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Velocity measurements in confined swirling flow of polymer solutions
with vortex shedding
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A particle image velocimetry system is used to examine the velocity field in the unsteady swirling
flow of polyacrylamide (PAA) solutions (PAA 0.5 wt. % and 1.0 wt. %) with the vortex shedding
due to a rotating disk in a cylindrical casing. In our earlier work [Tamano et al., Phys. Fluids 19,
023103 (2007)], the vortex shedding is investigated by the flow visualization technique. In this
work, we investigate the velocity field for better understanding of the vortex shedding mechanism
and the nonaxisymmetric ring vortex which was observed for the higher Reynolds number
compared to that of the axisymmetric ring vortex. It was found that the fluid within the ring vortex
formed near the rotating disk rotates with semirigid rotation, where the angular velocity of the ring
vortex was about 0.9 times that of the rotating disk. A high shear layer existed at the boundary
between the ring vortex and the outer large-scale secondary flow. When the ring vortex was shed,
the surrounding large-scale secondary flow rushed into near the rotating axis, so that strong axial
flow was observed near the rotating axis. For the nonaxisymmetric ring vortex, azimuthal and radial
velocities oscillate periodically with considerably large amplitude. In addition, the joint probability
density function showed that the correlation between azimuthal and radial velocity fluctuations
varied with the radial locations. © 2007 American Institute of Physics. [DOI: 10.1063/1.2754246]

I. INTRODUCTION

The swirling flow of viscoelastic fluids in an enclosed
cylindrical casing with a rotating bottom lid is commonly
encountered in many process engineering applications. It has
been reported that the confined swirling flow field of vis-
coelastic fluids is considerably complex compared to that of
Newtonian fluids. Hill' first reported that the secondary flow
direction of polyacrylamide solutions due to a rotating disk
in a cylindrical casing was opposite to that of Newtonian
fluids due to the elastic force. Day et al.? observed the for-
mation of the ring vortex near the center of the rotating disk
in aqueous polyacrylamide solutions and the highly unsteady
flow pattern in the half of the cylinder closest to the rotating
lid, and then introduced the elastic number, which was the
ratio of elastic to viscous time scales or the ratio of the elas-
tic to inertial forces, in order to categorize the secondary
flow patterns. Escudier and Cullen® observed the double cell
structure of the secondary flow of highly shear-thinning car-
boxymethylcellulose solutions with the elastic number rela-
tively small using flow visualization technique. Recently,
Moroi ef al.* and Itoh et al.’ have investigated velocity fields
of the confined swirling flow of aqueous polyacrylamide so-
lutions using particle tracking velocimetry (PTV) and laser
Doppler velocimetry (LDV) measurements, respectively.
Moreover, Stokes et al.®’ performed particle image velocim-
etry (PIV) measurements of confined swirling flows of a
range of low-to high-viscosity flexible polyacrylamide solu-
tions with a constant viscosity (Boger fluids) and a semirigid
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xanthan gum Boger fluid, and clarified the inertia and elas-
ticity effects on velocity fields. The previous studies on the
confined swirling flow of viscoelastic fluids are reviewed in
the comprehensive studies of Stokes et al.®’

However, there have been fewer studies on unsteady
confined swirling flows of viscoelastic fluids at relatively
high Reynolds number than on steady swirling flows. Re-
cently, Stokes and Boger8 investigated unsteady (chaotic)
secondary flow using flow visualization, and presented a sta-
bility boundary diagram for the confined swirling flow of
polyacrylamide Boger fluids. Quite recently, Tamano et al’
found a vortex shedding phenomenon in the confined swirl-
ing flow of aqueous polyacrylamide solutions with a shear-
thinning property. Figure 1 shows the pictorial representation
of typical flow fields with the vortex shedding observed by
three-dimensional flow visualization.” The vortex shedding
phenomenon is briefly explained as follows. After the onset,
the ring vortex gradually becomes larger with time, and leads
to a quasisteady state [Fig. 1(a)]. Sometime later, the ring
vortex moved away from the rotating disk with time [Fig.
1(b)]. Then the ring vortex was involved in the background
secondary flow near the center of the cylinder, and finally
disappeared. Tamano et al’ also proposed a possible vortex
shedding mechanism based on elastic energy, in which the
ring vortex is shed away from the rotating disk to release the
elastic energy stored inside the ring vortex due to the elastic
force, when the amount of its energy exceeds a critical value.
In addition, they showed that the ring vortex became nonaxi-
symmetric at a higher Reynolds number. However, the vor-
tex shedding mechanism and the nonaxisymmetric ring vor-
tex have not been well understood.

