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Abstract

The instability of the supercritical Taylor-Couette flows has been extensively investigated in many previous studies but only
few studies focusing on shear turbulence characteristics in wide gap and large size Taylor-Couette flow (TCF) reactors have
been conducted. In the present study, particle image velocimetry (PIV) technology was adopted to investigate such shear
turbulence characteristics based on the measurement of the instantaneous axial and radial velocities in the meridional plane of
the annulus between the rotating inner and the non-rotating outer cylinder in a large size TCF reactor. The experimental results
have indicated that as the Reynolds number exceeds the critical value, the vorticity strength of the induced Taylor vortices
remarkably increases, consequently causing an enhanced outward impinging jet flow. It was also found that the secondary
vortices in addition to major Taylor vortices when ReT reaches a critical value significantly alter the flow and turbulent

characteristics in the reactor.
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Abstract

The instability of the supercritical Taylor-Couette flows has been extensively investigated in
many previous studies but only few studies focusing on shear turbulence characteristics in wide
gap and large size Taylor-Couette flow (TCF) reactors have been conducted. In the present
study, particle image velocimetry (PIV) technology was adopted to investigate such shear
turbulence characteristics based on the measurement of the instantaneous axial and radial
velocities in the meridional plane of the annulus between the rotating inner and the non-rotating
outer cylinder in a large size TCF reactor. The experimental results have indicated that as the

Reynolds number Re; = Mincreases, exceeding the critical value of 7300, the vorticity

%

strength of the induced Taylor vortices remarkably increases, consequently causing a much
enhanced outward impinging jet flow between the pair of Taylor vortices. It was also found
that the occurrence of the secondary vortices in addition to the major Taylor vortices when Rer
reaches a critical value, significantly alternating the flow and turbulent characteristics in the
reactor. It was also demonstrated that the gravitational force because of the vertical placement
of the TCF reactor affects the flow both in radial and parallel (axial) direction but such effect
in its parallel direction is much stronger than that in radial direction. Turbulent energy
dissipation rate distribution and turbulent kinetic energy (TKE) spectra were also obtained
using 2D PIV measured turbulent velocity fluctuation gradients.
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1. Introduction

In a wide range of industrial application, the production of find powder particles is very
important, such as bio-chemical and pharmaceutical productions. Because particle size and
morphology significantly affect the synthesized particle properties (Randolph and Larson,
1988), the use of shear turbulence controllable synthesis of particles can be realised by using
specially designed reactors such as TCF reactor. It has now been widely noticed that certain
pattern of toroidal vortex can be formed after the system reaches a critical condition, i.e Taylor
vortex flow (TVF). This critical condition can be judged by the Reynolds number (Re) based

ria)dgap

on the gap width, Re;r = . In the case of large Re, a phenomenon of a secondary

instability can be found, which causes the flow to become time-dependent and deformation of
the vortices, referred to as wavy vortex flow (WVF). With further increasing the Re number,
the wavy flow may transit to turbulent state and even develop into highly turbulent. However,
for a wide gap TCF reactor which has a large inner cylinder size, the turbulent shear turbulence

characteristics and instability has not been fully explored.

Andereck et al. (1986), using aluminium flakes, reports a comprehensive characterisation of
different fluid dynamic cases in a Taylor-Couette where inner cylinder and outer cycliner were
both free to rotate and successfully showed coherent structures. Reynolds number defined by
Re = R;wdq, /v Was used to describe the dynamic conditions. They have demonstrated that
at different Re, flow pattern varies to correspond to different regimes from TVF (Taylor 1923),
WVF (Coles 1965), modulated WVF (Gorman and Swinney 1979), and turbulent Taylor vortex
flow (TTVF) (Smith and Townsend 1982) to fully turbulent flow (FTF) (Smith and Townsend
1982). These flow pattern changes will certainly affect the process of producing and synthesis
powder particles when adopting the TC as the reactor because the particles will have a strong
interaction with the turbulent eddies embedded in these Taylor vortices especially when the

flow has been developed into the fully turbulent regime.

