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ABSTRACT width 2d, is attractive because it is easy to fabricate, can fa-

An experimental investigation of water flow in a T-shaped cilitate high- and low-throughput mixing, and, when built on a
channel with rectangular cross section (20 x 20 mm inlet ID and chip, permits fabrication of on chip-reservoirs or the attachment of
20 x 40 mm outlet ID) has been conducted for a Reynolds num- macroscale tubing, as a T-shaped geometry provides maximum sep
ber Rerange of 56 to 422, based on inlet diameter. Dynamical aration of inlet/outlet ports. Multiple numerical simulations have
conditions and the T-channel geometry of the current study are ap- predicted that a T-channel is also capable of effective mixing when
plicable to the microscale. This study supports a large body of nhu- an asymmetric two-vortex flow regime, identified from the planar
merical work, and resolution and the interrogation region are ex- topology in the T-channel junction and denoted engulfment flow in
tended beyond previous experimental studies. Laser induced fluo-the initial work of Kockmanret al. [21], occurs at moderatRe
rescence (LIF) and particle imaging velocimetry (PIV) are used to The numerical work of Kockmanet al.[21] has generally identi-
characterize flow behaviors over the broad rang&efvhere re- fied an engulfment flow regime for 188 Re< 233, whereReis
alistic T-channels operate. Scalar structures previously unresolvedthe Reynolds number based on the inlet hydraulic diameter.
in the literature are presented. Special attention is paid to the un- Experimental characterizations of T-channel mixing have been
steady flow regimes that develop at moderdte which signifi- limited by challenges associated with microflow interrogation, and
cantly impact mixing but are not yet well characterized or under- measurements to date have been largely non-local. Egigabf22]
stood. An unsteady symmetric topology, which develops at higher used integral measurements of inlet and outlet pressure to estimatt
Reand negatively impacts mixing, is presented, and mechanismsthe onset of engulfment flow based on a sharp rise in pressure drop
behind the wide range of mixing qualities predicted for this regime Their results suggested a geometry-depen@erdnge (broader by
are explained. An optim&eoperating range is identified based on approximately 30% when compared to the numerical predictions
multiple experimental trials. of [21]) for the onset of engulfment flow. Kockmarat al. [23]

computed a volumetric measure of mixing from dye concentration
measurements at the outlet, and found a continual increase in mix-
INTRODUCTION ing quality with increasingrefor moderate Reynolds numbers, and

Microscale fluid mixing applies to lab-on-a-chip analytical mi-  a near-constant mixing quality at higher Reynolds numbers. Both
crofluidic devices and drug delivery systems [1-3], miniaturized Wonget al.[24] and Engleet al.[22] used dye-visualization tech-
turbines, engines, and chemical reactors [4—6], and electronic chipniques to visualize engulfment flow in the outlet channel from a
cooling [7]. Despite challenges such as high pressure drops, hightop-wise vantage point. Local flow structure was not resolved.
surface-to-volume ratios, and limited fabrication techniques [8—11], The recent numerical publications of Hoffmaginal. [25] and
effective mixing has been achieved in laboratory settings with active Botheet al.[26] considered the impact of chemical reaction on mix-
mixing mechanisms such as pulsed electromagnetic fields and inte-ing quality at the outlet. In 2009, the existence of unsteady flows at
grated pumps and valves, [12-14] and complex microgeometries moderatéRewas predicted in computational fluid dynamics (CFD)
that promote flow reorientation and lamination [15-20]. Fabricat- simulations by Dreyer [27¢t al. Unsteady regimes have not yet
ing these clever micromixers can be undesirably complex. been experimentally characterized, and the need for good experi-