PIV measurement, which does not disturb flow fields,
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FIG. 1. Pictorial representation of typical flow fields with vortex shedding:
(a) formation of ring vortex, (b) vortex shedding.

has now become a helpful tool for understanding the un-
steady behavior of the confined swirling flow of Newtonian
fluids,' but there have been few studies on PIV measure-
ments of the confined swirling flow of viscoelastic solutions
such as polymer and surfactant solutions (see Stokes et
al.6’7). Quite recently, Wei et al.'! and Li et al.'® have inves-
tigated a swirling flow of dilute surfactant solutions with free
surface due to a rotating disk using PIV. However, PIV mea-
surement of unsteady confined swirling flow of polymer so-
lutions with vortex shedding has not been conducted.

In this study, two-dimensional PIV measurements were
conducted for better understanding of unsteady swirling flow
with vortex shedding. In Sec. II, we present the experimental
apparatus and procedure. The mean velocity profiles for the
axisymmetric ring vortex are investigated in Sec. I A.
Then, the phenomenon of vortex shedding is discussed in
Sec. III B. In addition, Sec. III C describes the velocity fluc-
tuations for the nonaxisymmetric ring vortex. Finally, the
main conclusions in this study are presented in Sec. IV.

Il. EXPERIMENTAL APPARATUS
AND PROCEDURE

The present experimental apparatus mainly consists of a
rotating disk enclosed in a Casing.9 The surface of the rotat-
ing disk is smooth, and the outside diameter is 180 mm (R
=90 mm). The aspect ratio of the distance H between the
casing end wall and the rotating disk to the radius of the
rotating disk R was fixed at H/R=2.0. The disk is driven by
a motor and decelerator with an inverter control. The inside
of the clear acrylic casing is cylindrical, and the outside is
rectangular to minimize the effect of light refraction while
observing cross sections. The inner diameter of the casing is
181 mm and the outer length on one side is 215 mm. In this
study, r, 6, and y represent the radial, azimuthal, and axial
directions, and their origin is at the center of the lower rotat-
ing disk. The working fluids were polymer solutions of poly-
acrylamide (Sanfloc AH70P, molecular weight of two to four
millions, Sanyo Kasei Kogyo, Ltd.) which was dissolved in
tap water and was gently mixed by hand to prevent degrada-
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FIG. 2. PIV measurement method: (a) r— 6 section, (b) r—y section.

tion. The concentrations of polyacrylamide solutions were
0.5 and 1.0 wt. %, in which the elastic numbers E,
=\7,/(pR?) were 14 and 78, respectively. Here, 7, is the
zero shear viscosity of solutions, \ is the relaxation time, and
p is the density. Readers are referred to the related study9 in
terms of rheological properties of the working fluids tested.

As shown in Fig. 2, two-dimensional PIV measurements
were conducted for r— 6 and r—y sections which were illu-
minated by a laser sheet (Green Laser S0MG Seat, output:
50 mW, wavelength: 532 nm, slit width: 3 mm, Katouk-
ouken, Ltd.), and images on r—6 and r—y sections were
captured by a high speed camera (VCC-H1000, Dejimo,
Ltd.) from the upper and side positions of the cylinder, re-
spectively. Frame rates were 125 fps and 50 fps for r— 6 and
r—y sections, respectively. The high-speed camera has a
resolution of 512X 472 pixels. Shutter speed was set at
1/250 s. The flow was seeded with particles (Orgasol2002
ES4 NAT3, mean diameter: 40 um, specific gravity: 1.03,
Arkema, Ltd.). In the present study, we used the original PIV
program based on the direct correlation method to obtain the
velocity vector field. The erroneous velocity vectors that lay
outside a specified range were removed. In order to validate
the present PIV measurements, we performed the PIV mea-
surements on r— 6 and r—y sections for the confined swirling
flow of a glycerol-water mixture (98 wt. %), and compared
experimental data with the corresponding numerical data ob-
tained by the axisymmetric numerical simulation for New-
tonian fluids (not shown here).

