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Viscoelastic surfactant solutions exhibit a characteristic flow behavior in the
cavity of a flow channel. These flows are categorized as the flow regimes of the
Barus effect, bulge structure, and separation flow. The former two flow regimes
sweep into the cavity, which helps increase the heat transfer efficiency of a heat
exchanger with a cavity to increase the heat transfer surface. Therefore, this study
visualized and quantified these characteristic flow behaviors in channels with
different geometries, based on inertia and elasticity, using Reynolds number, Re,
and Weissenberg number, Wi. The flow regimes were affected by both inertia and
elasticity; thus, viscoelastic Mach number, Ma, was also useful for characterizing
the flow transition. The reattachment and separation lengths of the streamlines that
sweep the bottom wall of the cavity were quantified using Re and Ma. These
characteristic flow lengths were characterized and modeled by dimensionless
numbers in the flow regime of the Barus effect but were not uniformly characterized
in the flow regime of the bulge structure. The bulge structure was an entirely unique
flow regime, but it significantly reduced the recirculating regions in the cavity,

which is promising for increasing heat transfer efficiency.
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1. Introduction

The flow behavior of viscoelastic fluids in abrupt contraction flows has been
studied extensively at both macro- and micro-length scales [1-20]. Historically, the
investigation of such flows was initiated to control the extrusion die of polymer
melts in industrial processes and expanded to other processes that handle
viscoelastic fluids [21]. The influence of fluid properties, such as extensional
viscosity, elasticity, and shear-thinning, on entry flows in planar or axisymmetric
abrupt contraction channels at the macro scale has been studied in a vast number of
studies. The development of corner vortices, time-dependent behavior of the
vortices, and pressure drop due to the vortices are affected by the fluid properties
and contraction ratio of the channel [9,22-25]. In recent decades, the flow behavior
of viscoelastic fluids at the microscale has garnered significant attention with the
development of new technologies, such as inkjet printing, fiber spinning,
micromixing, lab-on-a-chip techniques, and microrheometry [4-19,21,26-33]. The
characterization of flows on a microscale has received attention not only in terms
of application but also in fundamental understanding. In particular, at microscale,
viscoelastic fluids reach a high Weissenberg number, Wi [-], and a low Reynolds
number, Re [-], which causes purely elastic instability because of the high elasticity
number, E/ [-] = Wi/Re [4,34-39]. Therefore, the contraction flow regimes of
viscoelastic polymer solutions in microcontraction or contraction—expansion
channels are often categorized in the Wi — Re space. The flow developed along the
slope of El in the Wi — Re space by increasing the flow rates [13]. The effects of El,
contraction ratio, fluid rheological properties, polymer type, polymer molecular
weight, and polymer entanglement on contraction flow regimes such as lip/corner
vortex growth, bending streamlines, and asymmetric flow have been intensively
investigated in previous studies [13-16,18,40].

In contrast to contraction flows in the upper streams of contraction channels,
studies on the expansion flows of viscoelastic fluids are relatively scarce.
Expansion flows were initially studied for heat transfer enhancement and separation
flow investigations. Therefore, the flow characteristics and heat transfer of
Newtonian fluids or gases have primarily been studied in expansion flows [41-42].
Castro and Pinho [43] highlighted the importance of sudden expansion flow as a
testbed for wall-free turbulence. They observed the recirculation bubble length in

an axisymmetric sudden expansion flow and measured the mean and root mean
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square of the velocity and wall pressure in the flow of water and Tylose solution.
By comparing the results for water and Tylose solutions with the results of
polyacrylamide solutions reported by Pak et al., they concluded that the decrease in
the bubble length, caused by the drag-reducing ability of the polymers, is associated
with a strong dampening of turbulence [44]. Related studies have analyzed
turbulent statistics in a sudden axisymmetric expansion flow with several shear-
thinning fluids, which are affected by turbulent conditions in the inlet pipe. The
higher Re turbulence of the shear thinning fluids in the inlet pipe decreases the
fluctuating velocities in the vertical and normal directions and increases the
fluctuating velocities in the streamwise direction [45]. Conversely, turbulence with
a lower Re in the inlet pipe decreases the fluctuating velocities in all directions [46].
Furthermore, contrary to expectations, a laponite solution exhibiting the
characteristic properties of shear thinning, thixotropy, and yield stress does not
significantly affect the mean and turbulent flows [47].