A simple T-channel geometry, with square inlet ports of hy- mental data was stressed in [27]. The primary goals of this study
draulic diameterd and a rectangular outlet port of heigthtand
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FIGURE 1. Schematic of the symmetric T-channel apparatus, top view.
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FIGURE 2. Schematic of the three-camera, planar LIF system in the T-
channel outlet. Photodetector locations are indicated in the figure. Note
that photodetector locationgD = 1.5, 3.5, and 5.5 are within the viewing
plane of camera 1, whibe/D = 10.5, andk/D = 15.5 and 20.5 are captured

by cameras 2 and 3, respectively.

tinuous argon-ion laser and a cylindrical lens were used to create a
laser sheet. To record flow behavior in real time, three simultane-
ously employed high-resolution camcorders (30 Hz recording rate)
were mounted atop the T-channel. A schematic of the LIF system

are to provide such data, and to describe both steady and unsteadys spown in Fig. 2. Note that coordinatés/? = (000) mark the

behaviors with whole-field and discrete point interrogations that are
temporally and spatially resolved beyond what is currently available
in the literature. Additionally, this paper seeks to elucidate numeri-
cally predicted mixing trends on a fundamental level, to include an

examination of scalar structures that have previously been numer-

ically (due to numerical diffusion in [25-27]) and experimentally
unresolved.

EXPERIMENTAL APPARATUS

A T-channel test section was fabricated using two 1.22 m long
sections of rectangular glass tubing of 20 x 20 mm ID (inlet chan-
nels), and 20 x 40 mm ID (outlet channel). To affix these together
in a T-configuration, an opening was machined mid-length into the
sidewall of the smaller channel. Glass tubes were miter-fit to ensure

a smooth T-channel connection and sealed with silicon. The glass

T-channel was solidly affixed to stiff alumalite backing, and then
to a specially constructed aluminum table. Inlet glass tubing was
joined to 25.4 mm ID square aluminum tubing on each side of the
junction for a total inlet-to-inlet length of 3.66 m. Leveled gravity-
fed inlet tanks of 40.64 x 40.64 cm footprint and 36.48 cm depth
were used to drive the flow. It is noted that 1) inlet lengths of the

center point of the T-channel junction.

Spanwise concentration profiles were extracted from scalar
concentration fields for downstream locationsxgd = 1.5, 3.5,
5.5, 10.5, and 15.5. Dimensional concentration data were normal-
ized by 1) subtracting average concentration profiles at #abh
location as determined from LIF images of a homogeneous, mean-
concentration flow field, and 2) dividing the result by one-half of the
difference between the concentration profiles at the same location
for a homogeneous high-concentration and clear-fluid flow field.
The resulting non-dimensional concentration profdeg/D) vary
from 1, when high concentration fluid is present, to -1, when clear
fluid is present. Fast Fourier transforms (FFT’s) of non-dimensional
concentration profiles were performed to quantify the length scales
associated with concentration distributions at egth location.

Combined Planar- and Point-LIF

Planar LIF in the T-channel junction was employed simultane-
ously with point-LIF at discrete outlet-channel locationsxpb =
1.5, 3.5,5.5, 10.5, 15.5, and 20.5 to correlate the evolution of flow
structure in the junction with downstream advective behavior. A
schematic is shown in Fig. 3. Note that coordingtes) = (000)

T-channel apparatus are sufficient to ensure that flow reaching themark the center point of the T-channel junction. Point-LIF (Fig. 3)

junction is fully-developed, 2) the T-channel apparatus was leveled has three main experimental components: 1) photodetectors, whick
over the length, with special care given to the T-junction such that are sensitive rapid-response photodiode circuits that detect outpu
it is locally level, and 3) symmetry between the inlets is maintained intensity, 2) a longpass filter sandwiched between two identical
with equivalent tubing lengths and attachment fittings. A schematic plano-convex lenses to collect directed intensity from a discrete
of the T-channel apparatus is shown in Fig. 1. Flow rate was ad- point within the channel while attenuating scattered light, and 3)
justed between trials by varying the height differential between the beams of laser light, directed gD locations by fiber optics and
inlets and outlet. (nearly) recollimated by integrated gradient index (GRIN) lenses,
which illuminate the flow.
A Coheren® brand continuous argon-ion laser illuminated the

