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Turbulent properties in a mixed statistically stationary flow

Tae-Sil Back' + Deog-Hee Doh '

(Received November 11, 2013 ; Revised November 11, 2013 ; Accepted November 18, 2013)

Abstract: The turbulent properties in a mixed statistically stationary flow were investigated experimentally by
a pseudo stereoscopic PIV. In order to validate the experimental results, the profiles of the turbulent kinetic
energy were evaluated with the flow features. A mechanical agitator having 6 blades was installed at the bot-
tom of the mixing tank (D=60cm, H=60cm). The agitator was rotated with 80rpm clockwise and coun-
ter-clockwise. For the measurements, three cameras were used and all were synchronized. The images cap-
tured by one of the three cameras was used for the measurement of rotational speed, and the images captured
by the other two cameras were used to measure three dimensional components of velocity vectors. All vectors
captured at the same rotational angle were phase averaged to construct three-dimensional vector fields to re-

construct the spatial distribution of the flow properties. It was seen that the jet scrolling along the tank was

the main source of mixing.
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1. Introduction

Mixing flows are widely used for the applications
in many industry, such as mud separations in off-
shore engineering, For their applicability, man stud-
ies were carried out, especially by the use of meas-
urement techniques [1][2]. For measurements, the
stereoscopic PIV (SPIV) [3] has been used most
widely as a three-dimensional measurement tool,
since it provides high definition density of velocity
vectors than other technique. As researches in the
mixing flows, Chung et al. [4] used 2-D PIV tech-
nique to measure a stirred vessel flow. In this
study, time-averaged 3D properties were obtained by
using 2D PIV results along many vertical and hori-
zontal planes. Kendra et al. [5] got volumetric
three-components of velocity vector in a mixing
tank in which a Rushton blade was rotated using
the V3V technique for the analysis of the mixing
flows. The measurement volume was limited to a

certain size due to their capabilities. The velocity
vectors obtained by the scanned stereoscopic PIV
[6] give highly precise measurement results. In this
study, a pseudo scanning stereoscopic PIV measure-
ment was carried out by using three cameras for
the measurements of the mixing flow in which an
agitator was rotated at the tank bottom clockwise

and counter-clockwise.

2. Experimentations

Figure 1 shows the experimental setup. At the
bottom of the mixing tank (H= 60cm, D=60cm), an
agitator which has 6 convex blades is rotating with
variable speeds (maximum speed, 80 rpm) clockwise
and counter-clockwise. As working fluids, water was
filled up to 91mm from the top of the agitator. For
stereoscopic PIV measurements, two cameras (1k x
1k, 500fps) were used. The third camera was used
(1k x 1k, 500fps) for the measurement of rotational
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speed. The three cameras were synchronized each
other for simultaneous measurements. A continuous
laser (8W, 532nm) was used for visualization.
Two-dimensional light sheet with a thickness of
Smm was generated via a cylindrical lens attached
at the laser source. Nylon particles (d= 300um, p
=1.02) were used as tracers. The two cameras were
calibrated before main experiments. To reduce the
refraction effect of the circular water tank, a square
outer tank box was installed and water was filled
in the gap between the inner circular tank and the
outer square tank. Further, to minimize the image
aberration effect due to the misalignment between
the camera lens plane and the tank wall, (2D) im-
age transformation called warping transformation
was made for the experimental images using the

below Equation (1).

X = aIIXS +a]2ys +a13 — aZlXS +a22ys +a23
a3lxs+a‘32ys+l > a}lxs+a32ys+l (1)

X, Y : coordinates before transformation
Xs, Ys: coordinates after transformation

For camera calibration, 10 parameter method de-
veloped by Doh et. al [7] was used, in which 10
unknown parameters, 6 exterior parameters (l,
o, By, My, my) and 4 interior parameters (Cx, Cy,
ki, k») were calculated. Detailed process for this
calculation is well explained in the reference [7].
The calibration method in the present study is
based on the pinhole model, and Equation (2) was
used for constructing the relation between the land
coordinate and the camera coordinate.

X, —m, Y, —-m

X=0——=0—L—+M y=c,
b

P-m-m -7,

Ax=(x/1)x (K r? +k,r)

s

Ay = (x/1)x(kr? +k,r?) r=\2+y?

Here, ¢ and c, are the focal distances for the x

and y components of the coordinate. AX and Ay

are the lens distortions. | refers to the distance
between the origin O (0, 0, 0) and the principal
point (Xo, Yo, Zo) of the camera. (X, Y) represents
the photographical coordinate of the image
centroid of the calibration targets. (Xm, Ym, Zm)
represent three dimensional coordinates of the
object in the physical coordinate (land
coordinate). my and my are misalignments between
the coordinate centers of the two coordinates.
After camera parameters had been calculated, the
three dimensional coordinates (X, Y, Z) of the
vector were calculated using the below Equation
(3). The rotational transformation matrix, Mp,

consists of the 10 camera parameters.

