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Abstract

The concentration and velocity fields of two refrae index matched miscible shear-thinning fluidsai
lid-driven cavity were investigated by using plan@aser-induced fluorescence and particle image
velocimetry, as well by computational fluid dynami®uantitative analyses show that the resultsiredia
by flow simulations with the species transport mae in good agreement with the experimental tesul
The effects of different parameters were studiediging the intensity of segregation. For two fluwish

the same rheological parameters, the relative atamfriquidsH,/H and the power-law indexx dominate
the mixing process while the Reynolds numBerplays a marginal role. As for two fluids with dégs

difference, buoyancy has significant influence dme tmixing process. The dimensionless gré:ép

(redefined such as to include shear thinning betmais proposed for assessing the effect of buoyamc

rheological properties on the mixing of miscibleahthinning fluids.

Highlights

- Dimensional analyses on the mixing of miscibleastt@inning fluids were elaborated.

- Mixing of two refractive index matched shear-thimmfluids were measured using PLIF.

- Simulated velocity and concentration fields agrmed with experimental results.
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- The groupAr/Re for shear-thinning fluids was proposed to quartifipyancy effect.

Keywords: Shear-thinning fluid; Mixing of miscible fluids;Particle image velocimetry; Planar

laser-induced fluorescence; Species transport mbaktriven cavity
Nomenclature

C; mass fraction of Liquid

D diffusion coefficient, rfrs™
fluorescence intensity, cd

g gravitational acceleration vector; it
height of the cavity, m

Hi height of Liquid 1, m

I excitation intensity, cd

lsa saturation intensity, cd

k consistency index, Pd-s

L length of the cavity, m

n power-law index,

P pressure, Pa

t time, s

U lid speed, m3

Ut/L dimensionless time,

u velocity vector, m-&

u velocity inx direction, m-s
v velocity iny direction, m-&
w velocity inz direction, m-s"
W width of the cavity, m

X,,Z Cartesian coordinates, m
Y shear rate,

Ye characteristic shear rat%, st
0 scalar diffusion distance, m

A shear rate tensor;'s



U apparent viscosityky™ !, Pa-s

characteristic apparent viscosityy "1, Pa-s

Hc

p density, kgm™

Ap density differencep; — p,, kgm™
T stress tensor, Pa

1. Introduction

Mixing of non-Newtonian fluids is very common in athical engineering applications, such as
polymer blending and fabric dyeing [1]. Many maadsiinvolved in polymer industry are highly viscous
non-Newtonian fluids and the mixing process is mftarried out in special mixers such as cavitysi@an
mixers or twin-screw extruders [2,3]. Due to thenpbex geometries of these mixers, it is difficudt t
visualize the mixing process directly. Thereforae tstructures of these mixers are often simplitesd
lid-driven cavity (LDC) or Taylor-Couette cell flundamental experimental and simulation studie3]4—

Lid-driven cavity has simple structure and it iseof used for verification of simulation methods 18}

A cavity filled with a single non-Newtonian fluidak been studied extensively for wide ranges of pdave
parameter& andn [12—15]. In recent years, simulatioesearch on non-Newtonian fluids in LDCs focused
on heat transfer as well as mixing behavior. Sdtemeigil and Chamkha studied the heat transfer @gpa
of non-Newtonian fluids with power-law index ranging from 0.6 to 1.4 under natural convectionl a
magnetic forces at different angles [16]. Kefaystidied the concentration, temperature, and streaml
distributions withn varying from 0.2 to 1 [17,18]. The results showttheat and mass transfer capabilities
increase with increasing power-law index.