MEASUREMENTS & DATA REDUCTION flow, and a beam splitter (not shown in Fig. 3) facilitated simul-
LIF in the Outlet Channel taneous measurements by directing half of the output laser energy

Planar LIF visualizations in the outlet channel mid-plane were through a cylindrical lens to create the laser sheet for planar LIF,
used as a qualitative indicator of mixing behavior. The total inter- and the other half through the fiber optic bundle for point-LIF inter-
rogated area was 0.04 x 0.410 m, or the width of the outlet channel rogations. A high-resolution camera recorded planar LIF visualiza-
and a length of> 20D downstream, wher® is the hydraulic di- tions in real time, and a LabView data acquisition system captured
ameter of the inlet channeB,= 20 mm. A Coheref® brand con- each photodetector response (a voltage signal) for point-LIF mea-
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FIGURE 3. Schematic of simultaneous point-LIF in the outlet channel

and planar-LIF in the T-channel junction, top and side view. Note that
mounting distances above the channel for the longpass-filter/lens array cor-Mass Flow Rate
respond with the effective focal length of the plano-convex lenses. To compute the Reynolds number, mass flow rate was mea-
sured with a dynamic-weighing procedure (weight of fluid collected
o . in a container over a measured time interval) at the outlet and halved
surements. Uranine, in concentrations08 gim*, was addedtoa 5 calculate an average Reynolds number in each channel. The
single. inlet tank and serveq as the .passive, _fluorescing_ scalar. Thedynamic-weighing method was chosen for its relatively low uncer-
Schmidt numbefScfor uranine dye in water is- 10°. Point-LIF tainty and ability to accommodate a wide rangeRef Per hydro-
voltage signals were conditioned by 1) subtracting an average out-siaic equilibrium, tanks must maintain the same fluid height above
put voltage as determined from calibration on a mid-concentration the gytlet, and the assumption of equivalent drain over a finite time
homogeneous flow field, and 2) dividing the result by one-half of iyteryal is valid for two hydrodynamically connected tanks if: 1) in-
the difference between voltages output for a homogeneous high-|et tanks are of equivalent cross-sectional afda0 that changes in
concentration and clear fluid flow field. The resulting signals repre- f|,id volume Q) are equivalent@; = Ahy x Ay = Ahy x Ay = Qy),

sent scalar concentration in the channel centerline with tottg, and 2) fluid properties and inlet channel dimensions on both sides
and vary between the limits aft) = 1 andc(t) = —1 for an inter- of the junction are identical. In the present experiment, equivalency
rogated_volume of high-concentration and zero-concentration fluid, ¢ inlet channel flow rates is expected, but was additionally veri-
respectively. fied with PIV measurements in both inlet channels. Time intervals
were measured with a digital stopwatch. Averaging times for each
PIV in Three Planes flow rate were chosen such that the uncertainty in measured mas:

Planar PIV was used at multiple locations in the T-channel Was< 1%. Temperature was measured in the center of each inlet
junction and outlet channel to reveal the three-dimensional struc- tank at the beginning and end of each trial to compute property val-
ture that impacts mixing. For PIV measurements, both inlet tanks U€s, and to ensure that constant and equivalent temperatures wer
were doped with um glass beads of specific gravity 1.04. A maintained over the time period of each experimental trial (45 to 70
pulsed Newwave Nd:YAG-laser of 532 nm wavelength with inte- Minutes). Total relative uncertainty Re considering temperature,
grated light-sheet optics was used to illuminate the flow. A charge channel dimensions, digital scale and timing uncertainties, was cal-
coupled discharge (CCD) camera with a 32 Hz frame rate was usedculated as nominally 5.4%.
to image the flow. Vector fields were generated from raw PIV im-
ages. The PIV sampling rate was approximately 1 complete vector
field per second. Machined hardware mounts were used to rigidly RESULTS AND DISCUSSION
fix the camera, laser and T-channel orthogonally, and the 1.1 mm Flow Regimes
thick laser sheet was positioned with a linear stage system of 0.5 Fig. 5a and Fig. 5b show symmetric and asymmetric topolo-
mm resolution. A schematic of PIV interrogation planes is shown gies, respectively, that occur in the T-junction at |I®e Flows
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FIGURE 5. LIF images in the junction centerplaneaD = 0 for (a) FIGURE 7. LIF still frames extracted in two-second intervals for un-
steady symmetric flow at loRe (b) steady asymmetric flow, (c) unsteady ~ Steady asymmetric flow in the junction centerplaxe-(0) for Re= 390.

