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Abstract. Mixing within a Taylor-Couette flow cell has beamalysed by measuring velocity and
concentration fields in a concentric cylinder vésgdow and mixing properties have been compared
for the Taylor Vortex Flow (TVF) regime and the Wavortex Flow (WVF) regime. The presence of
an azimuthal wave results in reduced concentrafiadients in the axial direction in significantisk
time than for the TVF regime. The mechanism agricéllular mixing via axial mass transfer near the
cylinder walls is elucidated through time-resolwetbcimetry and flow visualisation.
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1. INTRODUCTION

The flow in the annular gap between two concemylmders has been extensively studied by
experts in the field of fluid mechanics, most faslglby G.1. Taylor, who correctly predicted
the form and onset of Taylor vortex flow instalyiliising Linear Stability Analysis [1]. In
more recent decades research has focused on @reiagt more complicated flow regimes
within these vessels as a function of key pararaetach as Reynolds numb&g, vessel
geometry, and acceleration rates. Modern expetah@md computational techniques have
provided the opportunity to understand these flowgreater detail.

Concentric cylinder vessels with or without tonous axial flow are used across different
industries for a variety of applications, includitiguid-liquid extraction, filtration, and
emulsion polymerization. Taylor-Couette and ott@mcentric flows have also recently been
utilized and studied for bioreactor applications; éxample the cultivation of cells, blood
detoxification, or the shearing of proteins. Vetam and Joshi recently reviewed a number
of Taylor Couette flow studies relevant to annutantrifugal contactor applications but
identified several remaining gaps in the quantifara of mixing properties such as mass
transfer, heat transfer, and axial dispersion [2].

Much of the progress toward quantification oiximg properties has been made by
employing numerical methods, such as the simulatdnparticle dispersion [3, 4].
Experiments have also been used to measure anelatermixing properties, particularly
axial dispersion. For example, Akonur and Luept®sdivelocity fields, measured with PIV,
to predict the pathlines and mixing properties aftigles seeded within Taylor-Couette flows
[5]. Ohmura et al. electrically measured tracanaemtration at two different axial positions
and used this to estimate the axial dispersionficgeit [6]. Axial dispersion in a Taylor-
Couette vessel with axial flow was estimated usipg imaging and a tank-in-series model by
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Zhu et al [7]. Mordocally resolve properties, such agpatially variabl energy dissipation
rates and micromixing timebave beeicalculated from PIV and torque measurement dai
Racina and Kind [8].Coufort et al. used a combined numerical and erjental approach to
relate floc size tourbulent energdissipation and eddy scales [Most experimental studie
however, have not quarigfi mixing within the annular region i spatially and tim
resolved manner.

In the current study twdimensonal time-resolvedParticle Image Velocimetry (PIV) ar
Laser Induced Fluorescence (L have been used to visua&@isnd quantify mixing in tw
different flow regimes, namely the Taylor Vor Flow (TVF) and Wavy Vortex low (WVF)
regimes. The combinatiarf thesenon-intrusivetechniques provides an ofrtunity to study
rates of intercellular and inicellular mixing, as well atheir mechanism For example, the
data may be used to derjwsith high accurac useful parameters such as axial dispers
intensity of segregatiomixing time,and intermixing coefficient.
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Fig.1. Schematic representation of (a) PIV andL{5) experimental configuratior

2. METHODOLOGY

The experimental flow cmabel consisted of a Teflomner cylinder and thin-walled glass
outer cylinder. The outer cylinder was mounted vertically betwega Perspex blocks, ar
the inner cylinder was mounted directly onto a @rdhaft. The two cylinders were aligned
means of machined grooves in the lower Perspex! The inner radius of the annular flc
region,r;, was therefore defined by the radius of the Teflginder (20.6mm) and the out
radius of the annulus was given by the inner radiube glass cylinder (25.5mm) resultinc
a radius ratio of 0.808 amah annular gap distar, d, of 4.9mm. The height of the flui
region,H, was 55mmwhich gives an aspect ratH/d = 11.2. The aspect ratio and radi
ratio are significant as they affect the developnadéithe flow, particularly in the wavy vorte
flow regime. A square chamber was located outside the glasedeyliand was filled wit
water to reduce refraction caused by the curvethsairof the cylinder. This outer chaml
consisted of four glass plates positioned in maaghigrooves in the lower Peex plate. A
stepper motor (SmartDrive Ltd, Cambridge, UK) wasumted to a steel plate above the fl
chamber. The motor was controlled by a 52,000 astep/revolution controller whic
provided excellent accuracy at the rotational sprequired in ths investigation (33rpm
<95rpm). Columns at the four corners of the flos¥l evere used to align the two Persj
plates and the motor platdistilled water was used as a fluid medium forexdperiments.
The temperature of the water was monitore improve Re accuracy for a fixed rotation
speed.