Poole and Escudier [48,49] and Poole et al. [50] conducted experimental
and numerical studies on the turbulent flow of viscoelastic fluids in backward-
facing steps. The increase in the reattachment length and the suppression of the
strength of the recirculation regions after this step were explained by the elastic
stress stored in the viscoelastic fluids. Next, the elastic stresses stored in the fluid
were free to relax, resulting in the expansion of the high-velocity core, thus
compressing the recirculation region in the transverse direction and elongating it in
the streamwise direction. The viscoelastic effect at the inlet reduced the maximum
turbulent intensity at separation, which increased turbulence anisotropy and
resulted in an increased reattachment length.

In the case of micrometer-scale investigations, some studies have recently
elucidated viscoelastic fluid behavior in expansion flows. Wu et al. [51]
experimentally observed the flow behavior of several polymer solutions in an
abrupt contraction—expansion microfluidic device and found that fluid elasticity
suppresses fluid inertia-induced vortices in the expansion flow. The inertia
expansion-flow vortices decrease in size when streamline bending starts in the
contraction flow. These observations implied the dependence of the expansion and
contraction flows on the propagation, owing to polymer extension, orientation, and
relaxation in the flow. Such propagation is also important for assessing the mixing

process in microfluidic devices and the viscoelastic fluid behavior in porous media.



Thus, viscoelastic fluid behavior in step contraction or expansion microfluidic
devices has been studied experimentally and numerically [40,52-54]. These results
imply that the extension—relaxation process of polymers or wormlike micelles in
fluids may cause propagation, which induces characteristic flow behavior.

In terms of heat transfer applications, we studied the fluid behavior of
viscoelastic wormlike micellar solutions in a sequence of rib and cavity flow
channels, which is similar to a sequence of backward-facing step channels [55-58].
A surface with a rib and cavity helps increase the heat transfer surface in the heat
exchanger. However, Newtonian fluids are likely to be stored in the cavity region
as a circulating flow that is separate from the main flow, thereby prohibiting
efficient heat transfer. In such a situation, viscoelastic wormlike micellar solutions
are useful because viscoelastic fluids are swept into the cavity owing to the Barus
effect. In our subsequent studies, we found that the expanding flow in the expansion
region due to the Barus effect turns into a characteristic flow behavior: the
streamline of the fluids entering the cavity, that is, the expansion region, bends
toward the upstream direction. Subsequently, the fluids sweep the corner, flow
downstream, and re-enter the downstream contraction region. This flow regime is
known as the bulge structure [55-58]. The flow regimes in the cavity were
categorized as the Barus effect, bulge structure, and Newtonian-like separation
flow, which depended on the Re, Deborah (De), and Wi numbers. In previous
studies, the separation length in the cavity was measured at each flow rate and
quantified as a function of the expansion ratio and Wi [58]. The streamlines
sweeping into the cavity fluctuated significantly over time, and the fluctuation was
analyzed using particle imaging velocimetry (PIV) [55]. Three-dimensional (3D)
velocity fields were also measured using PIV, which revealed the flow patterns that
induced the bulge structure [55]. However, observations of flow regimes are still
limited. The bulge structure has a 3D structure; that is, the expansion flow occurs
in the spanwise direction, and the forward and backward flows occur in the
streamwise and normal directions, respectively. Thus, the structure is affected not
only by the rheological properties of the fluids but also by the channel geometry.
Therefore, this study aims to clarify the effects of channel geometry on flow
regimes based on dimensionless numbers related to inertia and elasticity. The
channel geometry was varied by changing the cavity length, rib length, rib height,

and spanwise width. The flow regimes were summarized based on dimensionless
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numbers obtained from fluid properties and channel geometry. The characteristic
length of each flow was normalized using a channel scale to detect the factor

influencing the flow.

