims to characterize a gel-like SIS formation for dosing a
surfactant solution in the channel flow from a permeable wall attached to a side
wall. The permeable wall elongates when the solution passes through the wire
mesh, whereas shear deformation is caused by the channel flow of the solution.
In this flow, we can observe the exposure to a transverse force and a high shear;
however, the possible occurrence of gel formation is still unknown. It is found
that if a gel-like SIS has sufficient strength to be attached to a wall, the gel nar-
rows the channel flow area, and it can also be used as a soft-material valve.

This paper is organized as follows. In Section II, the experimental configura-
tion of the channel flow with the dosing system, pressure loss measurement, par-
ticle image velocimetry (PIV), and planar laser-induced fluorescence (PLIF)
measurements are presented. In Section III, the characteristics of the gel-like SIS
formed in the channel flow after reaching the equilibrium state are described
based on the PLIF visualization and the PIV measurement. In Section IV, the
temporal growth process of the gel-like SIS layer is discussed in terms of the
change in its thickness with continuous dosing and after stopping the dosing. In
Section V, the relation between the blocking extent and the boundary condition
of the stress on the gel-like SIS layer is discussed based on the pressure loss
measurement. In Section VI, we examine the influence of elongational deforma-
tion on the thickness of the gel-like SIS layer. Finally, a summary of the main

conclusions is presented.

2. Experimental Set-Up and Conditions

The experiments were conducted in a closed-circuit channel flow, as displayed in
Figure 1. A part of the channel is a two-dimensional acrylic channel with a total
length of 6000 mm, a channel height of 40 mm (=24), and a channel width of
500 mm (=254). To dose the surfactant solution, three permeable walls are in-

stalled on a 1450-mm side wall, in a part of the above-mentioned two-dimensional
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Figure 1. Schematic overview of the experimental set-up in the pressure loss measure-
ment, PIV and PLIF measurements.
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channel. The leading edge of the permeable section is located 2300 mm (=115A)
downstream from the channel inlet, and a fully developed flow is observed at
this location. The porous wall is made by laminating and sintering seven mesh
sheets (#50 + #100 + #40 + #20 + #40 + #100 + #50). The wire mesh on the sur-
face of the permeable wall directly facing the channel flow has 0.32 mm opening
width and 0.19 mm wire mesh diameter. The origin of the coordinate system, in
which xis the streamwise direction and yin the wall-normal direction, is located
at the center of the leading edge of the permeable section. The dosing fluid in the
small tank is supplied to the permeable section by three-roller pumps.

The bulk mean velocity, U, was estimated by the cross-section area (40 mm X
500 mm) and by the flow rate measured by an electromagnetic flow meter lo-
cated upstream of the two-dimensional channel. In the pressure loss measure-
ment, the pressure difference, Ap, between two taps L-distance apart present
across the permeable section was measured with a precise differential pressure
gauge. Visualizations by the PLIF and PIV measurements were conducted with a
sheet-like laser by double-pulse irradiation and a CCD camera in the x-y plane
on the permeable plate, sufficiently downstream, Ze., 1368 mm (68.44) from the
leading edge. To identify the dosing fluid and bulk flow in the channel, a fluo-
rescent dye (Rhodamine WT) was added to the dosing fluid. This allowed track-
ing of the dosing fluid from the permeable wall in the visualized image. The PIV
tracer particles were nylon powder with an average particle size of 4.1 um.

A dilute cationic surfactant solution of cetyltrimethylammonium chloride
(CTAC) prepared with the same weight concentration of sodium salicylate
(NaSal) as the counter ion was employed at a constant temperature of 298 + 0.2
K achieved by a heater and a cooling coil. The experiment was performed with
five selected surfactant concentrations: 0 ppm (water) for reference, 25, 40, 80,
and 150 ppm.

In the experiment, the surfactant concentrations in the channel fluid and
dosing fluid were varied in each case. We named the experimental cases for each
solution combination, as summarized in Table 1. To identify the differences
between the water and dilute surfactant solution flows at the same U}, the Rey-
nolds number was defined as Re =2U, h/v, based on the kinematic viscosity of

water, v .The Reynolds number of the channel flow was fixed as Re = 1.0 x 10*

Table 1. Surfactant concentration of fluids in experimental cases.