asymmetric flow, and (d) unsteady symmetric flow at higRer Doped
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FIGURE 8. Schematic of unstable streamline oscillation for unsteady
symmetric flow at higheRe
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FIGURE 6. LIF still frames extracted in two-second intervals for un-
steady asymmetric flow in the junction centerplare-(0) for Re= 290. entangled in the vortex in the lower right quadrant. Note that op-
posing motion, which is partially obscured by reflection, has si-
multaneously occurred at the top wall, where clear fluid has moved
at the lowestRe are symmetric aboug,z = 0 and include both leftward across the vertical centerline to participate in the vortex in
stagnation-point flows (at the loweRe and the four-vortex flow the top left quadrant. Time-sequenced LIF images of this process
shown in Fig. 5a. Flows at moderdie Re> 135 in this study, are shown Fig. 7.
transition to the asymmetric, co-rotating two-vortex topology of The schematic in Fig. 8 depicts the near-wall reallocation of
Fig. 5b. Both regimes have been described in the literature [21-26]. mass and momentum that occurs with unstable stagnation stream
LIF video indicates that symmetric and asymmetric flows atRev line oscillation. From Fig. 8a to b, an increasingly off-center stagna-
(Fig. 5a and b) are perfectly stationary. tion streamline leads to greater disparity in vortex size and strength.
Unsteady asymmetric flow shown in Fig. 5c is characterized Diminished vortex/saddle point pairs (upper right and lower left
by a shear-layer like roll-up of the fluid interface in which repeating quadrants in a and b) move nearer to the wall, and, if sufficient
patterns of two and four vortices appear, roll along the unsteady in- momentum is redirected, disappear from the plane (Fig. 8c). Impor-
terface, and annihilate. Time-sequenced LIF images of this processtantly, if small secondary vortices appear (upper left and lower right
are shown in Fig. 6 foRe= 290. As indicated by Fig. 6, unsteady  quadrant, Fig. 8c) and are sufficiently strong, movement to Fig. 8d,
asymmetric flow in the T-channel junction is oscillatory, and two- in which the cycle begins to repeat, will be delayed by the tempo-
and four-vortex topologies reoccur at regular intervals. Reynolds rary transition to asymmetric shear-layer flow (as in Fig. 6). Hence,
numbers between 190 and 240 marked the onset of unsteady asymunpredictable breaks from symmetry occur as flows oscillate be-
metric behavior in this study. Unsteady behaviors have been nu- tween rightward and leftward asymmetries, but a high-degree of

merically predicted to occur fdRe= 180 [26, 27]. symmetry on average persists. Unsteady symmetric flow occurred
At higherRe there is a reemergence of symmetry in the junc- in this study forRe> 335.
tion, as shown in Fig. 5d. Flow in Fig. 5d is also periodic, as un- A periodic four-vortex state was predicted in the numerical

stable stagnation streamlines at the top and bottom walls move al-simulations of Telibet al. [28] for a T-shaped mixer with circular
ternately rightward and leftward about the vertical centerline. This inlets, but has not yet been detailed in the literature for a square-
behavior is most visible in Fig. 5d near the bottom wall, where dyed channel T-mixer. Oscillatory behaviors, denoted periodic pulsating
fluid has moved rightward across the vertical centerline to become and quasi-periodic pulsating flow based on the reproducibility of
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FIGURE 9. Time-averaged PIV vector fields and streamlines for asym- FIGURE 11. Time-averaged vector fields and streamlines for symmetric
metric two-vortex flow in three viewing planeReg= 250. four-vortex flow in three viewing planeRe= 350.
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FIGURE 10. Instantaneous planar LIF image for unsteady asymmetric
flow in the outlet channel centerplange=£ 0) for Re= 290 andx/D = 0 to
5.6. Markedx/D locations correspond to PIV data in Fig. 9