X X,
Y |=M,|Y,
z Z, (3)

Xy =(X-Mt/c, +m, Y, =(y—Ay)t/c, +m,

Z,=d-t d=1I’-m; -m;

Here, t’
obtained by the least square method. If the

is the arbitrary coefficient and was

camera center is set to a vector (Xo, Yo, Zo), the
collinear equation for one object (or particle) can
be expressed as P(X, Y, Z ) = (a1uq + Xo, @q +
Yo, @ + Zo), where q is an arbitrary vector.
Here, a;, a, and a3 represent the corresponding
term that can be reconstructed from Equation (3).

The cross-sectional points constructed from the
following two collinear equations for the two
cameras were defined as the 3-D positions in the
absolute coordinate.

A(X,Y,Z)=A(a,t+b,, , a,t+b, , a,t+b,)

B(X,Y,Z)=B(@ys+h, , ays+hy, , axsthy) (4

t and s were obtained by the least square method.
Here, the coefficients (a;;, a;p, and a;3) and (b,
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by, and bj3) represent the corresponding terms that
can be reconstructed from Equation (3) for the
cameral, and (ay, axp, and ay) and (by, by, and
by) for the camera2. The final 3-D position of the
object was calculated using the below Equation (5).

X XA [Xg
Yo | = 1 Y, |+ Ye

2
Z, z, Z, 5)

where  (Xa, Ya, Zp)
coordinates for Camera ‘A’ defined by Equation

4),

denotes the absolute
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Figure 1: Measurement apparatus.

(a)measured planes(agitator) (b) coordinates

Figure  2:
coordinates.

Agitator, measured planes, and

Figure 2 shows the shape of an agitator which
mixes the water clockwise and counterclockwise
with a sinusoidal mixing speed with maximum
80rpm. The measurement planes were set as shown
in Figure 2(a), and the definition of the coordinates
is shown in Figure 2(b). After the camera calibra-
tion, the tank was filled with water up to 91 mm
height from the origin of the coordinate defined in
Figure 2(b). The time consecutive images of the

three cameras were captured by the three cameras
and the two images of the camera 1 and the cam-
era 2 were used for the calculation of 3D vector
fields and the images of the camera 3 were used
for the calculation of rotational speed. All cameras
were synchronized. Three dimensional vector fields
were obtained on the grids 60 x 20 at the vi-
sualized plane as defined in Figure 2(a). Figure 3

shows the rotational speed change of the agitator.
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Figure 3: Mixing speed change of the agitator.

Table 1: Locations of the data sampling lines.

Planes Plane position [m]
H1 Y= -0.48
H2 Y= -0.44
\4! 7= 0.00

Table 2: Coordinates of data sampling lines.

Start position End position

X, Y, Z) [m] X, Y, Z) [m]
Linel | (0.00, -0.47, 0.0) (0.29, -0.48, 0.0)
Line2 | (0.00, -0.44, 0.0) (0.29, -0.44, 0.0)
Line3 | (0.17, -0.50, 0.0) (0.17, -0.40, 0.0)
Line4 | (0.27, -0.50, 0.0) (0.27, -0.40, 0.0)
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Figure 4: Data sampling periods.
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(b) at the instance of time ‘4’ in Figure 4.
Figure 5. 3D phase averaged vector fields re-
constructed at 10 locations.
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(b) at the instance of time ‘4’ in Figure 4.
Figure 6: 3D instantaneous vector fields measured

at the vertical plane VI.

This data were calculated based on the PIV calcu-
lation using the images of the camera 3. Table 1
shows the physical locations of the data sampling
planes. Table 2 is the physical coordinates where
velocity vectors were sampled. Since the flow mixed
by the agitator can be regarded as fully developed
and symmetric flow for the rotation axis, i.e. stat-
istically stationary flow, the velocity vectors can be
reconstructed for the whole measurement volume just
by taking phase averaging for the whole vector
fields obtained at the same agitator’s locations. 200
instantaneous vector fields were averaged. Figure 4

shows the locations of the phase averaging.