Case Fluid of channel flow Dosing fluid
W-w 0 ppm (Water) 0 ppm (Water)
W-C150 0 ppm (Water) 150 ppm
C25-C25 25 ppm 25 ppm
C40-C40 40 ppm 40 ppm
C80-C80 80 ppm 80 ppm
C150-C150 150 ppm 150 ppm
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To eliminate the kinetic influence of the dosing itself on the turbulent channel
flow, we gradually dosed the surfactant solution. The dosing velocity, U, was
varied from 2.0 x 10™* to 8.0 x 107 m/s. This corresponds to the dosing ratio of
U, /U, =8.9x10™ -3.6x107°. In the PLIF and pressure loss measurements, the
dosing continued at a constant flow rate up to 600 s of the elapsed time, ¢, fol-
lowing which, it was immediately stopped to investigate the process of the
growth and collapse of the gel layer. This testing process corresponded to the
opening and closing operations of a valve using a soft material [26].

3. Characteristics of Gel-Like SIS Layer in Equilibrium State
3.1. Visualization of Gel-Like SIS Layer

We performed the experiments of dosing the surfactant solution in the channel
flow from the permeable wall, to form a layer of a gel-like SIS. PLIF measure-
ments were initially performed to visualize the formation of the gel-like SIS and
to determine its thickness. Figure 2 displays the images obtained via the PLIF
visualization in three experimental cases for different combinations of dosing of
water and a 150-ppm surfactant solution as a typical case. The vertical and the
horizontal axes of the image are normalized with the channel half-height, A. In
the image, the white areas generated by the strong scattered light of the dye in-
dicate a high dye concentration. Thus, the image represents the spatial distribu-
tion of the dosing fluid. When the dosing fluid becomes gel-like, it can be con-
firmed that the light scattering area illuminated by the laser sheet remains close
to the wall in a layered state.

For the W-W case, the high dye concentration rapidly diffuses toward the
channel center from the permeable wall because of the high diffusivity of the
Newtonian fluid turbulence. In contrast, for the C150-C150 case, the white
(high-dye concentration) area, which is different from that for W-W case, is dis-
tributed as y/A = 1.5 (30 mm) in the y direction. Furthermore, the white area vi-
brates but remains attached to the wall. The magnitude of the streamwise veloc-
ity in this region is approximately equal to zero, in the results of the PIV velocity
measurements, as explained subsequently. There is a flow and shear stress, ex-

cept for in the white layer, which can sustain the shear stress, although there is

C150-C150 W-C150

(. P TR
Permeable wall

0.0 1.0 2.0 3.0 x/h 0.0 1.0 2.0 3.0 x/h

Figure 2. Typical PLIF images at ¢ = 500 s for the case of different combinations of dosing into a fully developed channel flow at

Us=2.0 x 107*. The brightness on the images corresponds to the dye concentration.
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no flow in it. Therefore, it can be concluded that this layer on the permeable wall
is solid and sticky. This layer formed by passing through the permeable wall is
named the gel-like SIS layer.

Additionally, the gel-like SIS includes numerous stripes, which are inclined
close to the dosing wall and further toward the downstream direction in the
outer region. The x-directional spacing of the gel-like SIS stripes corresponds to
the pore distance in the mesh of 0.026A. From these results, it is concluded that
initially gel-like SISs are formed from each pore of the permeable mesh wall in a
thread shape, which then merge with increasing y-direction. For the case of
W-C150, a gel-like SIS layer is observed on the thin white layer from the perme-
able wall, despite the transverse flow and the high shear in the wall vicinity re-
sulting from the dosing to the Newtonian turbulence. Numerous filamentous
gels of high-dye concentrations occasionally broke away from the gel layer be-
cause of the high shear and the high diffusivity in the outer water flow.

Figure 3 exhibits the dependency of the gel-like SIS layer in the PLIF images
on the surfactant concentration. In addition to the case of C150-C150, cases of
C40-C40 and C80-C80 exhibit the gel-like SIS layer with stripes. The gel-like SIS
sticks to the permeable wall, and its thickness increases remarkably with the in-
crease in the surfactant concentration. However, in the case of C25-C25, the
dosing fluid is flowing with no stripes near the wall, and therefore, the gel-like
SIS is not developed because the very dilute concentration is under a critical
value. However, the image exhibits a general drag reduction flow with a low dif-
fusivity, leading to a dense dye concentration area caused by the suppressed
turbulence. From these results, it was found that gel-like SISs significantly de-
velop from the permeable wall, even in the channel turbulent flow if the condi-
tions, such as the surfactant concentration, are suitable.