Several visualization experiments in LDCs have besported. Mills added detergent to oil and
measured the streamlines in cavities with diffeesgect ratios [19]. Koseff and Street used thentiyplue
technique and laser-Doppler-anemometry (LDA) taaize the flow field [20,21]. With the development
of visualization techniques, planar laser-indudedrescence (PLIF) and particle image velocimeRi{
have become reliable techniques to measure coatientrand velocity fields, respectively. Liberzenal.
measured the steady state and unsteady staterflbl@Gs by using the PIV technique [22,23]. Hoefsleto
al. added different amounts of polyacrylamide to ghpt to configure two types of shear-thinning flsid

and measured the concentration field in LDCs bygishe PLIF technique [24]. The results suggest tha



mixing is enhanced if the motion of the lid is apglto the more viscous liquid.

As most of the research focused on the flow charatics of single fluid, quantitative studies ¢ t
mixing behavior of two miscible shear-thinning flsiin an LDC have not been rigorously investigatetd
In addition, the effect of density difference o tmixing process of miscible shear-thinning flufds not
been reported.

The work of this paper is a continuation of ourviwes work on the mixing of two miscible Newtonian

fluids with different densities [25]. Previous wdnks shown that a dimensionless nurr%:ercharacterizes
the mixing process of two Newtonian fluids with din diﬁerence.% is defined as the ratio of buoyancy

(ApgL?) to viscous forceiUL), with x4 the viscosity of Newtonian fluids. The mixing pesses having the

same% are essentially the same and the Iar%jaérthe worse the mixing performance. The primary afm

this paper is to study the mixing behavior of twisceible shear-thinning fluids with density diffe@nin an
LDC by using PLIF and PIV. The second aim is tadatke our simulation approach with the experimental
results. Thirdly, based on dimensional analysestla@dalidated simulation methods, we will inveatagthe
effects of different operating and physical pararebn the mixing process in detail.

This paper is organized as follows: in the nextisagcbased on dimensional analyses on the mixing i
a lid-driven cavity, the parameter space in termdimensionless number are analyzed systematidaiy.
then present the PLIF and PIV experimental setAfter that, we introduce the numerical methods and
discuss the numerical strategy. In the sectiomefresults and discussion, concentration and \gléelds
of two shear-thinning fluids measured using theAPhhd PIV techniques are analyzed and utilized to
validate the simulated results. The differencesveen Newtonian fluids and shear-thinning fluids are
identified next. The effects of different operatingd physical parameters are also analyzed. Tla fin

section summarizes the conclusions and discusge® fiesearch.
2. Dimensional Analyses

A square lid-driven cavity with side-length lid speedU, and Newtonian liquid with density and

viscosity u is fully characterized by one Reynolds numb@r=p7m. Adding a second liquid with the same

ApgL3 Apgl? .
pg u _ 4pg with

. . . . . . . . Ar
viscosity but a different density gives rise toeaand dimensionless numbef = — =
Re  p?/p1 p1UL uwu

3
Ap = p; — p, the density difference between two liquids afwd= % the Archimedes number. Adding
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a second liquid also means that the flow systeim dépends on the relative amount of liquids anditag
they are initially placed in the cavity. Note tlla¢ relative amount is another dimensionless nun@igmng
the two liquids — in addition to a different degsi also a different viscosity now leads to yet theo

dimensionless number — the viscosity ratie= 2. For two Newtonian liquids we thus now have a

U2

parameter space of three dimensionless numbersh@usitial placement and relative amounts ofiigu
Now we move to power-law liquids for which = ky™~1, where u is apparent viscosityy is shear
rate,k is consistency index, amdis the power-law index which is dimensionless. Wt single liquid the
cavity flow is now fully characterized by two dimganless numbers. The Reynolds number is obtaised a
pUL pUZy

Re = o= . by first defining a characteristic shear rgtg = % and then defining a characteristic

apparent viscosityi. = ky.""1. Next toRe, the second dimensionless numben.igVith two power-law

liquids that only differ in terms of their densgjeve need to add another dimensionless numbehwbiald
b ﬂ . AngZ _ AngTL+1