FIGURE 12. Instantaneous planar LIF image for unsteady symmetric
flow in the outlet channel centerplange=£ 0) for Re= 390 andx/D = 0 to
5.6. Markedx/D locations correspond to PIV data in Fig. 11

vortex breakdown in the outlet channel, were numerically predicted . o _ .

in [27] for Re> 180. Importantly, the results of this study indicate ~ "ght vortex consists of significant amounts of left-inlet fluid, and
that the transition point between these flow regimes is associatedVice-versa. In contrast, unsteady symmetric flows in Fig. 11 are
with the reemergence of flow symmetry, or a change from Fig. 5¢ characterized, for time-averaged data in all three planes, by a sym-

to Fig. 5d, that negatively impacts mixing. metric four-vortex structure that separates right and left incoming
flows.
The impact of asymmetry on the concentration distribution in
The Impact of Asymmetry the outlet channel is dramatic, as Figs. 10 and 12 indicate. En-

The topologies shown in Figs. 6 and 7 correspond to com- tanglement of oppositely dyed streamlines in an asymmetric vortex
plex, three-dimensional vortex structures that extend into the out- structure (Fig. 9) results in an outlet flow field with small scalar
let channel and significantly impact mixing. To illuminate the im-  |ength scales, and substantial redistribution of incoming concen-
pact of asymmetry, consider Figs. 9 and 11, which display time- tration, Fig. 10. Significant amounts of high-concentration fluid,
averaged PIV data in three planes for asymmetric and symmetric which has entered the left inlet, or the top of Fig. 10, are now visi-
flow, respectively, and Figs. 10 and 12, which display correspond- ple on the right side, or bottom half of Fig. 10, of the outlet channel,
ing flow fields in the outlet channel midplane-{z plane aty = 0, and vice-versa. The outlet channel flow field in Fig. 12 is signifi-
see Fig. 2.) cantly more segregated about the outlet channel centerline. Span

As shown in Fig. 9, asymmetric flow is characterized by sig- wise advection in the outlet channel in Fig. 12 is insufficient, in the
nificant entanglement of right and left incoming fluid streamlines absence of asymmetry, to mix incoming flows.
in the corotating vortex structure. Streamlines entering the junction
from the left, for example, (see Fig. /D = 0, streamlines origi-
nating from—0.25< y/D < 0 at the left boundary) crosgD = 0 Outlet Channel Flow Fields
to participate in the right vortex. As flow moves down the channel, Outlet channel flow fields are presented in Fig. 13 for all flow
from x/D = 0 to 1.175 in Fig. 9, increasing amounts of near-wall regimes, and reveal the effect of flow structure in the T-channel
rightward and leftward streamlines cross the vertical centerline to junction on mixing to greater than 20 diameters downstream. Sym-
participate in oppositely-located vortices, andXp = 1.175, the metric flows shown in Fig. 13a and d are visually segregated
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throughout the interrogation region; in (a), diffusion occurs only
at the central interface, in (b), spanwise advection has redistributed
some incoming fluid, but large homogenous blobs, upon which dif-
fusion cannot readily act, are still apparent in the flow field. Un-
stable stagnation points (Figs. 7 and 8) have resulted in limited
streamline entanglement of oppositely-dyed fluid in outlet channel
corner vortices (beginning neayD = 1.5 and extending ta/D

= 2.5 in Fig. 13d), but this is not widespread. Flow structures in
Fig. 13d are largely convected fefD > 5.5.