lll. RESULTS AND DISCUSSION
A. Axisymmetric ring vortex

Figures 3(a) and 3(b) show radial distributions of mean
azimuthal velocity V,/(R()) and radial velocity V,/(R}) ob-
tained by PIV measurement on the r— 6 section at the axial
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FIG. 3. Radial distributions of mean velocities for PAA 0.5 wt. % at Re
=2.1, Ey=14: (a) azimuthal, (b) radial.

locations y/H=0.02,0.05,0.08 for PAA 0.5 wt. % at Rey-
nolds number Rey=2.1. The Reynolds number Re, is defined
as follows:
R2Q)
Rey="—, ()
o

where () is the angular velocity of the rotating disk. For PAA
0.5 wt. % at Rey=2.1, the typical axisymmetric ring vortex
is formed near the center of the rotating disk.” The mean
velocity is obtained by the time average for 0.5<<¢/T7<0.7,
where ¢ is the time and T is the period for the vortex shed-
ding. In this study, the time when the circulation I'=0 de-
fined by Eq. (2) corresponds to ¢/T=0 or 1, which indicates
the exact time of vortex shedding (Sec. III B in detail). From
some flow visualization results and PIV measurements for
PAA 0.5 wt. % at Rey=2.1, it is confirmed that the axisym-
metric ring vortex becomes quasisteady for 0.5<<#/T7<0.7.
In Fig. 3, the experimental data were presented only for
r/R<<0.45 due to the limitation of the resolution of the high-
speed camera used. In the figures, solid lines represent data
of the axisymmetric numerical simulation’ for Newtonian
fluids at the corresponding Reynolds number.

At the axial locations of y/H=0.02,0.05, for r/R
<0.30 within the axisymmetric ring vortex, the mean azi-
muthal velocity follows the relation of V,=0.9 rQ [dotted
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line in Fig. 3(a)], and the mean radial velocity is almost zero
[Fig. 3(b)], which indicates that the fluid within the axisym-
metric ring vortex rotates with semirigid rotation, where the
angular velocity is about 0.9 times that of the rotating disk.
Here, V,/(RQ) at y/H=0.05 is slightly positive in the region
0<r/R<0.30, which indicates that the fluid is flowing
slightly outward in the radial direction. This corresponds to
the fact that the circulating flow within the ring vortex is
outward near the rotating disk and inward away from the
rotating disk. The existence of circulation within the ring
vortex is also supported by the flow visualization.” On the
other hand, at y/H=0.08, the region in which the relation of
Vp=0.9 rQ) and V,=0 (r/R<0.10) holds, is much narrower
than those (r/R<0.30) at y/H=0.02,0.05, which indicates
that the region of the semirigid rotation is only for r/R
<0.10 at y/H=0.08.