In order to fully reveal the features of the flow in TCFs, particle image velocimetry technique
has been adopted into the investigation of Taylor Couette reactor since Wereley and Lueptow
(1998, 1999) firstly performed a 2D PIV measurement on the velocity distribution in the radial-
axial cutting plane in a Taylor Couette reactor. Since then, 2D PIV has been widely used to
examine different flow characteristics of Taylor—Couette flows. In the work of Akonur and
Lueptow (2003), an investigation on the flow velocities of Taylor Couette reactor in radial-
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circumferential cross-section plane was performed. The results are compared with those
obtained by Wereley and Lueptow (1998, 1999) and velocity components of all three directions
were thus be obtained. The work conducted by these authors, however, has been focused on
the use of the PIV measurement to analyse the volumetric flow structures in a Taylor—Couette
system. Ravelet et al. (2010) has recently applied the Stereo PIV to measure the Taylor—Couette
flow, again performing the measurements on the axial-radial cutting plane of the flow field. A
more comprehensive summary of the experimental studies on TCFs is listed in Table 1, which
shows all the measurements for TCFs made by previous studies using the PIV techniques and
the experimental conditions. In most of these studies, only small size of TCF apparatus or
reactors was adopted. It should be noted that Huisman et al (2011) used this technique to
measure the flow in a relatively large size Taylor-Couette setup with an inner cylinder of
200mm in diameter but only focusing on the flow characteristics in r-0 plane so that the
characteristics of the actual torque applied to the reactor based on turbulent energy dissipation
rate measured could be evaluated. A more comprehensive study (Racina et al., 2006) has
focused on the adoption of PIV technique to measure and obtain the turbulent dissipation rate
and local micro-mixing time using a relatively small TC reactor with an inner diameter of 100
mm of outer cylinder. The use of a 3D tomographic investigation on the TC flow with a
Reynolds number Re reaching 23500 has been also reported by Tokgoz et al (2012). However,
due to the measurement accuracy limitation of 3D PIV technique, the estimation of the
turbulence dissipation rates obtained based on the 3D flow field did not show an agreement

with the well-known Kolmogorov -5/3 power scaling law.

In sum, almost the previous studies on flow characteristics in TCF reactors are confined to the
flow regimes that are limited into TVF, WVF, MWVF and CWVF. Quite a few studies reveal
the flow characters of high Reynolds number falling in the TTVF and FTF flow pattern through
PIV technigue. The studies of TTVF and FTF are mainly focused on torque and power-law
scaling from current literatures. Wendt (1933) reported the results of Re from 50 to 10° with
only orque measurements in the TC reactor. Following the same path, results from Tong et al.
(1990) also showed power-law scaling G~Re over the range of 4e4 to 4e5 and fit the empirical
power-law well. Although power-law shows averaged or overall flow characters, such as
averaged dissipation rate, averaged micro-mixing time or averaged Kolmogorov scale, few

local flow properties and distributions can be revealed.



In the present study, the use of a 2D PIV to measure the TCFs in a wide gap and large size TCF
reactor will be conducted. The TC reactor which has a large outer-cylinder with the diameter
of 300 mm and length of 600 mm. The PIV measurement was carried out in a wide range of
Reynolds numbers varying from 1800 to 21600 to cover the transit turbulent vortex flow
(TTVF) and fully turbulent flow (FTF) patterns. This paper is organized in such a way. Section
2 introduces the experimental setup and flow visualization methods while section 3 will present
such as turbulent shear flow velocity field and velocity distribution, vorticity distribution and
turbulent energy dissipation rate and discussion on shear turbulence characteristics. Section 4

will give out the conclusions reached from the present study.