Asymmetric flow fields in Figs. 13b and c¢ are characterized
by smaller scalar structures, greater redistribution of incoming con-
centration, and qualitatively well-mixed flow fields kyD = 20.5.

Fig. 13b is especially revealing, and fine lamellar structures pre-
viously unresolved in the literature are visible. Vortical structures
visible atx/D = 1.5 correspond to the asymmetric co-rotating vor-
tex pair (Fig. 5b) that extends into the outlet channel and defines a
highly rotational region. An additional large vortex pair described
in [23] is visible in Fig. 13b beginning upstreamxfD = 3.5 and
extending tax/D = 5.5. From Fig. 13b, the co-rotating vortex pair
has the most significant impact on concentration redistribution, and
flow structures appear largely convectedxpb > 5.5.

To quantify the impact of asymmetry on scalar length scales,
non-dimensional concentration profile$z/D) (extracted from
Fig. 13 at discretex/D locations) are shown in Fig. 14. Fourier
transforms X (k) of non-dimensional concentration profiles are
shown in Fig. 15. Wavenumbekgorrespond to flow length scales;
incoming scalar length scales are of magnitidend correspond,
in Fig. 15, to wavenumber compondnt 2 (or equivalently to a
wavelength that is one-half of the outlet channel width o0).2Bs
shown in Fig. 13, concentration length scales are significantly re-
duced with asymmetric flow. Spectra shown in Fig. 15Re= 310
and Re= 220, for unsteady and steady asymmetric flow respec-
tively, contain significant high-wavenumber components that are
more rapidly homogenized by diffusion. Far less length scale re-
distribution is present in the spectra fee= 400 andRe= 105 in
Fig. 15, for unsteady and steady symmetric flow respectively, where
the initial scalar length scale is still visible in tixgk) spike atk =
2.

wherel the characteristic length or striation thickness over which
diffusion must occurD is the inlet channel diameter, aféis the
Peclet number, equivalentRex Sc For symmetric flow, dominant
length scald =~ D in the outlet channel (Fig. 133e= 105), and
from Eqn. 1

(X/D)m~ Pe (2)

For asymmetric flow, incoming length scdleis significantly re-
duced such that, by the end of stirring regigfD < 5.5, be-
yond which flows appear largely convected, dominant length scale
| ~ D/3 (Fig. 15,Re= 220). Hence, for asymmetric flows, Eqn. 1
becomes

(X/D)m~ Pe/3 3
Dependence of mixing length dPe in Egns. 2 and 3 is linear
and suggests a three-fold reduction in mixing len@g¢fD)m with
asymmetric flow. Bear in mind that this is based only on length
scale characterizations in the outlet channel centerplane; a three
to sixfold increase in mixing quality was predicted in the litera-
ture [21, 22, 25, 26] based on overall mixedness at the outlet.
Reduced scalar length scales are beneficial to mixing, but it
should be recognized that, while momentum fields are equivalent
for geometrically and dynamically similar T-channels, the overall
mixedness of flow fields shown in Fig. 13 will vary with size and
Sc Thus, scalar length scales in Fig. 14 and Fig. 15 will be of
similar magnitude relative to integral length scBidor smaller T-
channels, but significantly smaller in absolute scale and thus more
readily diffused. There is no loss of generality in such a fundamen-
tal approach, as the goal of this paper is to provide a detailed look
at flow structure rather than to present mixing characterizations.
Intuitively, any departure from conventional theory and boundary
conditions may also limit the applicability of the present study.
Roughness elements, which affect transport processes near the wa
and are increasingly non-negligible as surface-to-volume ratio de-
creases, are of particular concern on the microscale, and T-channel

Importantly, length scales associated with steady and unsteadywith significant surface roughness may be geometrically and behav-

asymmetric flows (Figs. 15 b and c) are similar for»gD loca-
tions, which suggests that advective mixing in the outlet channel
does not significantly reduce incoming length scales. This is also
indicated by Figs. 13b (steady) and c (unsteady), which have quali-
tatively similar concentration distributions and appear equally well
mixed atx/D > 20.5. Hence, similar mixing behaviors (account-
ing for different residence times with higher and lower flow rates)

might be expected for steady and unsteady asymmetric flows. Thus,

primary consideration should be given to maintaining an asymmet-
ric momentum field, whether flows are steady or not.