3.2. Velocity Distribution in Channel Flow Obtained by PIV
Measurements

The velocity distribution in the x-y plane in the channel was measured by the
PIV system. When a solid-like layer is formed, the streamwise mean velocity is 0
in the region of the gel and a flow is observed in the other regions of the channel.
The streamwise mean velocity was calculated by averaging 500 pairs of PIV im-

ages when the growth of the gel-like SIS reaches equilibrium. The measurements

C40-C40 C80-C80

—

gﬁernleable ll E '" ’rmeable wl
0.0 1.0 2.0 3.0 x/h 0.0 1.0 2.0 3.0 x/h

Figure 3. Typical PLIF images at = 500 s for the case of various surfactant concentrations at Us= 2.0 x 10™.
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confirmed that the flow rate of the channel flow measured by the electromag-
netic flow meter was unaffected by the growth of the gel-like SISs. The stream-
wise mean velocity, U, profile normalized with the outer scale (U and A) in the
wall-normal direction is displayed in Figure 4.

For the cases of W-W and C25-C25, the velocity distributions are symmetrical
in the y/A = 1 plane, and there is no indication of the growth of a solid-like gel
layer from the wall, at y7A = 0. For the case of C25-C25, the central portion of
the velocity distribution protrudes, resulting in a typical drag-reducing flow ve-
locity distribution. However, the cases of C40-C40, C80-C80, and C150-C150
exhibit completely different characteristics. Because the gel-like SIS layer sticks
on the permeable wall located at y/A = 0, there is a zone with a streamwise mean
velocity of 0. Furthermore, for the high concentration cases of 80 and 150 ppm,
this layer is still sticky on the permeable wall, even when the thickness in the y
direction increases to 1.54 or more. This result indicates that the gel-like SIS
layer is like a solid and is not peeled off aggressively by the turbulent flow flow-

ing on the upper surface of the layer.

4. Temporal Growth Process of Gel-Like SIS Layer

To investigate the growth and collapse processes of the gel-like SIS layer, the ac-
quisition of the images was started simultaneously with the start of dosing, and
the acquisition was continued for some time even after the dosing was stopped.
The typical acquisition duration was 1200 s. Image analysis was performed on
each of the 600 visualized images to calculate the gel layer thickness in the tem-
poral transition. It is noted that the image analysis is conducted only for the cas-
es in which a gel-like SIS layer is formed. Therefore, the data for the case of
C25-C25 are excluded from the figure, because a gel-like SIS formation was not
confirmed in all the visualized images, PIV measurement, and pressure loss mea-
surement, as explained subsequently.

First, the binarization for the image was performed based on the threshold of
the brightness of the gel-SIS layer. The binarized value was defined as (x, y).
Because the surface of the gel layer was wavy, the binarized values were averaged

on the x-direction to determine the average thickness in the image. Second, the

[ A C25-C25
[ ® C40-C40
v C80-C80

C150-C150

Figure 4. Streamwise mean velocity profile at Us= 2.0 x 107
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layer thickness of the gel-like SIS, H,, was defined as the y position correspond-

ingto C(y)=0.5, ie, the wave intermediate height at which the gel layer and
the channel fluid exist in the same proportion at a constant yline.

The temporal transition of the thickness of the gel layer for various surfactant
concentrations is presented in Figure 5. The horizontal axis is the elapsed time,
t, from the start of the dosing, and the vertical axis is the thickness of the gel
layer normalized by A. In Figure 5, the record starts at £ = 0 s with the start of
the dosing, and the dosing is stopped at ¢ = 600 s. The recording is continued
until £= 1200 s, to analyze the process of the collapse of the gel layer. At all the
surfactant solution concentrations, the thickness rapidly increases based on the
elapsed time from the start of the dosing. Subsequently, the increase rate de-
creases from approximately ¢ = 200 s. This is because the channel flow is re-
stricted by the gel layer and the mean velocity increases with the growth of the
layer, which results in activation of the gel layer destruction. The thickness of the
gel layer becomes steady when the gel formation from the permeable wall and
the destruction from the channel flow reach an equilibrium state. Furthermore,
it can be confirmed that the gel-like SIS layer is destructed, and its thickness de-
creases gradually after the dosing is stopped at = 600 s. The gel layer does not
disappear instantly after 600 s, and it is sticky on the permeable wall under this
shear condition. These tendencies are observed for all the dosing velocity condi-
tions, as presented in Figure 5. In addition, the thicknesses for cases C80-C80
and C150-C150 exhibit little change at any dosing velocity and reach approx-
imately H,/A = 1.5 in the equilibrium state. However, the case C40-C40 appears
to have a dependency on the dosing velocity. The thickness of the gel layer