Experimental configuration diagrams for PIV ahtF are shown in Fig.1l. These
technigues were both conducted on a region of thedmonal ¢-z) plane in the gap between
the two cylinders, at a distance of at leadta@vay from either endwall. Both techniques
utilise a light sheet, which in this case consigiéd vertically expanded beam from a pulsed
Nd:YAG laser (Dantec Dynamics, Denmark), which leasvavelength of 532nm and a
maximum output of 25mJ. For PIV studies the lases run in double-pulsed mode at
acquisition frequencies up to 100Hz. Silver-coatetlow glass spheres with an average
diameter of 10m and specific gravity of 1.1g/cnwere added as seeding particles. 1021
pairs of illuminated particle field images, sepadaby a time interval of 600 to 1000us, were
captured using a CCD camera and timing box. Orasked to the dimensions of the gap the
images were 284x1024 pixels in size. Adaptive comssgelation was used with an initial
interrogation area of 64x64 pixels and a final ap€82x32 pixels with 50% overlapping.
For each flow case 1021 pairs of images were aedait either 20Hz or 100Hz.

As shown in Fig.1, the optical set-up for LIRRsvsimilar to the PIV system. During
experiments, a fluorescent marker consisting of dRihine 6G solution was slowly and
carefully injected into the flow through an orifieéthe top surface of the rig. Rhodamine 6G
has a maximum absorption wavelength of 530nm, airmam emission wavelength of
560nm and very little temperature or pH sensitivey was suitable for this application. A
narrow-band optical filter suited to the dye enmussispectrum was used to increase the
linearity between CCD camera pixel intensity and dgncentration. Before running the LIF
experiments images of fully mixed dye solution afwing concentrations were captured and
then a calibration curve was processed for eachl.piA suitable injection quantity for the
experiments was chosen on the basis of providirgqaate dynamic resolution without
exceeding the limits for linearity and with reducedpact on the flow. Images of 250us
exposure length were acquired at 16Hz for the T&$eand 50Hz for the WVF case.

3. RESULTS AND DISCUSSION
The Reynolds number of flows within the Taylor-Ctiaevessel is determined by:

Re=rd / Q)

where is the kinematic viscosity of the working fluidh& critical Reynolds number above
which Taylor vortex flow is initiated was estimatagRe 98 using the analytical method of
Esser & Grossman [10]. This value was validatsthgiparticle flow visualisation, to within
the Reynolds number accuracy of the experimenfaduagbus. AtRe 95 no meridional plane
motion of particles could be clearly discerned, s atRe 100 an helical motion was
apparent, indicating transition from the circulasu€tte regime to the Taylor vortex regime.
The critical Reynolds number can be used to defirmduced Reynolds number:

Re*=Re/Re (2)

Velocity, vorticity and local concentration dataepented in this paper correspond to &
values. The first case wae=330 Re*=3.4), which was observed to lie within the TVF
regime for this vessel geometry. The second casRe&-950 Re*=9.7), which corresponds
to the WVF regime. Power spectra of velocity flations were processed to confirm that
there is no significant wave Re*=3.4 and a single dominant frequencyRat=9.7. AnRe*
value of 3.4 is higher than that for the transittoWVF reported previously [11], however
given the sensitivity of the flow to geometric paegters such as the aspect ratio, it might be
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reasonable to expect a delayed secondary trangitilows of low aspect ratio such as that
studied here. Indeed Wang et al. observed su@naition occurring aRe*=5.5 [12].
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Fig.2. Comparison of the time-averaged meridionianp flow atRe*=3.4 and Re*=9.7. Axial positions are
taken from the bottom of the vessel and are nosmdliby d. Radial positions across the gap are also
normalised by d, with the inner cylinder wall casponding to (r-)/d=0 and the outer cylinder wall at
(r-rp)/d=1. (a) Re*=3.4, velocity vectors; (b) Re*=3.dontours of / ; (c) Re*=9.7, velocity vectors; (d)
Re*=9.7, contours of /