Length scales in Fig. 15 can also be used to assess expecte
mixing increases for asymmetric vs. symmetric flow regimes. To
quantify mixing improvement, an expression for non-dimensional
mixing length(x/D)m can be written, for flows where mixing oc-
curs purely by diffusion, as [29]:

(X/D)m ~ Pex | /D @)

iorally dissimilar from the present study. A good review of rough-
ness and MEMS is given in [30].

Periodicity and Mixing Impacts

Outlet flow fields for unsteady flow regimes (Figs. 13c and d)
are periodic, as indicated by point-LIF data at six discrete down-
streamx/D locations in the outlet channel centerline, shown in
Fig. 16, for unsteady asymmetric flows (a) and unsteady symmetric

(ﬁlows (b). Waveform time periods visible in Fig. 16 correspond to

he oscillatory processes (Figs. 6 and 7) occurring in the junction.
To quantify periodicity in the present study, autocorrelation
functionsR(7), wherert is an applied lag time, were computed for
point-LIF waveforms ak/D = 1.5 for all unsteady flows. Periodic
R(7) that are significantly nonzero for all lag times indicate repeat-
ing flow structure. An average autocorrelation vaRievas addi-
tionally computed for discret®e ranges by 1) extracting the av-
erage magnitude of all positive correlation peaks for each periodic
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(d) Re =400

FIGURE 13. Planar LIF results in the outlet channel for (a) steady symmetric flow atRew(b) steady asymmetric flow, (c) unsteady asymmetric flow,
and (d) unsteady symmetric flow at highee Tick marks delineate photodetector locations. Doped fluid is entering from the top in each figure.
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FIGURE 14. Concentration profiles fdRe= 105, 220, 310 and 400 (top
to bottom) extracted from the scalar concentration fields shown in Fig. 13
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FIGURE 15. Wavenumber spectra f&e= 105, 220, 310 and 400 (top
to bottom) extracted from the scalar concentration fields shown in Fig. 13
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TABLE 1. Periodicity of data, as indicated by the percentage of periodic
autocorrelation function®(1) observed for eacRerange. The average
correlationR is also shown. Waveforms associated with scalar concentra-
tion atx/D = 1.5 are used to calculaR{t) andR.

ReRange % Periodi®(t) R

200-249 100 0.59
250-299 100 0.35
300-349 92 0.30
350-399 75 0.23
400-422 50 0.18

R(1) andRe and 2) averaging the results. Note that high values of
R indicate that structures in the outlet channel are more precisely
repeated. The percentage of perioR{eg) and average correlation
Rare presented in Table 1 for discré®eranges.

Results in Table 1 suggest that, as predicted in [27], flows for
Re< 300 are strictly periodic. For 30@ Re< 399, flows are in-
creasingly aperiodic, and a declineRindicates that flow struc-
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tures are less perfectly repeated. Again, these data align with pre-FIGURE 16. Simultaneous planar-LIF in the T-junction (left) and point-

dictions of quasi-periodic flow for 30& Re< 375 [27]. Impor-
tantly, flows forRe> 400 are greater than 50% aperiodic, which
aligns well with numerical predictions of chaotic-laminar flows for

LIF in the outlet channel (right) for a) unsteady asymmetric flow and b) un-
steady symmetric flow. A 60 s interval is shown for point-LIF data. Voltage
signals have been scaled to represent concentretigrin the centerline,

Re> 375 [27]. Identification of this transition point is especially  which varies frome(t) = 1 (for high concentration fluid) to(t) = —1 (for

important, as the wide spread of mixing qualities predicted in [27]
suggest that the onset of chaotic laminar flow is at best, not benefi-
cial to mixing, and at worst, highly detrimental, decreasing mixing
quality by (qualitatively) 75%.