] e e
of Ua=20<107ms @ C40-C40 ] of Ua=40x10- s @ C40-C40 ]
. | v C80-C80 . | v C80-C80 1
X C150-C150 ] X C150-CI50 ]
S 1 3 ]
T 1 = h
200 400 600 800 1000 h 00 200 400 600 0
1(s) 1(s)
A SR L B T ] L A ]
S Ua=6.0x10-s i B Cca0-c40 ] @ c40-c40 1
; v C80-C80 v C80-C80 1
X CI50-C150 ] X CI150-C150 ]
< 1 =< §
o 1 = ]
= 1 = ]

200 400 600 800 1000 1200 00 200 400 600 800 10001200
t(s) t(s)

Figure 5. Dosing time dependency of the thickness of the gel-like SIS layer for different
dosing velocities.
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reaches a steady state at approximately H,/A = 0.5. In the case of a low surfactant
concentration condition, because the strength of the gel layer is low, the destruc-
tion rate and the growth rate are balanced when the gel layer occupies one-fourth

of the channel full width, and the remainder is the flow region.

5. Boundary Conditions on Gel-Like SIS Layer

Pressure loss measurement was performed to bridge the corresponding relation
of the blocking situation and the boundary condition of the stress on the gel-like
SIS layer. The pump driving the channel flow was operated at a constant speed
during the solution dosing, and as the gel layer thickness changed, the flow rate
varied and the pressure loss tended to increase. The measured pressure loss, Z, is
normalized by the dynamic pressure of the channel flow, calculated from U, and
the fluid density, p. The transition of the pressure loss with time during and after
the termination of dosing is displayed in Figure 6. The dosing is also stopped at
t= 600 s. In the case of C25-C25, the trend of the pressure loss remains relatively
small and steady, despite the starting of the dosing. It is also slightly decreased
after the dosing is stopped. The values are almost unchanged at all the dosing
velocities. From the visualization, this case does not exhibit gel formation re-
gardless of the dosing conditions, and the pressure loss is nearly unchanged.
However, for the cases of high-surfactant concentration conditions, C40-C40,
C80-C80, and C150-C150, the pressure loss continues to increase after the dos-
ing is started and reaches up to approximately ten times than that at the starting
dosing. In comparison with the thickness of the gel-like SIS layer, the channel
flow is restricted as the gel layer develops, and the pressure loss of the channel

flow also increases. In particular, the pressure loss in the cases of C80-C80 and
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Figure 6. Dosing time dependency of the pressure loss for various dosing velocities.
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C150-C150 increases rapidly after the dosing is started, and subsequently the in-
creasing rate decreases. In the transition of the gel thickness with time, the thick-
ness is obtained from the local image at the measurement position, as displayed
in Figure 5. This thickness fluctuates owing to the undulation of the gel layer.
Therefore, we cannot confirm the accurate time when the increase in the thick-
ness decreases under certain conditions because of the large scatter of the plot.
However, the pressure loss is related to the integral of the friction force between
the measuring taps, and results with less scatter are obtained. The time variation
of the pressure loss is similar to the temporal transition of the thickness of the
gel layer obtained by image analysis. There is a strong correlation between the
restriction of the channel flow and the increase in the pressure loss due to the
growth of the gel-like SIS layer.

In the high-surfactant concentration case, the strength of the gel-like SIS layer
rises and overcomes its destruction by the stress, and hence a thicker gel layer
grows. Consequently, the channel flow is restricted with a large pressure loss.
The gel layer can support the force from the pressure gradient up to approx-
imately 20% of the dynamic pressure. Therefore, it can be inferred that there is a
phenomenon in which a dilute solution, which is originally a fluid state, causes
remarkable solid formation only by passing through the permeable wall and by
the change in the state by an elongation deformation.

6. Effect of Elongational Deformation on the Thickness of
Gel-Like SIS Layer

It was found that a gel-like SIS layer could be formed by dosing the surfactant
solution through the permeable wall, as explained in the previous section. As the
gel layer develops, the flow region on the gel layer becomes narrower, so that the
shear stress acting on the surface of the gel layer increases. Further, the pressure
loss increases accordingly. As the gel layer thickness reaches equilibrium with
the shear stress on the surface, the strength of the gel is related to the thickness
of the gel layer. In this study, we discuss the influence of the dosing conditions
on the thickness of the layer.