This is based on the notion of characteristicasheate yczH and
Re  Ukyyc.™ kum L

characteristic apparent viscosity. = ky." 1. As before for Newtonian liquids, adding a secbgdid also

means that the flow system now also depends oretative amount of liquids and the way they aré&aty

placed in the cavity. Two different power-law ligsi that — in addition to different density — alsavé

. . .. . . . . y2-—npn
different k and n will add two additional dimensionless numbers mgka total of five: Re = pT,
Ar _ ApgL™t? kq
Re . kun b M2 k'

As an essential variable that affects the mixingfquemance of miscible fluids, yet another

nq—1
dimensionless Schmidt numb&t = % is considered. The smallest Schmidt number is &1 i1

P1

this study. Besides, Peclet numh¢ = ScRe = %, which determines whether mass transfer is cdattol

by convection or diffusion, is much larger thannlall cases. As a result, Schmidt numbers and Pecle
numbers are much greater than 1 and the effeatsagé diffusion on mixing efficiency could be igndre
[26].



3. Experiment

3.1. Flow system

Camera Direction

Fig. 1. Schematic diagram of the experimental setup an@€#rtesian coordinate system.

As shown in Fig. 1, a transparent lid-driven cawitigh L = W = 1.254 = 0.05 mmade of polymethyl
methacrylate (PMMA) was filled with two miscible esr-thinning liquids. A self-encoding stepping nroto
(Shanghai Zhengji, China) was used to move thatlispecified speed, and the fluctuations of thed@ee
less than 1% in the experiments. The Cartesiandanate system is shown in Fig. 1, and the velcgiie
thex, y, z directions are represented lpy, andw, respectively. The lid moved along tkeirection and its

speedJ is 0.02 ms . The maximum displacement of the lid is 0.35 mshewn in Fig. 1, the measurement

plane of the experiment is tlye0 plane.
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Fig. 2. Viscosities of two miscible shear-thinning fluids @function of shear rate at 21

Table 1 Properties of two shear-thinning fluids 21

PAAS(0.1%) - sucrose - Density k n Refractive o )
. _3 . Liquid height
water solution /kg-m /Pa-§ index
Liquid 1 61.5% (mass) sucrose 1296 0.588 0.705 1.45 0.2H
Liquid 2 63.0% (mass) sucrose 1306 0.602 0.733 1.45 0.7H

The working fluids were made of sodium polyacryl@@AAS) (Shanghai Macklin, China), deionized
water, and sucrose (Sinopharm Chemical Reagent@na). The mass fractions of sucrose for Liquid 1
and Liquid 2 are 61.5% and 63%, respectively. Theological properties of the fluids were measurgd b
using a MARS40 Rheometer (Haake, Germany). Fidnavs the apparent viscosities of the working fluids
as a function of shear rates ranging from 0.050® 2" at 21/, which is the temperature of the visualization
experiments. Power-law modgl = ky™~! could be utilized to represent the apparent visess and the
results are shown in Table 1. The coefficients eterhinationR® of the two fitted linear relationships are
both larger than 0.998.

The refractive indices of the two liquids need te mmatched to avoid optical distortion in the
experimental measurements. The refractive indicesewneasured by using the Abbe refractometer
(Shanghai INESA Instrument, China). The refraciivdex difference between the two working liquids is

about 0.1% at 21, which means the indices are well matched.



3.2. Visualization experiment and image processing

The PIV measurement system (Dantec, Denmark) dsradfig laser (Dual Power, 100 mJ, 100 Hz, 532
nm), a CMOS camera (Speed Sensing 4 MP, 193 HA)XA320 pixels), a synchronizer, and dynamic
studio software. Hollow glass beads (TSI, USA) wesed as the PIV tracers, with diameters of 8xh?
and density of about 1500 kg>. Rhodamine B was chosen as the PLIF tracer inidliqy and its
concentration was 50 ug~L‘l.