2. Experimental Procedures

2.1. Materials and rheological properties of the sample solution

As a cationic surfactant, Oleylbishydroxyethylmethyl ammonium chloride
(trade name: Lipothoquad O/12, Lion Specialty Chemicals Co., Ltd.) was dissolved
in pure water at a concentration of 2000 ppm by mixing for one day at room
temperature. Subsequently, sodium salicylate was added to the surfactant solution
as a counterion supplier to form wormlike micelles. The molar ratio of sodium
salicylate, &[], to the surfactants was adjusted at 1.5. The viscoelasticity of the
wormlike micellar solution is influenced by & which does not vary linearly [64].
The solution with & = 1.5 exhibits the highest viscoelasticity at all surfactant
concentrations. The bulge structure appeared when & lied in the range of 0.8 to 2
and was especially pronounced when & = 1.5 [57]. The surfactant solution was
stirred for 24 h by adding sodium salicylate and allowed to settle for one day to
obtain a uniform wormlike micellar solution.

The shear viscosity, 77 [Pa-s], and first normal stress difference, N [Pa], of
the sample solution shown in Fig. 1 were measured using a shear-control rheometer
with a cone-plate device of 50 mm [60]. The viscosity of the sample solution
exhibited shear-thinning behavior, and the value of N1 increased with an increasing
shear rate, which is a typical behavior of wormlike micellar solutions. Furthermore,
the sample solution exhibited several relaxation times. The time-dependent
relaxation process of the shear stress after the sudden release of constant shear
applied to the solution was measured to calculate the relaxation times of the solution

using a triple exponential Maxwell model, as shown in Eq.(1) [60]:
o = et/ + g,e "tz 4 gaet/Trs, (1)

where o [Pa] denotes the shear stress; ¢ [s] is the time; 7,4 [S], T,2 [s], and T,3

[s], with 7,4 < 7,, < T,3, are the relaxation times related to the relaxation process
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of wormlike micelles; t,; is related to the relaxation process of high-order
wormlike micellar structures; t,, isrelated to the release of the entangled structure
of the wormlike micelles; 7,3 represents the formation changes of micelles from
wormlike to spherical micelles [60]; and o, [Pa], o, [Pa], and o3 [Pa] are the
coefficients indicating the contributions of the respective surfactant structures to

the initial stress. Representative values of the relaxation times are presented in

Table 1.
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Fig. 1. Rheological properties of 2000 ppm surfactant solution with &= 1.5. (a)

Shear viscosity and (b) first normal stress difference of the sample solution.

Table 1. Representative relaxation times of the sample solution [60].

71 [S] 72 [S] 73 [s]
9.96 x 107 7.77 x 107! 9.94




2.2. Channel geometry and flow visualization

Figure 2 shows the experimental apparatus used for the flow visualization
experiments. The basic design of the experimental apparatus was proposed in a
previous study [57]. A pump flowed the viscoelastic fluids from a reservoir tank
into a test duct with a depth (D [m]) of 40 mm and a spanwise width (W [m]) of 75
mm, made of transparent acrylic resin. The flow rates were controlled by the pump
speed in the range of 1.3—18.1 L/min. The test duct had five ribs of height H [m]
and length L; [m]. The ribs were positioned at a distance equal to the length of the
cavity (Lc [m]). In the present study, the cavity length (L. [m]), rib length (L [m]),
rib height (H [m]), and spanwise width (W [m]) were varied, as summarized in
Table 2. The four main groups of channels were named as Channels A, B, C, and
D. These groups also had varying channel heights H. The effects of these channel
geometries on the flow regimes were visualized. Flow visualization was performed
in the fourth cavity of the channel, where the flow stabilized after a sufficient entry
length. The characteristic flow behaviors were visualized with red ink injected from
the top of the channel or with tracer particles (diameter 0.1 mm) made of ion-
exchange resin (DIAION HP20, MITSUBISHI CHEMICAL) and were recorded
by a video camera (HC-W850M, Panasonic) with a resolution of 1280 x 720 pixels
at a shutter speed of 1/500 s and time interval of 1/60 s.

To characterize the flow regimes, the zero-shear Re [-] and Wi [-] are
defined as follows: Re is the ratio of the inertial to viscous forces [36,37]. Wi
represents the ratio of elastic to viscous forces, i.e., the dimensionless strain rate

[36, 65].