At y/H=0.02,0.05, in the region outside of the semi-
rigid rotation (0.30 <r/R < 0.50), the mean azimuthal veloc-
ity is much smaller than that for Newtonian fluids [Fig. 3(a)].
This is due to the shear-thinning property. The same ten-
dency has been observed in the previous study4 at the lower
Reynolds number. The mean radial inward velocity V,/(R))
suddenly becomes larger in the region 0.30<r/R<0.40,
compared to Newtonian fluids, and becomes almost constant
at r/R=0.40 [Fig. 3(b)]. The mean azimuthal velocity
Vol (RQ) also drastically decreases in the region 0.30<<r/R
<0.40 [Fig. 3(a)]. Therefore, it is known that a high shear
layer exists in the region 0.30<<r/R<0.40, which corre-
sponds to the boundary between the ring vortex and the outer
large-scale secondary flow. The absolute mean radial veloc-
ity |[V.|/(RQ), V,<0, at r/R=0.40 is much larger than that
for r/R=<0.30, which indicates that the radial velocity of the
large-scale secondary flow outside the ring vortex is much
larger than that within it. Note that the radial velocity is
much smaller than the azimuthal velocity. On the other hand,
at y/H=0.08, the mean radial velocity V,/(R()) is negative
at any radial locations examined, which indicates that the
fluid is flowing radially inward, and reaches a minimum at
r/R=0.25 [Fig. 3(b)]. The strong inward flow at y/H
=0.08 in the radial direction is due to the large-scale second-
ary flows outside the axisymmetric ring vortex.

In the related work,” we proposed the mechanism of the
vortex shedding as follows. Owing to the large first normal
stress difference generated by the high shear layer, an elastic
energy may be stored inside the ring vortex near the rotating
disk. Eventually, the ring vortex is shed away from the ro-
tating disk to release its energy, when the amount of elastic
energy stored inside the ring vortex exceeds a critical value.
The existence of the high shear layer clarified by the present
investigation supports the vortex shedding mechanism based
on the elastic energy.

B. Vortex shedding

Figure 4 shows the time variation of circulation I" before
and after the vortex shedding for PAA 0.5 wt. % at Re,
=2.1. The circulation I" around a closed curve S for the re-
gion of 0=<r/R=<0.30 and 0.02<y/H=0.20 including the
ring vortex was defined by
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FIG. 4. Circulation fluctuation enclosing the region of 0=<r/R<0.30 and
0.02=<y/H=0.20 for PAA 0.5 wt. % at Re,=2.1, E;=14.
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where the counterclockwise integral is positive. In Fig. 4, the
time variation of I' was presented only for 0.3<t/T<1.3
due to the limitation of the memory size of the high-speed
camera used. Before the vortex shedding (¢1/T<1), the cir-
culation is positive. This is due to the large-scale secondary
flow outside the ring vortex. After the vortex shedding (¢/T
> 1), the circulation becomes negative. This is attributable to
the fact that the large-scale secondary flow outside the ring
vortex is rushed into near the rotating axis [see also Fig.
5(c)]. Note that the levels of I' are different before and after
the vortex shedding, since the period of each vortex shedding
is different from the averaged period (see Tamano ef al.”).

Figure 5 shows the velocity vector (black arrows) and
contour of (vr2+vy2)0'5/(RQ) in the region 0<r/R<0.44
and 0.0l1<y/H=<0.22 in the meridian section for PAA
0.5 wt. %, Rey=2.1. The black and white contours represent
large and small nondimensional velocity regions, respec-
tively. Before the vortex shedding (¢/T<1), the ring vortex
is observed near the rotating disk and the high shear layer
exists at the boundary between the ring vortex and the outer
large-scale secondary flow [Fig. 5(a)]. At t/T=1, the circu-
lating flow almost disappears [Fig. 5(b)]. Just after the vortex
shedding (1/T>1), the surrounding large-scale secondary
flow rushes into the area near the rotating axis, which is why
strong axial flow is observed nearby [Fig. 5(c)].

Figures 6(a) and 6(b) show the axial and radial velocity
fluctuations for PAA 0.5 wt. % at y/H=0.08, Rey=2.1. At
the location r/R=0.10, which corresponds to the inside of
the ring vortex, the axial velocity fluctuation v,/(R{Q) is al-
most zero before the vortex shedding (1/T<1), becomes
larger after the shedding (¢/T>1), and reaches a positive
maximum at ¢/7=1.024, due to the strong axial flow away
from the rotating disk [Fig. 6(a)]. On the other hand, at the
location r/R=0.40, which corresponds to the outside of the
ring vortex, the axial velocity fluctuation is less affected by
the vortex shedding. The negative radial velocity fluctuation
v,/ (RQ) at r/R=0.10 becomes slightly larger after the vortex
shedding and becomes minimum at #/7=1.024, while
v,/(RQ) at r/R=0.40 is less affected before and after the
vortex shedding [Fig. 6(b)].
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FIG. 5. Velocity vector and contour on the r—y section for PAA 0.5 wt. %
at Reg=2.1, Ey=14: (a) 1/T=0.945, (b) t/T=1.000, (c) t/T=1.024.