2. Experimental Setup and Validation

The PIV measurements were performed using a laboratory scale TCF reactor with inner and
outer cylinders’ radii are Ri = 120 mm and R, = 150 mm, respectively, and therefore the gpa
ratio is g = Ri/ Ro = 0.8. The gap size dgap = Ro - Ri = 30 mm, and the length of the inner cylinder
is H = 300 mm, therefore, the axial aspect ratio is /"= H/d = 10. The experimental setup is
shown in Figure 1. The system is closed by the top and bottom lids, which are fixed to the outer
cylinder while the outer cylinder is fixed to a support frame. The outer cylinder of the TC
reactor is transparent, allowing the optical access and visualisation. The surface of inner
cylinder was coated with an immiscible black paint to avoid optical reflection and reduce the
optical background noise. It has been found that this measure has considerably improved the
quality of the images. The PIV field of view window covers the range of (1/5~2/5)H measured

from the bottom of the TC reactor.

The system (from Dantec) is consisted of the laser Nd:YAG (532nm of wave length , 2x30 MJ
of laser energy), a high resolution CCD camera (2048 x 2048 pixels?, 5Hz), a Nikon lens (AF
50mm F/1.8D), a timer box (Dantec Dynamics). A dual laser sheets were used to illuminate
the r — 6 plane of TCF reactor synchronized with the CCD camera which set to be 5Hz. In
image processing, 16 x 16 pixel? (with 50% overlap) of cell area (0.472x0.472mm) were used
to capture the velocity vector field. The measurements were taken and the images were
captured after the TC reactor was initiated to run for 10 minutes (at least 100 revolutions),
which ensures the Taylor vortices or turbulent flow to be fully established. In order to minimize

the end effect of the cylinders of the Taylor—Couette facility on the measurement results, the



images were recorded near the mid-height of the cutting plane of the TC reactor as shown in

Figure 2.

3. Results and Discussion

3.1 Time averaged velocity field

In Figure 3a and Figure 3b time averaged streamline and velocity field are plotted. In these
figures, the magnitude of local velocity are normalized using QxR;, in different Reynolds
numbers. The colour of the vectors shows that the relative velocity for the case of low Reynolds
number, especially in the radial direction, is higher than that for high Reynolds number
conditions. This indicates that the convective transport efficiency relatively drops as Re
increases. The Taylor vortices patterns change with the Reynolds number. The aspect ratio
(length in axial direction over length in radial direction) of each cell of the Taylor vortices
decreases as Reynolds number increases (roughly from 1.40 to 1.25 and then stabilized in 1.00).

From Figure 3, it reveals that Taylor vortices clearly repeat their patterns but the cell width of
the vortices has been extended with increase of the Reynolds number. The amplitude of
dimensionless radial velocity decreases with the Reynolds number, which indicates that the
centrifugal force has a remarkable influence on Taylor vortices in low Re case than in High Re
case. The maximum and minimum radial and axial velocities at different Re is shown in Figure
4. Such velocity difference between the maximum and minimum for radial and axial velocities
may be able to represent the variation of Taylor vortex pair cell width at different Re. In
addition, the phase shifted in different Re condition means the Taylor vortex length difference
and end wall effect have a different influence at different Re. However, for all four Re
conditions, the amplitude of dimensionless radial velocity of one location in the Taylor vortex
is slightly larger than that of the same location for a lower Taylor vortex pair. This may be
attributed to the impact of the gravity of the hydrostatic pressure on the radial velocity.

From Figure 4, it also shows that the maximum and minimum time-averaged velocities based
on the line average on the vertical centreline linearly change with the Reynolds number. For
the axial velocity, the difference between the minimum and maximum velocity component is
much smaller than that for radial velocity component. This is very apparent for the minimum
axial velocity. This indicate that the gravity has a significant influence on the Taylor vortex

averaged velocity field. And this agrees with the results from Figure 3, the reverse flow at large



Re is not vertical to the walls, which is the results of the increasing axial velocity and radial

velocity if not synchronized.