Re = £mO0 2
) U,
Wi=tog s 3)

where p [kg/m® ], Um [m/s], T,, [s], and o [Pa- s] represent the fluid density, flow
velocity in the narrow flow path, second relaxation time, and zero-shear viscosity,
respectively. 770 was obtained at a shear rate of 10° 1/s by extrapolating the three

plots in the lowest shear rate range. Previous studies have shown that the second



relaxation time strongly affects the behavior of fluid separation from the bottom of

the cavity; thus, t,, was used to calculate Wi [60].
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Fig. 2. Schematic of (a) The experimental apparatus. (b) Close up of the test section
for flow visualization. (c) Example of a flow in the cavity recorded by a video

camera.

Table 2. Detailed dimensions of each channel named A to D.

Channel W [mm] D [mm] L. [mm] L; [mm] H [mm]
15
20
25
30
15
20
25
30
15
20
25
30
15
20
25
30

A 75 40 100 100

B 75 40 125 100

C 75 40 100 75

D 50 40 100 100




3. Results and Discussion

3.1. Flow regimes observed in the cavity

Figure 3 shows examples of the flows visualized in the fourth cavity of each
flow channel at several flow rates. Three types of flow regimes mentioned in the
introduction section are shown; the expanding flow in the cavity arising from the
Barus effect, the characteristic bending and sweeping flow named as the bulge
structure, and the separation flow that does not sweep into the cavity causing the
circulating stagnation area in the cavity. A relatively low Re induces the flow arising
from the Barus effect. Subsequently, the bulge structure and the separation flow
appear by increasing Re. However, not only Re but also channel geometry and fluids

properties affect the flow regime.

Fig. 3. Characteristic flow regimes of (a) Barus effect observed at Re = 18.2 and
Wi=1.77, (b) bulge structure observed at Re =31.1 and Wi = 3.04, and (c)
separation flow observed at Re = 53.5 and Wi = 5.20 in the cavity of Channel A

with H=20 mm. The flow was visualized by red ink injected into it.



3.2. Flow regimes on Re-Wi space

To characterize the effects of the elasticity and inertia of fluids on the flow
in each channel [62,63], the flow regimes were summarized in the Wi — Re space,
as shown in Fig. 4. Each experimental point in each channel corresponds to the
elasticity number, El [-] = Wi/Re, which is the ratio of elasticity and inertia [20, 36,
37]. By definition, £/ is not affected by the channel geometry of channels A through
D, but by the channel height. The dotted line in Fig. 4 indicates each E/ in the
experimental condition. Flow conditions, such as the Barus effect, bulge structure,
and separation flow, were determined by the balance of both the inertial and elastic
forces. Therefore, the development of the flow was observed on the slope of El by
increasing the flow rates. A flow affected by the Barus effect was observed in the
region where both Wi and Re were small. The flow became a bulge structure in the
intermediate regions of Re and Wi. In addition, a bulge structure is repeatedly
created and disappears on a timescale of approximately 10 s [55]. Subsequently, a
separation flow occurred in the region where both Wi and Re were relatively large.
This tendency was similar for all the channels with different rib heights.

The critical Re at which the flow transitions from the Barus effect to the
bulge structure decreases with an increase in the rib height. As Re is defined in Eq.
(2), the same Re value results in a larger Un when H is higher. An increase in
velocity along a narrow flow path induces unstable flows. However, the unstable
flow was not by velocity fluctuation in the streamwise direction. Although the
velocity fluctuations were occurred in a flow, we have confirmed the fluctuation
intensity in streamwise direction was less than 2%. Therefore, the viscoelastic Mach
number Ma [—] is a suitable dimensionless parameter for evaluating the onset of
unstable flow. Ma is the ratio of the local velocity to the speed of the viscoelastic

wave and is defined as follows:

Ma = vReWi 4)

In general, when Ma > 1, we would expect some sort of transition in the flow. It has
been reported that the speed of the base flow exceeds that of the elastic wave [37],
resulting in highly strained dispersed components such as worm-like micelles or
polyemrs, creating a secondary flow with curved streamlines in the base flow that

becomes unstable. In this study, the transition from the Barus effect to a bulge
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structure occurred when Ma = 6. The bulge structure is considered a secondary flow
owing to the mixed effects of the inertia and elasticity of the fluids. In addition, the
bulge structure repeatedly appeared and disappeared on a timescale of several
seconds to 10 s [55].