3. Results and Discussion
Figure 5(a) and Figure 5(b) show three dimen-

sional reconstructed vector fields for the measure-
ment plane H2 defined in Table 1 and Figure 2(a).
These instantaneous vectors were reconstructed at 10
locations where one of the blades of the agitator as
shown in Figure 2(a) passed between the blade’s
angle of 60°. 200 instantaneous measured vectors at
the same location of the blade were averaged. This
means that vectors show a phase averaged values.
Figure 5(a) shows the phase averaged vector field
at the instance of time ‘0’ as shown in Figure 4.
Figure 5(a) shows the phase averaged vector field
at the instance of time ‘4’ as shown in Figure 4.
From these figures, it can be said that the mixed
flows at the same rotational speeds have similar
flow structures. Figure 6(a) and Figure 6(b) show
the instantaneous vector fields measured at the ver-
tical plane V1 defined in Table 1 and Figure 2(a)
at the instances of time ‘0’ and time ‘4’. From
these two instantaneous vector fields, it can be said
that the flow structure at the same instance are
similar each other, which enable that the flow
structures are well organized and are strongly influ-
enced by the agitator’s blade. Figure 7 shows the
distribution of turbulent kinetic energy at the hori-
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(a) at the instance of mixing cycle (1/8)T

(b) at the instance of mixing cycle (2/8)T

i

z

(c) at the instance of mixing cycle (3/8)T
Figure 7: Distribution of TKE at four different mixing cycles at Figure 4(HI plane).

zontal plane H1 defined in Table 1 and Figure
2(a). The turbulent kinetic energy (TKE) was calcu-
lated by using the below Equation (6).

I S S S
TKE = (u? + v+ w') 6)

where, u' =u—1T, , v'=v—% , w =w-—%

Here, u, Tand vwand denote the instantaneous value
of measured vector, time averaged vector and fluc-
tuation value, respectively. Since the figures were
reconstructed on the condition that the flow inside

of the mixing tank is statistically stationary and sy-
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(d) at the instance of mixing cycle (4/8)T

mmetric between the agitator’s 6 blades, the results
show hexagonal symmetric structures. H2 plane is
just over the location of the agitator’s blade. This
means that the flow structures at H1 is strongly in-
fluenced by the agitator’s arrangement and shape.
At every instance of mixing cycles, the flow struc-
tures are distinctively different each other. At the
maximum mixing speed (80rpm) of the agitator, it
can be seen that a ring-type high TKE distribution.
This is due to the influence of the blade’s shape as
shown in Figure 2(b). This means that the location
of the top of the agitator is at the location of the
ring. Figure 8 and Figure 9 show the distributions

. 37, No. 7, 2013. 11 733
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(a) at H1 (lower plane) (b) at H2 (upper plane)
Figure 8: Distribution of turbulent kinetic energy (TKE) at two measurement planes (H1, H2) at the in-
stance of mixing cycle (1/8)T.
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(a) at H1 (lower plane) (b) at H2 (upper plane)
Figure 9: Distribution of turbulent kinetic energy (TKE) at two measurement planes (H1, H2) at the in-
stance of mixing cycle (3/8)T.
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Figure 10: Distribution of turbulent kinetic energy (TKE) at the vertical plane (V1) at two instances of

mixing cycles.
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Figure 11: Profiles of turbulent kinetic energy at four different sampling lines in Table 2 at

instance of mixing cycle (1/8)T.

of the TKE at two different horizontal planes at
(1/8)T and (3/8)T, respectively. From Figure 8(a)
and Figure 8(b), it can be said that the flow at up-
per plane, which is close to the water surface, is
strongly squeezed to counterclockwise near the tank
wall at the time of (1/8)T. High TKE region is
widely spread over the whole area except the tank
center. This High TKE region moves to the center
region along a circle. This fact implies that the
mixed flow moves from the tank wall to the tank
center while squeezed counterclockwise. This phe-
nomenon can also be seen from the TKE dis-
tribution of the vertical plane V1 as shown in
Figure 10. From Figure 10, it can also be said that
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the High TKE region moves from the tank wall to-
ward the tank center, and this region is wrapped
counterclockwise scrolling over the tank wall. This
phenomenon can be found from Figure 6, too.
Figure 11 shows the profiles of TKE along the
lines defined as in Table 2. From Figure 11(a) and
Figure 11(b), it can be said that the turbulent ki-
netic energy is higher at the area close to the tank
wall compared to those at the center area. This fact
is due to a strong counter rotating vortex flows
produced by the agitator. From Figure 11(c) and
Figure 11(d), it can also be evaluated that the TKE
values are larger at outer region of the tank than

those of the inner region. Further, the turbulent ki-
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netic energy is uniform vertically along the wall.
This implies that there is a strong vertical wall jet

scrolling over the wall.

4. Summary

The turbulent properties in the mixing flow in
the statistically stationary mixing flow were meas-
ured by a pseudo volumetric stereoscopic PIV
(SPIV) system. Large difference of the mixing flow
was seen between (1/8)T and (3/8)T. The profiles
of the turbulent kinetic energy (TKE) were similar
each other when the rotation speeds were the same
RPM even if acceleration and deceleration occurred.
It was verified that the distribution patterns of the
TKE inside of the mixing flow were strongly influ-
enced by the agitator’s location and shape. It was
shown that there was a scrolling jet having large
TKE values along the tank wall, and it was wrap-

ped toward the tank centre from the tank wall.
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