3.2 Vortex and coherent structure distribution
In order to clearly show the vortex pattern variation with the Reynolds number, the average
vorticity distribution is shown in Figure 4 for the given Reynolds number varying from 7300
to 21600. The vorticity is estimated by

A=VXu Q)
As only velocity components in radius and axil direction are available from the PIV

measurement, the vorticity observed in the r-z plane can be estimated according to:

= dur 0wy
rY ar (2)

In Figure 5, the pairing Taylor counter-flowing vortices can be easily identified and the aspect

We

ratio to characterise the Taylor vortices increases as Reynolds number increases. The secondary
vortices can be observed in the vicinity of the outer cylinder boundary. Following the same
pattern as the velocity fields, the region of secondary vortices shrinks as Reynolds number
increases. This may be attributed the enhanced outward impinging jet flow. The stagnation
zones were observed to occur on the locations where the impinging jet impacts on the outer
wall and the counter-flowing from the vortex pair, accompanying by the appearance of strong
vorticity. It should be noted that the impact of the impinging jet flow on the wall causes the

occurrence of secondary vortices that are couched between two major Taylor vortices.

The time averaged Q-criteria proposed by Hunt et al. (1988) and shear strain in radius and axial
plane are plotted at different Reynolds number are displayed in Figures 6 and 7, respectively.
It can be seen from the figures that the coherent structures illustrated by Q, defined by equation
(3), clearly indicates the existence of apparent vortex coherent structures of Taylor vortices. At
low Reynolds number, the high Q value mainly takes place and concentrates in the cores of
Taylor vortices. The secondary vortex coherent structure can also be observed based on the Q
value near the walls. With increasing in the Reynolds number, the coherent structure region
tends to be diffusive, indicating the features of fully turbulence. The boundary used to
characterise the Taylor vortices starts to become blur and the secondary vortices near the inner
or outer cylinders seems to disappear. Also, when Reynolds number increases, the vortex

coherent structures have been visualised to be twisted and spread and the vortices are connected



each other. This observation can also be consolidated by showing the streamlines in Figure 8

and the vortex core locations displayed in Figure 9.

_ Qurdu _ urdug
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Similarly, the spatial distribution of shear strain in the r-z plane also changes as Re increases.
From Figure 7 (Both red and blue colours show the occurrence of high turbulent shear stresses
as the Taylor vortices are counter-flowing but green colour shows the lower turbulent shear
stress zone), higher turbulent shear stresses are observed to take place in the zones of near wall,
outward and inward impinge jet flow and counter-flows. Lower turbulent shear stresses occur
in the core of Taylor vortices. Further inspection reveals that the magnitudes of turbulent shear
stresses in the counter-flow zone are smaller than those in the impinging jet flow zone. This
can be explained by the fact that with increasing in the Reynolds number, the momentum
transported by the stronger shear turbulence in the outward impinging jet flow is remarkably
strengthened, resulting in a stronger local turbulent shear stress distribution. Apart from this,
the area of high turbulent shear stress region also expands, consistent with the observation that
the Taylor vortex cell becomes wider as the outward impinging jet from inner to outer cylinder
between TCF vortex cells to push the vortices apart with the climb of the Re.

The spatial distortion of TCF vortices with the growing of the Re can be revealed easily by
inspecting the instantaneous velocity field as shown in Figure 8 where the time sequence
evolution of the instantaneous velocity field variations (time interval: 0.2 s) is presented with
the red dot labels the core positions of vortex coherent structures. In the case of Re=7300, the
completed Taylor vortices pair can be identified in the instantaneous velocity field. Due to the
impact of hydrostatic pressure due to the gravity, the upper vortex in the Taylor vortices is
stretched slightly longer than the lower vortex in the Taylor vortex pair. The shape of the
vortices is basically time independent while the impinging jet flow region varies noticeably
with the time. The impinging jet flow is twisted and a wavy pattern can be recognized. The
cores of the Taylor vortices have shifted slightly and minor distortion can be found in some
areas of the instantaneous velocity field. It is noticed that when Re = 11500, the complete
Taylor vortex pair can still be identified and the gravity effect seems to be still weak.
Consequently, the vortex structure is twisted but not stretched. Further increase of the Re