To investigate the difference in velocity fluctuations at
two axial locations, y/H=0.05 and y/H=0.08, axial and ra-
dial velocity fluctuations for PAA 0.5 wt. % at r/R=0.10,
Rey=2.1 are shown in Figs. 7(a) and 7(b), respectively. At
y/H=0.05, the axial velocity fluctuation v,/(R{}) is gradu-
ally increasing after the vortex shedding (¢/T7>1), and then
at t/T=1.024 it becomes a positive maximum which is
smaller than that at y/H=0.08. The negative radial velocity
fluctuations v,/(R(}) at both y/H=0.05 and y/H=0.08 be-
come slightly larger after the vortex shedding and reach a
minimum at t/7=1.024. This indicates that the large-scale
secondary flow is flowing near the rotating axis through the
region close to the rotating disk after the vortex shedding.
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FIG. 6. Velocity fluctuations for PAA 0.5 wt. % at y/H=0.08, Re;=2.1,
Ey=14: (a) axial, (b) radial.

C. Nonaxisymmetric ring vortex

At the higher Reynolds numbers within the vortex shed-
ding region in the Rey—E, diagram, the ring vortex becomes
nonaxisymmetric.9 Figures 8(a) and 8(b) show the azimuthal
and radial velocity fluctuations for PAA 1.0 wt. % at y/H
=0.08, Rey=1.9. Figure 8(a) shows that the periodic oscilla-
tion of the azimuthal velocity component v,/ (R()) is large at
r/R=0.20,0.30, but small at r/R=0.40. On the other hand,
the large amplitude oscillation of the radial velocity compo-
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FIG. 7. Velocity fluctuations for PAA 0.5 wt. % at r/R=0.10, Reg=2.1,

Ey=14: (a) axial, (b) radial.
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FIG. 8. Velocity fluctuations for PAA 1.0 wt. % at y/H=0.08, Rey=1.9,
Ey=78: (a) azimuthal, (b) radial.

nent v,/(R()) is observed at any radial locations examined,
as shown in Fig. 8(b). It is noticeable that the azimuthal
velocity, which represents the main flow, periodically oscil-
lates with considerably large amplitude. In addition, note that
the time variation of radial velocity component for PAA
1.0 wt. % at r/R=0.30 has two distinct periods as shown in
Fig. 8(b). In Fig. 9, both azimuthal and radial velocity fluc-
tuations for PAA 1.0 wt. % at y/H=0.08, r/R=0.30, Re,
=1.9 are shown to clarify two distinct periods of v,/(R(}).

0.4
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FIG. 9. Azimuthal and radial velocity fluctuations for PAA 1.0 wt. % at
y/H=0.08, r/R=0.30, Rey=1.9, E,=78.
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FIG. 10. Joint probability density functions of azimuthal and radial velocity
fluctuations for PAA 1.0 wt. % at y/H=0.08, Rey=1.9, E,=78: (a) r/R
=0.20, (b) r/R=0.30, (c) r/R=0.40.

These new findings are explained by using the joint probabil-
ity density function (jpdf) and the model of the nonaxisym-
metric ring vortex as follows.