To observe the Barus effect and the bulge structure, the relaxation time 7,
of the fluids should be shorter than the residence time in the cavity. This is because
the fluids require some time to penetrate the cavity before reaching the next rib,
which may be due to the release of the entangled structure of the wormlike micelles.
Thus, to compare the ratio of the relaxation time of the solution to the residence

time in the cavity, De [—] is expressed as follows [36, 65]:

De =1, " 5)
De is defined as a function of relaxation time t,,, fluid velocity Unm, and cavity
length Lc. Un/Lc represents the observation time for the fluid in the cavity. The
second relaxation time of the fluids was used here as well as in the calculation of
Wi. As shown in Fig. 4, De describes the transition from the bulge structure to the
separation flow. A bulge structure was observed in the regions of Ma > 6 and De <
1 (Ma < 16 for Channels A, C, and D and Ma < 20 for Channel B), and separation
flow was observed in the region of De > 1 (Ma > 16 for Channels A, C, and D and
Ma > 20 for Channel B). This tendency was similar in all channels, except Channel
C with H=15 mm, where the bulge structure did not appear. These results indicate
that a sufficient shear rate and a certain period of time are required to enhance the
wormlike micelles, which induce the bulge structure. The enhancement and
relaxation processes of micelles caused by channel geometries influence the flow

regimes.
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Fig. 4. Flow regime in (a) Channel A, (b) Channel B, (c¢) Channel C, and (d)

Channel D with H = 15 — 30 mm summarized on Re — Wi space. The dotted line
corresponds to each El in each channel with each H. Two solid lines show the

transition conditions defined by Ma = 6 (De = 0.374) and Dec = 1 (Ma = 16).

3.4. Reattachment and separation characteristics of the viscoelastic

fluid in the cavity

To precisely characterize the flow regimes, the reattachment length (X; [m])
and separation length (Xs [m]) were defined. X; is the distance from the bottom-left
edge of the cavity to the position where the flow is attached to the bottom, as shown
in Figs. 5 — 8. The flow sweeps at the bottom of the cavity and converges again to
flow over the rib. X; is the distance from the position at which the flow separates

from the bottom to the right edge of the cavity, as shown in Figs. 9 — 12.
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Figure 5(a) shows the variation in X: normalized by the cavity length L
plotted as a function of Re for Channel A. Here, Re is influenced by the rib height
H; the increase in H leads to a decrease in Re, which is according to the definition
of Re, as described in Eq. (2). The value of X:/L. is influenced by the flow regime
of the Barus effect and the bulge structure. In the area where the Barus effect was
observed, Xi/L. increased with increasing Re, which is commonly observed in
viscoelastic fluids in cavities [57]. When the flow transitioned to the bulge
structure, Xi/L. immediately decreased, a characteristic phenomenon of the bulge
structure in which the upstream flow occurred in the cavity and the flow swept at
the bottom of the cavity. Because the bulge structures fluctuated as they appeared
and disappeared over time, the error bars showing the maximum and minimum
values of the bulge structure were wide. In both the flow regimes, X:/L. increased
slightly with increasing Re. After the appearance of the bulge structure, the flow
finally reached separation flow.

Figure 5(b) shows Xi/L. as a function of Ma for Channel A, which describes
the transition points from the Barus effect to the bulge structure. The variation in
Xi/L. was characterized by Ma, regardless of the difference in H. Figures 5(c) and
(d) show X; normalized by H as a function of Re or Ma for Channel A. In Fig. 5(c),
the effect of Re on the increase in X:/H in both flow regimes is clearly observed.
However, the impact of H on X; was smaller than that on L., which was unexpected.