Fig.2 represents time-averaged velocity, ( ;) fields and azimuthal vorticity ()
corresponding t&ke*=3.4 andRe*=9.7. Re*=3.4 is characterised by a stack of vortices in the
meridional plane. The flow topology varies littigth time, so the averaged fields in Fig.2(a)
and (b) provide a reasonable representation ofiéiveloped flow. The vortices are arranged
in counter-rotating pairs, with each vortex haviagsimilar magnitude of velocity and
vorticity to its pair. Each vortex is bounded bystaong radial inflow and radial outflow.
Thin regions of opposite sign vorticity occur odtsieach vortex. These regions do not
represent separate vortices but are a producteofrtddient d,/dr changing from positive to
negative, or vice-versa, near the outer wall. Allsineffect on the inner wall was not resolved
by these measurements.

In the TVF regime little vortex boundary movemerdcars and there is no apparent
transfer of fluid between vortices. Fig.3 consistsconcentration fields corresponding to
different times following dye injection. Each cemdration value shown is averaged over 160
frames or 5.T., whereT is the time taken for one revolution of the cylindéhis averaging
IS necessary to investigate intercellular mixing, tae dye is not uniformly distributed
throughout the vortex tubet* is the time normalised by, with t*=0 corresponding to the
completion of injection. Concentration values, gthare normalised by the Rhodamine 6G
concentration of 1ml of injection solution dilutéd the cell (~2.9x1dg/l), are initially
significantly higher near the upper end of the,csliere injection occurs. The intercellular
mixing can therefore be monitored by comparing eot@tion fields at different times after
injection.
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Fig.3. Meridional plane dye concentration fieldsRa*=3.4 time-averaged over (a) 5T¢ 62; (b)453 t* 458;
(c) 680 t* 685; and (d) 1530 t* 1535. Concentrations shown are normalised by thection solution
concentration.

For the ideal TVF regime case there shouwitetically be no convective mass transfer
between vortices, however in practice the dye a&lgally dispersed by diffusion, chaotic
advection or perhaps as a result of imperfection$he apparatus, e.g. slight asymmetries in
the cylinders or their alignment. Nevertheleks, mixing time appears to be large, as a clear
concentration gradient in the axial direction remedi when the test was stopped*atl535,

45 minutes after injection (Fig.3(d)).
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Fig.4. Instantaneous velocity vector fields at f@amints over an azimuthal wave cycle at Re*=9.7. t{=0;
(b)t*=0.21; (c) t*=0.42; and (d) t*=0.63. The wawvgeriod was calculated to be 0.84T
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As shown in Fig.2(c) and (d), Be*= 9.7 there are fewer vortices along the axial dioect
of the measurement field than Be*= 3.4. The topology of the vortices also noticeably
differs from the TVF regime. The strength of thetices is increased for the higheecase,
which is consistent with previous analytical préidics [13] and experimental observations
[14]. The normalised vortex strength, , averaged with respect to time and all vortices in
the field of view, was 28.0 &e*=3.4 and 49.0 a&Re*=9.7.