Figure 10 shows the jpdf of azimuthal and radial veloc-
ity fluctuations for PAA 1.0 wt. % at y/H=0.08, Rey=1.9.
Figures 10(a)-10(c) show the jpdf at r/R=0.20, r/R=0.30,
and r/R=0.40, respectively. Here, in order to clarify the re-
lation between the locations examined for jpdf and the non-
axisymmetric ring vortex, we show the outline of the non-
axisymmetric ring vortex for PAA 1.0 wt. % at Rey=1.9 in
Fig. 11. Figure 11(a) shows the outline of the nonaxisymmet-
ric ring vortex in the meridian (r—y) section for PAA
1.0 wt. % at Rey=1.9 in Fig. 11. Figure 11(a) shows the
outline of the nonaxisymmetric ring vortex in the meridian
(r—y) section for PAA 1.0 wt. % at Rey=1.9, while Fig.
11(b) presents the outline in the r— 6 section at y/H=0.08.
Note that in the quasisteady state before the vortex shedding,
the nonaxisymmetric ring vortex rotates while retaining its
shape as shown in Fig. 11. In Fig. 11, A’ (r/R=0.2) and E’
(r/R=0.3) represent the inside of the nonaxisymmetric ring
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FIG. 11. Outline of nonaxisymmetric ring vortex for PAA 1.0 wt. % at
Re,=1.9, E,=78: (a) r—y section, (b) r— @ section at y/H=0.08.

vortex, while B’ (r/R=0.2), D' (r/R=0.4), and G’ (r/R
=0.3) represent the locations within the high shear layer at
the boundary between the nonaxisymmetric ring vortex and
its outer large-scale secondary flow; and C’' (r/R=0.4) and
F’ (r/R=0.3) represent the locations in the large-scale sec-
ondary flow. In this case, it can be deduced that at locations
A’ and E’, v is large and |v,| is small, at locations B’, D',
and G’ that v, is small and |v,| is large (v,<0), and that at
the locations C' and F’, vy is smaller than those of the high
shear layer (B’, D', and G') and |v,| is small, according to
the mean azimuthal and radial velocity profiles for the axi-
symmetric ring vortex (see Fig. 3).

As shown in Fig. 10(a), the values of the jpdf at r/R
=0.20 and y/H=0.08 are large both in region A [0.15
<vy/(RQ)<0.20 and v,/(RQ)=0] and region B [0.05
<vy/ (RQ)<0.10 and —0.10<v,/(RQ) <-0.05]. Jpdf in re-
gion A in Fig. 10(a) represents the value at the location in-
side the nonaxisymmetric ring vortex (A’ in Fig. 11), while
jpdf in region B represents the value at the location within
the high shear layer (B’ in Fig. 11). Two kinds of flow situ-
ations would occur periodically at the location of r/R=0.20
and y/H=0.08, so that time oscillations of azimuthal and
radial velocity fluctuations with large amplitude appeared
(see Fig. 8).

As shown in Fig. 10(b), the values of jpdf at r/R=0.30
and y/H=0.08 are large in region E [0.22 <v,/(RQ)<0.28
and v,/(RQ)=0], region F [0.02<v,/(RQ)<0.05 and
v,/(RQ)=0], and region G [0.05<v,/(RQ)<0.10 and
-0.10<v,/(RQ) < -0.05]. This is due to three kinds of flow
situations occurring at r/R=0.30 and y/H=0.08, i.e., flow
situations occurring on the inside of the nonaxisymmetric
ring vortex (E’ in Fig. 11), on the outside (F’ in Fig. 11), and
at the location within the high shear layer (G’ in Fig. 11).
When the nonaxisymmetric ring vortex makes one revolu-
tion, the measurement location changes as follows: F' — G’
—E’'—G’—F' (Fig. 11). As a result, at r/R=0.30 and
y/H=0.08, the azimuthal velocity v, would change to
small — small — large — small — small, while the absolute ra-
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FIG. 12. Power spectra of velocity fluctuations for PAA 1.0 wt. % at y/H
=0.30, Rey=1.9, E,=78: (a) azimuthal, (b) radial.

dial velocity |v,/ would change to small— large (v,<0)
— small — large (v,<0)— small. Therefore, the time varia-
tion of azimuthal velocity component has only a single pe-
riod, while the time variation of the radial velocity compo-
nent has a double periodicity for PAA 1.0 wt. % at r/R
=0.30 and y/H=0.08 (see Fig. 9).