results in the vortices being twisted as the outward impinging jet flow brings out the vortices
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to separate each other and causes the wavy fluctuation of Taylor vortices with time, as can be
affirmed by looking into the case of Re=21300. From Figure 8 it shows that the cores in the
Taylor vortices start to migrate accompanied by a severe distortion of the shape of Taylor
vortices and the Taylor vortices start to wobble and become unstable. It should be noted here
that though a clear outward impinging jet flow and pair counter-flow regions can be still
identified with separation between each Taylor vortex, the distortion has resulted in a difficult
visualisation of Taylor vortices. Moreover, the outward impinging jet flow’s wavy pattern

becomes stronger and induces turbulent eddies in smaller scales.

The above mentioned turbulent Taylor vortex evolution and distortion with the Reynolds
number can be demonstrated by displaying the vortex core locations as shown in Figure 9,
where Taylor vortex core locations based on assembling the collections over 200 time intervals
based on the time averaged vortex core shown in Figure 3 are presented. In the figure, it reveals
that the locations of the cores change with the time. As the Reynolds number increases, the
area where the vortex core appears starts to expand and smears into the regions nearing the
wall and counter-flow region. It should be noted particularly that unlike high turbulent shear
stress region, the coherent structures are less likely to appear in the impinging jet flow region
than those in the counter-flow region. This implies that a highly turbulent fluctuations in the
flow may not always give out a vortex coherent structure. Small or micro particles are more
likely to be trapped in the counter-flow region in the Taylor Couette flow reactor, where a

relatively lower shear strain than the outward impinging jet flow region can be found.

3.3 Characteristics of shear turbulence energy dissipation rate
As the flow in the TCF reactor has been developed into a fully developed turbulent flow, it
would be very interested in showing the distribution of turbulence energy dissipation rate in

the reactor. Dissipation rate is still described and defined by

2
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The corresponding turbulent shear rates will be evaluated based on the PIV experimental

measurement results. Typical instantaneous velocity components, ur and u;, plotted against a



time period of 200 s at the location of r = dgzﬂ,z = g is shown in Figure 10. In the cylindrical

coordinate system, equation (3-4) can be written as

N2 I\ 2 1\2 I\ 2 I\ 2 I\ 2 12 I\ 2
e=vf2(5) +2(5) +2 (%) + (59 + (59 + (59 + (5 + (%)
(52) +2(5555) + 2 (5559 + 2(3555)] ©

As velocity components can only be measured by using the 2D PIV in the r-z plane, the third
component in @ direction has to be estimated based on the two others using the method and
assumptions proposed by Sharp et al. (2000). The use of the known or measured components
for estimation of the unknown component in the third direction based on the assumption that
the turbulence characteristics of the turbulent flow is statistically isotropic, at least being locally
isotropic, is now widely recognised. The currently investigated turbulent flow in the TCF
reactor can be assumed to satisfy such condition. Thus, the average of two known terms can

yield the estimation of the unknown term in 0 direction, which read

() =3+ () &)
)’ + (";i)z> (5b)

r{2
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This leads to the following estimation for the local time averaged turbulent energy dissipation
rate estimated from the 2D PIV data:

o) 2 () 35 42 () + 2 (D)) ©

The volumetric averaged dissipation rates at different Reynolds number using the above-

mentioned method are then estimated by
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The calculated TKE dissipation rate <e> according to equation (7) is compared with the one

obtained by using the empirical correlation (8) shown below as proposed by Wendt et al.’s