The flow atRe=9.7, while retaining rotational symmetry, is ranger approximately time-
independent and is characterised by a single ahahutave. The wave period was estimated
to beT,, = 0.84T; from the power spectrum of the velocity field. elimstantaneous velocity
vector field over one wave period is shown in Fig@ver one cycle the vortices alternate in
size and strength, while remaining in approximatleky same locations. was found to
vary between approximately 40 and 60 over eaclecycl

As previously observed by Wereley and Luept@idf,| the velocity vector fields imply an
axial transfer of fluid between vortices which tsoagly dependant oRe*. As one vortex
decreases in size fluid appears to be transporntedlyato an adjacent vortex. The wavy
motion is also associated with a periodically-ocogr axial flow that winds around the
vortex boundaries. For example, in Fig.4(b) tregspears to be a net flow in thedirection
between the upper two vortices while in Fig.4(dis tis reversed to a net flow in the
direction. The amplitude and frequency of vortecilbation is strongly dependent dte?*,
and an increase iReleads to the eventual formation of modulated waostex flow. For
Re*=9.7, however, the measured wave was particulargng, so this case provides a
pertinent example of wavy vortex flow.

The transfer of fluid between two adjacent e in WVF is visualised by fluorescent dye
images acquired during LIF experiments. The imagesample of which is shown in Fig.5,
provide a clear visualisation of mass transfer ketwvortices associated with the periodic
vortex motion. This is most apparent in the regiear the inner cylinder (the left hand side
of each image), where the lines of die near théexdooundary appear to deform and stretch
in an oscillatory manner. Mass transfer of dye rap occur in the outer cylinder region,
however excessive diffraction caused by the oufessgcurvature prevented adequate
resolution of the local mixing in this region.

(@) (b) (€) (d) (€)

Fig.5. Laser fluorescent dye images of adjacentie®s at Re*=9.7. (a) t*=0; (b)t*=0.19; (c) t*=0.3; (d)
t*=0.59; and (e) t*=0.78. The inner cylinder isdated on the left hand side of each image corredpado the
inner cylinder while the right hand side is closelie outer cylinder wall.



As a result of the wave-induced fluid transferixing occurs much more rapidly at
Re*=9.7 than aRe*= 3.4. Fig.6. illustrates local concentration fieltdifferent stages after
the initial dye injection. Even by the first pqikig.6(a), which corresponds to 28 28, the
dye concentration is relatively uniform both witheach vortex and between vortices,
compared with the first concentration field shown theRe*=3.4 case. By Fig.6(b), at 132
t* 136, the shape of the vortices is difficult to migtish due to the more uniform
concentration of dye. The concentration field appeonsiderably more uniform at the final
point shown, 512t* 516, than it did at 1530t* 1535 for theRe*=3.4 case. In practical
terms, the final point shown for tHee*=9.7 case was captured approximately 5.5 minutes
after injection, much sooner than the time at whitkRe*=3.4 case was ceased.

(a) (b) (© (d)

Fig.6. Meridional plane dye concentration fields Re*=9.7 time-averaged over (a) 23* 28; (b) 132
t* 136; (c) 388 t* 392; and (d) 512 t* 516. Concentrations shown are normalized by thectipn solution
concentration.

4. CONCLUSIONS

The combination of optical-based time-resolved flamd concentration field measurement
across the meridional plane of Taylor-Couette flpmvides an opportunity to study the
mixing performance and mechanisms in great detéile effect of wavy vortex motion on
mixing is quantified here by comparing PIV and Ldata atRe*=3.4 andRe*=9.7. As
expected, dye injected at the top of the Taylor&@wucell in the WVF regime becomes
uniformly distributed in the meridional plane irgsificantly less time than for TVF. The
dominant mechanism for intercellular mixing in tW&/F regime is the periodic axial flow
associated with the azimuthal wave, which transfielid across the vortex boundary in the
region near the cylinder wall. In the TVF regimieist motion is not obvious, and
consequently mixing occurs much more slowly, presignmostly as a result of diffusion or
chaotic advection across the vortex boundariesarmsxtension to this preliminary study, the
LIF data may also be used to derive Intensity ofjr&gation decay curves and other
parameters that characterise intra and intercelinlaing in both the and directions.
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5. NOMENCLATURE

d Annular gap distance

ri Inner cylinder radius

H Axial height of flow cell working section

Re Reynolds number

Re. Critical Reynolds number

Re* Reduced Reynolds number

t* Time, normalised by,

T, Cylinder rotation period

Tw Wave period

U, U Radial, axial velocity components
Kinematic viscosity
Circulation

Azimuthal vorticity
Inner cylinder rotational speed
r, Z, Cylindrical coordinates
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