In the present study, the Reynolds number of the channel flow is fixed at 1.0 x
10* and the thickness of the gel layer reaching equilibrium H,, was compared.
The maximum thickness, Hy,, was calculated for each case of surfactant concen-
tration and dosing velocity by averaging the values obtained from the image
analysis at the time of 500 - 600 s in which the equilibrium state is considered.
The dosing from the permeable wall imposes a strong elongation on the solution
as it passes through the layered wire mesh, which may promote a strong gel
formation in the thread shape [13]. The flow passing through the opening of the
wire mesh on the surface is elongated when passing through the opening of the
wire mesh. Therefore, the dosing velocity is converted to the elongation rate by a
simple model, i.e, elongation rate &=(U, —U,)/0.5d , where Uy is the dosing
velocity, U is the velocity before passing through the mesh, and dis the diame-

ter of the mesh wire on the permeable wall facing the channel flow. However,
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Figure 7. Elongational rate dependency of the maximum thickness of the gel-like SIS
layer Hgm.

because the permeable wall in this experiment is obtained by sintering a sev-
en-wire mesh with various wire diameters and openings, this conversion is effec-
tive only to find a qualitative tendency. The elongation rate dependency of the
maximum thickness of the gel layer, A, is displayed in Figure 7. For the cases
of C80-C80 and C150-C150, the gel thickness has little dependence on the elon-
gation and is always maintained over 1.5A. For the case of C40-C40, the value
initially increases and subsequently decreases as the elongation rate increases;
however, it is lower than those in the cases of C80-C80 and C150-C150. The de-
pendency of the gel strength on the elongation rate can be understood from the
viewpoint that SIS is formed at a critical deformation rate. Although the gel-like
SIS formation is not sufficiently performed at a low elongation rate, the excessive
deformation causes the breaking of the gel-like SIS at a high elongation rate and
leads to the weak strength of the gel.

7. Conclusions

The present study aimed to characterize the gel-like shear-induced structure
(SIS) formation for dosing a surfactant solution into the channel flow from the
permeable wall attached to a side wall. This provides elongation and shear de-
formation to the solution. The permeable wall was composed of sintered wire
mesh layers. We performed pressure loss measurements, PIV, and PLIF mea-
surements for various combinations of the channel flow fluid and the dosing
fluid. A fluorescent dye was added to the dosing fluid for generating fluores-
cence video images; therefore, so we detected areas having a high brightness and
identify the dosing fluid area marked by the dye. The acquisition of the images
was started simultaneously with the start of dosing, and the acquisition was con-
tinued for some time even after the dosing was stopped. These tests were per-
formed to investigate the conditions for forming a gel-like SIS, a transition of
differential pressure loss, growth, and destruction of the gel layer.

In the PLIF visualization, by dosing a dilute surfactant solution through the
wire mesh, a white striped area was observed, which largely covered the wire
mesh plate. This area had a zero streamwise mean velocity and vibrates, but it

remained stuck to the wall. As the mean lateral flow was present outside the

DOI: 10.4236/0jfd.2022.123012

259 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2022.123012

S. Hara et al.

layer, the shear stress existed in the white area despite no flow, and therefore, it
is considered that the white area behaves as a soft solid and a lump of the gel
sticky on the wire mesh wall. Thus, we determined this white striped area as the
gel-like SIS layer.

From the time-lapse observation of the PIV images and pressure loss, we ob-
served the transition of the gel thickness with time and the restriction process on
the channel. After gradually growing the gel-like SISs, the growth stopped owing
to the increase in the stress acting on the upper surface of the gel-like SIS. The
gel-like SIS layer grew rapidly even in the turbulent flow and reached the equili-
brium thickness. After the termination of the dosing, the gel layer collapsed
gradually. In addition, because the thickness of the gel-like SIS layer strongly
depended on the surfactant concentration and the elongation rate in the wire
mesh, it was found that the strength of the gel changed depending on the surfac-
tant concentration and the dosing rate.

The present study successfully demonstrates the formation of gel layers on the
order of 10 mm thick in turbulent channel flow by the slow dosing of a dilute
surfactant solution. This result suggests a new cost-effective manufacturing route
for soft materials with high biocompatibility. In future work, it is desirable to
investigate the gel formation phenomena for a nonionic surfactant of a much
more biocompatible solution. For the application of this gel, to avoid the use of a
potentially harmful gelator, a syringe with meshes to enable the gel in the blood
to flow in the heart and in the main blood vessels would be useful for cellular or
drug delivery with high retention capacity and sustained release. Furthermore,
we expect that this sol-gel transition deployed on a large scale can be helpful in
various techniques such as sensing and for use in gel valves capable of auto-
nomous control of local flow and in machine elements for motion resembling

the organism in terms of biomimetics.
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