(1933) for estimation of the dimensionless torque in the TCF reactor:

/2 1.5 2 4
1.45 ~ Re 4 x10° < Re <10
(8)

3/
0.23 ——-Rel7 10* < Re < 10°

It can be seen from Figure 11 that the PIV estimated TKE dissipation rates are in general
consistent with the empirical correlation estimation results but some deviations are still to exist.
At low Reynolds number, lower than around 1.8x10% the experimentally measured total
dissipation rates are smaller than the results using the empirical correlation prediction. This
difference may likely be caused by the measurement error. As the strong reflection at the edge
of inner cylinder and outer cylinder, the PIV CCD camera cannot effectively capture the valid
visual data in the regions very close to the edges and the cut off from the final image while
these regions correspond to where high turbulent energy dissipation rates are generated. For
the cases of high Reynolds number, the experimental results are found to be greater than the
empirical correlation prediction, this may be attributed to the effect of the background noise on
the PIV images.

As the turbulence dissipation rate estimation very much depends on the PIV system’s spatial
resolution as dissipation is largely contributed by smaller turbulent eddies such as eddies under
the Kolmogorov scale. However, those contributions cannot be captured in the PIV system
especially in high Re cases. Therefore, to overcome this problem, the use of analogy with Large
Eddy Simulation (LES) approach (Sheng et al., 2000; Sharp and Adrian, 2001; and Gabriele et
al., 2009) was employed to estimate the dissipation rate. The filtering method used in the LES
is similar to the way to use PIV to obtain the experimental data. Thus, one can also estimate
the turbulent energy dissipation rate for those eddies with smaller length scales smaller than

PIV using the following equation:
10
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The turbulent eddy viscosity 1 in the above equation is computed from the grid scale A
determined from the experiment as the resolution of PIV spatial resolution and Smagorinsky

constant Cs. A value of Cs = 0.17 has been used following the work of Sheng et al. (2000).

In Figure 12, the time-averaged dissipation rate is normalized by spatial- and time-averaged
dissipation rate in each Re condition. From the figure, it indicates that the distribution of TKE
dissipation rate reveals that high turbulent energy dissipation rate in the Taylor Couette flow
reactor mainly takes place in the jet flow part and counter-flowing region, while the one in the
jet flow area is higher than the one in the counter-flowing region. In low Re case, Ret = 7300,
the boundary between high and low TKE dissipation rate region is clear. Smaller € dominates
a large area of Taylor vortex cores. As Rer increases, the boundary starts to become vague and
the area of €/(g) = 1 gradually spreads. This can be clearly seen from Figure 12, where
probability density of €/(€) for different Ret number is presented. In case of low Reynolds
number, there is only one peak of the probability density (or with two very small closed peaks)
to occur as can be observed from the figure, indicating the low € to occupy the most regions of
the vortices. However, as Rer increases, two peaks are observed from the probability density
distribution as shown in the figure. Eventually, two peaks can be clearly observed in Figure 12
in case of high Reynolds number. The second peak with the value around /() = 1 shows the
fact that more areas of the vortices with the averaged TKE dissipation rate can be observed for
the cases of high Reynolds number. This indicates that with increase in Rer, the TCR system
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changes from a relatively low TKE dissipation rate dominated system with limited high
dissipation rate areas to an averaged TKE dissipation rate dominated system, i.e. the flow
pattern becomes fully turbulent. Therefore, this phenomenon can be used to control small scale

process such as micro-mixing process.

3.4 Characteristics of shear turbulence using TKE power spectrum and spatial
correlation

In order to clearly indicate the characteristics of shear turbulence in the TC reactor, the TKE
spectra at different radial positions, (r-Ri)/(R.-Ri) = 0.02, 0.50 and 0.98, are calculated using
the PIV measurement data, corresponding to the spectrum attained in the vicinity of rotating

inner cylinder, in the bulk and near the region of the wall of outer cylinder.