Figures 6 shows Xi/L. and Xi/H as a function of Re and Ma for Channel B.
L; of Channel B has the same length as that of Channel A, and L. of Channel B is
longer than that of Channel A. The variation in X; in the cavity of Channel B is
characterized better by the function of Ma than that of Re. Xi/L. and Xi/H are slightly
increased by increasing Ma in the flow regime dominated by Barus effect, and Xi/L.
and X/H decrease in the bulge structure region. However, the depression at Ma =
1, and the subsequent increase of these values until De =1 are weaker than the
tendency observed in Channel A. When the L is small, X; in the cavity may be
influenced by the accelerating flow occurring at the cavity outlet. Thus, X; may be
stretched to the outlet. However, this effect becomes weaker when L. is large. This
might be the reason for the smaller value of X; in Channel B than that in Channel
A.

Figure 7 shows X/L. and Xi/H as a function of Re and Ma for Channel C.

The variations seen in Xi/Lc and Xi/H are very small. The difference in Channel C
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is that the shorter L, than the other channels. As can be seen in Fig, 4(c), enough
shear rates in a certain period of time is required to enhance wormlike micelles that
causes Barus effect and the bulge structure. These effects are weak in Channel C,
leading to the small variations of X;/L. and Xi/H.

Figure 8 shows Xi/L. and Xi/H as a function of Re and Ma for Channel D.
Channel D has the same dimensions as Channel A except for the spanwise width,
W. The tendency of the variation is similar to that of Channel A as compared to
Channel B and C, which indicates that the effects of W on the flow regime is smaller

than the other dimensions.
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Fig. 5. Reattachment length X; normalized by the cavity length L. or by the cavity
height H plotted as a function of Re or Ma in Channel A with H =15 —30 mm.
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Figures 9 — 12 show the variation in X5 normalized by L. or H as a function
of Re or Ma for Channels A to D. In addition to X, the error bars showing the
maximum and minimum values were added to the flow regime of the bulge
structure. The development of Xs was better characterized as a function of Ma than
that of Re in all channels. Fig. 11 shows that, compared with the other channels, the
variation in X fluctuated significantly in the case of Channel C. This was again due
to the short L, that did not allow sufficient shear rates to be added to the flow to
enhance wormlike micelles.

In addition to X:, the flow transition from the Barus effect to the bulge
structure tended to decrease X; in all channels, as shown in Figs. 9 — 12. However,
the effects of the flow regimes and Ma on X; were smaller than those on X:.
Apparently, Xs was affected by H; thus, Xs/H showed similar values in all channels
with different H values compared to Xs/Lc. As Xs was not normalized well by L, the
effects of Lc on X; seemed small. However, we also noticed a slight influence of L.
on X5 when we compared Xs/H in Channels A, C, and D (shown in Fig. 9(d), Fig.
11(d), and Fig. 12(d)) to Xs/H in Channel B, as shown in Fig. 10(d). In the case of
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Channel B, which had a longer L., Xs/H collapsed well on the curve as a function
of Ma compared with the other channels. This implies that X; is solely affected by
H when L. is sufficiently long. However, when L. became short, the accelerating
flow at the outlet of the cavity influenced the flow, which expanded Xs upstream.
We speculate that an interaction between the flow entering and leaving the cavity
may occur, which influences X; and X;. Additionally, the effect of W on Xs was
relatively small because the tendency of X variation in Channel A was similar to

that in Channel D, as shown in Figs. 9 and 12.
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Fig. 9. Separation length X; normalized by the cavity length L. or by the cavity
height H plotted as a function of Re or Ma in Channel A with H =15 —30 mm.

17



H [mm] | Barus | Bulge
15 A °
20 A )
25 A o
30 A ®
1.0 T T T T 1.0 T T
(a) (b) !
0.8 1 osf I
Ma=6 —>:
T 0.6 1T 06 i
S) < !
0.4t A 1204} A °
PN l NI i
02} é l 1 02} ai E De=1—">
! Ma=20)
0 : : . . 0 : ; ;
0 10 20 30 40 50 0 5 10 15 20
Re [] Ma [-]
5.0 : : ; . 5.0 —
© @ !
40Ff 1 sof i
Ma=6 —>:
T30f 1T 30f i
= = !
M 2.0f 1+ 2.0f
pHHY Ay
1
Lof 1 pof ! Doe | —>
i (Ma=120)
0 . . . . 0 . !
0 10 20 30 40 50 0 5 10 15 20
Re [-] Ma [-]

Fig. 10. Separation length Xs normalized by the cavity length L. or by the cavity
height H plotted as a function of Re or Ma in Channel B with H =15 — 30 mm.
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Fig. 11. Separation length Xs normalized by the cavity length L. or by the cavity

height H plotted as a function of Re or Ma in Channel C with H =15 — 30 mm.
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Fig. 12. Separation length X; normalized by the cavity length L. or by the cavity
height H plotted as a function of Re or Ma in Channel D with H =15 — 30 mm.