Figure 10(c) shows that the values of jpdf at r/R=0.40
and y/H=0.08 are large in region C [0.02<v,/(RQ)
<0.05 and v,/(RQ)=0] and region D [0.05<v,/(RQ)
<0.10 and -0.08<v,/(RQ)<-0.04]. Jpdf in region C in
Fig. 10(c) represents the value at the location outside the
nonaxisymmetric ring vortex (C’ in Fig. 11), while jpdf in
region D represents the value at the location within the high
shear layer (D' in Fig. 11). Two kinds of flow situations
would occur periodically at the location of r/R=0.40 and
y/H=0.08, so that time oscillations of azimuthal and radial
velocity fluctuations, which are small and large, respectively,
are observed (see Fig. 8).

Next, we investigate the frequency of periodic time os-
cillations for the azimuthal and radial velocity fluctuations.
Figures 12(a) and 12(b) show the power spectra of azimuthal
and radial velocity fluctuations (P, and P,) for PAA
1.0 wt. % at y/H=0.08, Rey=1.9, respectively. At any radial
location tested, distinct peaks appear at the frequency f
=1.2 Hz in the profiles of P, and P,. The nondimensional
frequency f =2mf/€) is about 0.8, which indicates that the
angular velocity of the nonaxisymmetric ring vortex is about
0.8 times that of the rotating disk. The nondimensional fre-
quency f =0.8 is also obtained for PAA 0.5 wt. %, and is
supported by the sectional flow visualization. In the profile
of P, at r/R=0.30, the second peak at f=2.4 Hz is compa-
rable with the first peak at f=1.2 Hz [Fig. 12(b)]. This is
consistent with the double periodicity of radial velocity fluc-
tuation in addition to the harmonics (see Fig. 9). On the other
hand, the second peak of P, at r/R=0.40 is attributable to the
harmonics, which is confirmed by the time variation of radial
velocity fluctuation shown in Fig. 8(b).

To examine the difference in velocity fluctuations be-
tween y/H=0.08 and y/H=0.15, the azimuthal and radial
velocity fluctuations for PAA 1.0 wt. % at r/R=0.30, Re,
=1.9 are shown in Figs. 13(a) and 13(b), respectively. At
r/R=0.30, the azimuthal and radial velocity fluctuations at
y/H=0.15 are almost constant unlike at y/H=0.08. This is
because at r/R=0.30, the location of y/H=0.08 becomes
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FIG. 13. Velocity fluctuations for PAA 1.0 wt. % at r/R=0.30, Rey=1.9,
Ey=78: (a) azimuthal, (b) radial.

both the outside and inside of the nonaxisymmetric ring vor-
tex, while the location of y/H=0.15 is outside at all times
[see Fig. 11(a)].

Velocity measurements for the nonaxisymmetric ring
vortex reveal that once the axisymmetric property is broken,
the flow fields near the rotating disk become rather complex,
in which the correlation between azimuthal and radial veloc-
ity fluctuations varies with the radial locations, in addition to
quite large periodic oscillations with time.

IV. CONCLUSIONS

Unsteady swirling flows of polyacrylamide solutions in a
cylindrical casing with a rotating disk have been investigated
by two-dimensional PIV measurements for the meridian
(r—y) and r— 6 sections at relatively high Reynolds numbers.
The main results of the present study may be summarized as
follows:

(1) The fluid within the ring vortex rotates with semirigid
rotation, where the angular velocity of the ring vortex is
about 0.9 times that of the rotating disk.

(2) A high shear layer exists at the boundary between the
ring vortex and the outer large-scale secondary flow,
which supports the vortex shedding mechanism based on
the elastic energy.

(3) Just after the ring vortex was shed, the surrounding
large-scale secondary flow rushed into the area near the
rotating axis.

(4) For the nonaxisymmetric ring vortex, azimuthal and ra-
dial velocities periodically oscillate with considerably
large amplitude, and their correlation varies with the
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radial locations. These findings are explained by using
the joint probability density function and the model of
the nonaxisymmetric ring vortex.
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