DNS results in [27] identified the quasi-periodic flow that oc-
curs at higheRe(300< Re< 375) as characterized by bursts of in-
creased mixing quality followed by breakdowns to a lower mixing
quality. This behavior is consistent with periodic transitions to an
asymmetrical flow field observed in the present study for unsteady
four-vortex flows (Fig. 7 and Fig. 13d). At high&e symmetry
is generally persistent, as LIF results in Fig. 7 indicate, but mixing
improves when periodic breaks from symmetry occur, and the out-
let channel flow field transitions from that shown in Fig. 13d to that
shown in Fig. 13c. Breaks to asymmetric flow likely correspond
to the burst of improved mixing predicted in [27] and subsequent
breakdowns in mixing quality occur when the flow returns to an os-
cillatory four-vortex state. Because breaks from symmetry, and the
resultant burst of improved mixing quality, are temporary and un-
predictable, operation in the unsteady symmetric range is not rec-
ommended. Further characterization of oscillatory behaviors and
associated time scales can be found in Thoetad. [31, 32].

The Regime Map

PIV and LIF trials in Table 2 were used to generate the regime
map shown in Fig. 17. For each discr&ein Fig. 17, the number
of occurrences of a symmetric topology is normalized byN
total experimental trials at thd®e ng includes steady stagnation
and four-vortex flows at lovReg and unsteady symmetric flows at

8

clear fluid). Scale is indicated for the photodetector located@t= 5.5.
LIF images for eactiRewere extracted dt= 0.

TABLE 2. Cumulative PIV and LIF Trials used to generate the Regime

Map (Fig. 17)

ReRange Cumulative Trials\)
422-373 5

398-335 5

354-277 7

293-218 7

212-131 10

141-56 6

higherRe. Occurrences of asymmetric flow are represented by 1 -
Ns.

Fig. 17 indicates some overlap in flow regimes, which are
also broadly defined in the literature. FBe < 116, flows are
steady and symmetric, and stagnation-point flow (at the lowest
Ré and four-vortex flows are dominant. For 88Re< 141, both
symmetric and asymmetric flows were observed; in one of six
trials at the lowest flow rate, a steady two-vortex topology persisted
until Re= 68. For 142< Re< 298, flow is almost exclusively
asymmetric. A transition to asymmetric flow nelde = 142 is
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Occurrences of symmetric flow ng normalized by total experimental trials N

1 T T T T T T
08 - :
Asymmetric flow:
steady and unsteady

06 [ b
z
~
c” 04 b Steady Unsteady |

: symmetric flow symmetric flow
02 4
I ! \A A I I |

Re

FIGURE 17. Regime map for all PIV and LIF trials; occurrences of symmetric figuare normalized by total triald for eachRe 1— ns represents the
occurrence of asymmetric flow, and both regimes are labeled in the figure. At Reveymmetric flow includes steady stagnation-point and four-vortex
flow, and at higheRe flows are symmetrical but unsteady. Asymmetric flow includes both unsteady shear-layer flow and steady asymmetric flow.

supported in the literature [21, 22, 33]. Asymmetric flows for 195 sively asymmetric, based on multiple experimental trials; thus, this
< Re< 298 are generally unsteady. FBe between 335 and is the recommended operating range.

350, flows regain a degree of symmetry. Periodic breaks from

symmetry occur in this regime, as indicated in Fig. 17, which are

more frequent with increasirige ACKNOWLEDGMENT

Importantly, the regime map indicates that asymmetric flow, Many thanks to the National Science Foundation Integrated
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based on five or more trials for each discr&e (Table 2), for X : . :
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a moderateRerange of 142< Re< 298. Therefore, this is the
recommended operating range.
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