Here, we consider the factors that appear as effects of H to describe the
development of X; in the flow regime affected by the Barus effect. Figure 13 shows
a schematic of the flow showing X; and the mean velocities at the two positions.
Here, position A is the point at which separation begins and position B is the
contraction point. The velocity at position B was Un, as described in Eqgs. (2) and
(3), and the mean velocity at position A was denoted as Uy. The variation in
momentum in the focused area between positions A and B is described by Eq. (6).
The force applied to the flow in the focused area is determined using Eq. (7) as

follows:

pUL(D — H) — pU§D (6)

(PA - TxxlA)D - (PB - TxxlB)(D - H) - PBH - TXyX57 (7)

where P, [Pa-s] and Py [Pa-‘s] represent the pressures at positions A and B,

respectively, and Tyi|s [Pa*s] and T4 |g [Pa*s] are the normal stresses at each
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position. Eq. (6) is equivalent to that in Eq. (7). Thus, Eq. (8) can be obtained as

follows.

(Py — Txx|a)D — (Pg — Tyx|g) (D — H) — PgH Txst = pUl’%l(D - H) - pUgD
(8)

Eq. (8) is solved to consider the factor that defines X;. First, we assume the

Bernouilli equation to describe pressure variations, as expressed in Eq. (9):

_ 2 1 .5 (D-H\? , H2D-H

Pa= P =3pUR —3pUR (7)) =30UR355" O

Eq. (10) is derived by substituting Eq. (9) into Eq. (8). Here, because Trouton’s ratio
that is the ratio of extensional viscosity to shear viscosity of the fluids is 20, Tyy|a

and Ty|p are estimated as ten times larger than 7,y for laminar flow [66]. Thus,
the term —7,,Xs is smaller compared to the normal stresses Tyx|a and Ty|g,

therefore, it is omitted.

H2D—-H
TxxlB(D_H) TxxlAD pUI%l(D H)___ UI%ID D

_1 oy H?
b= 2P Um D
Subsequently, the normal stress is assumed using the Maxwell model, as expressed
in Eq. (11).

_n_1
Txx = 31 2e2 (11)

The term € is obtained as the mean extensional rate in the focused area, which is

assumed to be the extensional rate at positions A and B.
. H
&= A (12)

Eq. (12) can be substituted into Eq. (11). Subsequently, Xs can be obtained as a
function of Wi and Re.
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7 1 1 .o H?
3T UmA =-pUp— (13)
A1 z—XS oA 2 D

5 D-H
ﬁ _ wi Re—D (14)
H  lwige-2’

2 D

where

Wi =222 and Re =2m@M (15
D—H n

Figure 14 shows Xy/H observed in each channel as a function of (Wi* Re D;fH) /

(% WiRe — %) as derived in Eq. (14). As expected, when the flow regime is

dominated by the Barus effect, Xs/H follows the value derived by Eq. (14); thus, the
separation flow is affected by the extensional characteristics of fluids. Here, in the
case of Channel D, X¢/H slightly deviates from Eq. (14) in the flow regime
dominated by the Barus effect. We consider the slight discrepancy reflects the effect
of spanwise width. In the derivation of Eq. (14), the variation of spanwise width
was not considered as the model was 2D. Therefore, it is possible that the small
deviation occurs. Conversely, the mean value of Xs/H highly deviates from Eq. (14)
in the bulge structure region, and the flow regimes are not solely explained by the

extensional characteristics as described above.