E,,(r,1) = %fOT (% fooo u'(r, zo)u'(r, zo + Az)cos(/lz)dz) dt (11)

Such correlation spectrum for cases of different Reynolds number are shown in Figure 14,
where the power spectrum was obtained by time averaging of the spatially averaged turbulent
kinetic energy spectrum at different positions along the TC reactor height at three given radial
locations as mentioned. The purpose of taking such advantage is to better characterise the
impact of the Taylor vortex structures on induced shear turbulence. From Figure 14, in most
conditions, the TKE contained in larger length scale for Erz is smaller than that of Ezz,
indicating that the TKE of eddies in the large scale is strongly affected by the boundary
geometry (in the present investigation case, the space in the axial direction is 10 times of that
in the radial direction, i.e. "= H/d = 10). For both the spectrums in radial positions of (r-R;)/(Ro-
Ri) = 0.02 and 0.98, the TKE corresponding to the largest length scale of eddies shown in Ez,
is roughly 10 times of that of E,;, which seems to follow the aspect ratio of /"= 10. However,
for case of (r-Ri)/(Ro-Ri) = 0.50, the TKE of the largest length scale of eddies shown for E;; is
almost the same as that of E.. This indicates that in the core regions of the TC reactor, the TKE
may be likely less affected by the boundary conditions. Another phenomenon that needs to be
pointed out is that for most of the conditions, the slope of the TKE spectrum tends to vary from
-5/3 to a relatively steeper value close to -3. This indicates that at relatively lower Reynolds
number (7300 in this case), the flow pattern is in TTCF regime but the flow exhibits stronger
non-isotropic behaviour, especially near the inner cylinder wall. However, as Reynolds number

increases, the flow pattern may evolve and enter FTF regime (Re > 20000) where isotropy of
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the turbulence starts to improve as the slope becomes less steep. It can be also seen from Figure
14 that the TKE in the wave number range of 20-1000 in the vertical direction is greater than
that in the radial direction near both walls. This may indicate that due to the inner wall rotation,
less fluctuation energy in the vertical direction is generated than the wall surface in

circumferential direction. This may need further investigation.

u/ (r,zo)u' (r,z9+2)

Spatial correlation coefficient of time averaged TKE along the TCF reactor at

u'2(r,zp)
different radial locations is shown in Figure 15. From this figure, the correlation coefticient
fluctuates in regular pattern but gradually reduces along the height indicates that the Taylor
vortex structures have undergone deformation. In fact, this can be affirmed by the aspect ratio

of Taylor vortices as can be seen from Figure 3.

4. Conclusions
In this study, PIV technology was adopted to investigate shear turbulence characteristics based
on the measurement of the r — 0 plane of the annulus between the rotating inner and non-

rotating outer cylinder in a large size TCF reactor. The experimental results indicated that when
Reynolds number Re; =% is greater than 7300, the vorticity of Taylor vortices

remarkably increases, consequently causing the outflow between the pair of Taylor vortices to
form a much stronger outward impinging jet. The following points can be concluded from this

study:

(1) Taylor vortices patterns can be still well recognized based on the time-averaged flow fields
for the Reynolds number Rer varying from 1800 to 21600. The typical Taylor vortex structures
start to disappear when the Reynolds number further increases and is greater than 21600.

(2) From both vorticity and dissipation rate probability density distribution, the two peaks
distribution nature of TCF are revealed. The secondary vortices formed between a pair of
Taylor vortices in the vicinity of the outer cylinder’s inner surface are observed and the patterns
look quite regular. Such secondary vortices have a major effect on the outward impinging jet

flow formed in the gap of TCF vortex cells.

13



(3) The centrifugal force has a larger influence in low Re case than high Re case relatively as
the amplitude of dimensionless radical velocity decreases with Reynolds number. It was
demonstrated that, especially in radical and axial direction, gravity force, because of the
experimental rig is vertical placed, influences the flow in direction but such effect in its parallel

direction is much stronger than that in normal direction.