In PIV experiments, the time interval between the laser pulses multiplied by the lid speed shdad
less than one-quarter of the interrogation wind@e sind of the laser thickness, and then the titerval
was chosen as 7 ms. An adaptive interrogation winti@thod was used to calculate the fluid velogityhie
measurement plane. The size of the interrogationdew is based on the compromise between
robustness/precision and resolution [27]. The mimmmsize of the interrogation window is 48 pixelx 48
pixel, and the overlap rate is 50% in our PIV expents. The image resolution is 304271 per pixel, so the
resolution of the velocity vectors is about 0.73 mm

When the PLIF technique was used to measure theeotmation field, the exposure time of the CMOS
camera was set as 7 ms and the shooting frequesy@Hz. The time interval of two laser pulsebdisns.
The absorption wavelength and maximum emission lgagéh of Rhodamine B are about 532 nm and 590
nm, respectively [28]. Therefore, a sharp cut-iterf that blocks out the light with wavelengthdatan 550
nm was added in front of the camera to capturegexdiuorescence only.

The PLIF technique quantifies the concentrationdfiby using the relationship between the
concentration of liquid and the fluorescence initgri29].

F o<

C
1H /o 1)
whereF is the fluorescence intensityjs the excitation intensitys, is the saturation intensity for the dye,

andC is the local concentration. Sinte |4 in the experiment, Eq. (1) can be transformed to

Fe<IC 2)

Fig. 3(a) shows the fluorescence intensity as atfon of the concentration of Rhodamine B ranging
from 0 to 60ugL™"in our calibration experiments, and good lineaatiehship was obtained. Then, the
fluorescence intensity measured by the CMOS camukl be converted to the concentration of theidiqu
with Rhodamine B (Liquid 1). Fig. 3(b) shows a gtayel image at initial stage of the experimentd &sa
conversion to a pseudo-color image with concemtnatralues. The blue color indicates that the mass

fraction of Liquid 1 is 0, and the red color medmat the mass fraction of Liquid 1 is 1. The hontad and



the vertical coordinate are normalized by cavitygtd and cavity height, respectively. The mixinpdiis

converted into a dimensionless titd&L.
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Fig. 3. (a) Fluorescence intensity induced by the lasetwim shear-thinning fluids as a function of the
concentration of Rhodamine B at 21 (b) initial distribution of the two fluids in theDC with grayscale
image and pseudo color image.

4. Simulation

As a generalized Newtonian fluid, shear-thinningd$ can be described by the continuity equatiah an

the Cauchy’s equation of motion:

a—p+\7-(pu)=0 (3)
ot
ap—u+|7-(puu)=—\7p+|7-r+pg (4)
ot

wherep is the pressurey is the velocity,g is the acceleration of gravity, and is the stress tensor. The

stress tensor in case of the power-law viscositgehis given by [30]:

n—1

T=k|AA[Z A )



where

_u+vu’
=— (6)
The shear ratey is given by [31]:
Yy =V2A:A (7)

A species transport model was used to simulatentixéng process of two miscible shear-thinning

fluids in the LDC. The conservation equation of@es 1 is [32]:
]
5. (PC) + V- (puly) =V - (pDVCy) (8)

where C; is the mass fraction of species I1,is the diffusion coefficient and is set as 1¥fam*s™
according to Adamson’s experimental results forese-water solution [33]. The mass fraction of spe@
is:

G=1-0 9)

The density of the mixture follows the volume-weighixture-law:
1_G n 1-C4

P p1 P2 (10)

The effective viscosity of the mixture is calcuthtey using the mass-weighted-mixing-law:

p=uC+pp(1—Cy) (11)

For the reason of numerical stability in our sintiglas, we limited the maximum apparent viscosity of
Liquid 1 and Liquid 2 to 1.68 Pa-s and 1.60 Paspectively, when the shear rate is less than$'0Zhe
simulated results show that the maximum shearinatiee cavity does not exceed 150, svhich indicates
the linear fittings shown in Fig. 2 are valid.