Position Position
A Focused
: area \
N \ ¢ i
i \— U,
1
Uo D : A
ﬁ |
! H
|
A 4
1 1
' X I Recirculation
> region

Fig. 13. Schematic of the focused area in the cavity including the separation

length X.
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Fig. 14. Value of Xs/H in (a) Channel A, (b) Channel B, (¢) Channel C, and (d)

Channel D with H =15 — 30 mm plotted as a function of (Wi? Re —WM_/H)/

(% Wi Re — %), shown by the solid line.

Figures 15 — 18 show the length of the bulge structure (X [m]) for all the
channels. Xy normalized by L. as a function of Re and Ma is shown in Figs. 15— 18
(a) and (b), respectively. The bulge structures repeatedly appear and disappear;
thus, the error bars vary from zero to the maximum value. Xy/L. increases with
increasing Re and Ma, and this phenomenon is affected by both inertia and
elasticity. In addition to the effects of inertia and elasticity, an increase in H induces
an increase in Xp, which indicates that sufficient cavity depth is required to produce
the flow regime of the bulge structure. To verify the effects of H on Xb, Xo/H as a
function of Re and Ma is shown in Figs. 15 — 18 (¢) and (d). Figures 15 — 18 (¢)
show that Xv/H collapsed at a similar value within a certain range of Re, which

clarifies the significant impact of H on X,. The variation in Xo/H was also
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summarized as a function of Ma; Xv/H exhibited a similar value in each channel,

which increased with Ma. Again, the tendency was slightly different in Channel C,

but this may be due to the shorter L.

The results shown in Figs. 8 — 18 demonstrate that the flow regimes in the

cavity were affected by the inertio-elastic effects represented by Ma. The separation

flow represented by X; in the Barus effect region was dominated by the extensional

characteristics of the flow appearing as an effect of H. The effects of H were clearly

observed in the length of the bulge structure, which required sufficient depth in the

cavity.
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Fig. 15. Length of the bulge structure X, in Channel A with H =15 - 30 mm
normalized by L. and H plotted as a function of Re and Ma.
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Fig. 16. Length of the bulge structure X, in Channel B with =15 — 30 mm
normalized by L. and H plotted as a function of Re and Ma.
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Fig. 17. Length of the bulge structure X, in Channel C with =15 — 30 mm
normalized by L. and H plotted as a function of Re and Ma.
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Fig. 18. Length of the bulge structure X, in Channel D with H =15 — 30 mm
normalized by L. and H plotted as a function of Re and Ma.

4. Conclusion

This study focused on the effects of the channel geometry on the flow
regimes in a cavity. The cavity length, rib length, rib height, and spanwise width of
the channel were varied, which influenced the enhancement and relaxation
processes of the wormlike micelles and dimensionless numbers of fluids. The flow
regimes were categorized as the Barus effect flow, bulge structure, and separation
flow. These flows were characterized by a Re—Wi space, and the transitions of these
flow regimes were described by Ma and De in almost all channels, except Channel
C with H=15, which confirmed that the flow was affected by both inertia and
elasticity. Therefore, the characteristic flow structure was well described by Ma
instead of Re, particularly for the reattachment length X:. The development of X;
indicated that the bulge structure quickly shortened the reattachment length.
Conversely, the separation length Xs; was not significantly affected by Ma.
Therefore, in the flow regime affected by the Barus effect, we consider the force

balances that may affect X; based on the pressure gradient and extensional stresses
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calculated by assuming an extensional rate. The normalized separation length, Xs/H,
is expressed by Eq. (14), which agrees the experimental data for the flow regime of
the Barus effect. However, the development of Xi/H expressed by Eq. (14) deviated
from the expected value in the flow regime of the bulge structure, which indicates
that the bulge structure was a unique phenomenon within the cavity. We also found
that X: and X were influenced by the interaction between the flow entering and
leaving the cavity, respectively. The length of the bulge structure X, was well
characterized by the rib height, Xv/H, as a function of Ma. In conclusion, this study
describes the flow characteristics of cavities in several flow channels. The
development of X; and X was characterized by dimensionless numbers in the flow
regime of the Barus effect, but the characteristic lengths drastically changed in the
bulge structure region. The bulge structure is a unique flow regime that helps to
reduce the recirculating regions in the cavity and enhance mixing in the cavity,

thereby increasing the heat transfer efficiency in the cavity.
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