(4) Turbulent energy dissipation rate distribution was obtained using 2D PIV measured
turbulent velocity fluctuation gradients. By using the analogy with the large eddy simulation
for calculation of the sub-grid dissipation rate, the volume-averaged TKE dissipation rate
calculated based on the PIV measurements are found to be well agreed with the estimation

value but using the empirical relation as suggested by Wendt et al. (1933).

u' (r,zo)u'(r,zo+2)
u'2(r,zo)

(5) Spatial correlation coefficient of time averaged TKE £k along the TCF

reactor at different radial locations can be used to characterize the shear turbulence in the TCF
reactor. The spatial correlation coefficient fluctuates in regular pattern but gradually reduces

along the height, indicating the Taylor vortex structures to have undergone deformation.
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Table 1: Examples of previous studies on Taylor-Couette flows using the PIV technology

Authors Year TC Configuration PIV Operation Re
(RixRoxH in mm)
Qiao, Deng, & Wang 2015 20x30x60 2D <150
Wereley & Lueptow 1998 43.4%52.3x424.53 2D <202
Wereley & Lueptow 1999 43.4x52.3x414.74 2D <215
Smieszek & Egbers 2005 N/A 2D <259
Dusting & Balabani 2009 20.6x25.5x54.88 2D <330
Akonur & Lueptow 2003 42.4x52.1x463.66 3D <488
Deng, Arifin, Mak, &
2009 18.4x30%200 2D <519
Wang
Judat, Racina, & Kind 2004 68x100x%200 2D <705
Watanabe, Takayama,
_ 2003 81x120x240 2D <900
Ogata, & Isozaki
Liu, Kang, Cha, &
_ 2011 33x40%336 2D <1050
Kim
Haut, Amor, Coulon,
_ 2003 40x48.5%90 2D <1600
Jacquet, & Halloin
Lee, Chung, Park, &
_ 2009 33x40x%336 2D <2863
Kim
Wang, Olsen, & Vigil, 2005 34.925x47.625x431.8 2D <5500
Ravelet, Delfos, &
2010 110x120%220 2D  <10000
Westerweel
Mao, Chang, Zeng, &
2013 37.5x50x440 2D  <20000
Yu
Tokgoz, Elsinga,
2012 110x120%220 3D <23500
Delfos, & Westerweel
Racina & Kind 2006 100%x113x390 2D  <25000
Huisman, van Gils,
Grossmann, Sun, & 2011 200x279x927 2D <110730

Lohse
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(b)
Figure 1. (a) Experimental rig with working fluid half full to indicate the gap, (b) DANTEC

Dynamics 2D-PIV system.
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Figure 2. Schematic illustration of the PIV experimental setup for measurement of a large size

Taylor-Couette flow reactor.
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Figure 3. (a) Time averaged velocity field; and (b) Time averaged streamlines taken in the
measured section of Taylor-Couette flow reactor at different Reynolds number. The velocity
vector has been colour normalized by the maximum velocity for the corresponding Reynolds

number case.
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Figure 6. Time averaged Q/(Q) contour of different Reynolds number: (a) Re=7300, (b)
Re=11500, (c) Re=15000, (d) Re=21300.
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Figure 7. Time-averaged T, /(T,,) contour of different Reynolds number: (a) Re=7300, (b)
Re=11500, (c) Re=15000, (d) Re=21300.
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Figure 8. Instantaneous streamline sequence of different Reynolds number: (a) Re=7300, (b)
Re=11500, (c) Re=15000, (d) Re=21300.
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Figure 9. The core position variations of Taylor vortices at different Reynolds number: (a)
Re=7300, (b) Re=11500, (c) Re=15000, (d) Re=21300.
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= 7200, (b) Re = 10800, (c) Re = 14400, (d) Re = 21600.
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