Cartesian coordinate and cavity geometries usethensimulations are the same as those in the
experimental setup. Uniform hexahedral grid wit@ illion cells and 3.15xI8 m cell spacing was used
in this study. In order to verify grid sensitivitgrids with 1.6 million cells and 6.4 million celgere also
used and discussed in the next section.

The transient pressure-based solver was used loaisdte Ansys Fluent software. The gravitational
acceleration was 9.81 m/& negativez direction. The third-order MUSCL (monotone upstneeentered
schemes for conservation laws) scheme was usdtid@patial discretization of species transporagqaos
[34]. Spatial discretization of the momentum equativas based on the second-order upwind scheme, and

the second-order implicit scheme was used for @aheancement. The SIMPLE (semi-implicit method of
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pressure link equation) algorithm was used to coppéssure and velocity [8,25]. The time step waged
from 0.002 s to 0.005 s to keep the Courant-Frobdrievy number smaller than 1 [35]. Convergenae pe
time step was achieved when normalized residualkeotontinuity, mass fraction, and velocities wesss

than 10*. The no-slip condition was applied at all walls.
5. Results and Discussion

5.1. Validating simulated velocity and concentration by using PIV and PLIF data

Ut/L=4

0.5
xi L x/L hari e

Fig. 4. Instantaneous concentration of Liquid 1 measuretthenPLIF experiments (a) and predicted in the
CFD simulations (b).

—_
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Fig. 4 shows the PLIF experimental and computatifinal dynamics (CFD) simulated instantaneous
concentration of Liquid 1 in the plarydV = 0 at different moments. We see that the timewdiami of the
mixing process of two miscible shear-thinning fliigh the simulation closely matches that in the
experiment. At initial stag®t/L = 0, the two shear-thinning fluids have a cleaerface with Liquid 1
occupying 1/4 on the up layer and Liquid 2 fillittge lower space of the cavity. As the lid moves, fthid
near the lid gets momentum from the moving lid andves in positivex-direction. When the fluid
encounters the wall on the right, the movementctivza changes so that the upper-layer fluid thaties
momentum moves downward. Frdam/L = 3 toUt/L = 7, the lid drives more Liquid 2 to split Liquidinto
one approximately semi-circular main body and amatgn. In our simulation, we extended the mixing
process to the momeblt/L = 16, as shown in Fig. 4(b). It is found that tr@inal region with Liquid 1 is
further split by Liquid 2, and the Liquid 1 striati is continuously stretched and driven away fromrhain
region, achieving mixing with Liquid 2.

Fig. 5 shows the velocity fields obtained in th® Bkperiments and CFD simulations in the plgd
= 0 at four moments. In order to demonstrate theraction between velocity fields and concentrafielus
in the LDC, the concentration interface betweenuldgl and Liquid 2 is also shown in Fig. 5, which i
represented by the iso-lines with the Liquid 1 wodufraction of 0.9. AUt/L = 1, the region with Liquid 1 is
forced by the lid to move right and downward, ameht Liquid 2 fills the top left region previouslgaupied
by Liquid 1. At this moment, a nearly symmetricalocity contour is forming along=L/2, but the region
with velocity larger than 012 is small. With the movement of the lid and incregdUt/L, asymmetrical
velocity contour is developed, and the region wighocity larger than 013 mainly appears in the top right
of the cavity. Although the two liquids have ditfat density and viscosity, there is no noticeabterface

between the two liquids during the mixing procesthe PIV experiments, as well as in CFD simulation
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Fig. 5. Experimental (left column) and simulated (rightweah) instantaneous velocity field in the cavity
with two miscible shear-thinning liquids. The distition of Liquid 1 with volume fraction of 90% is
marked by red lines in each panel; € 1296 kgm™, p, = 1306 kgn™, u1 = 0.5876 °*® Pa-s u,

13



=0.6018%*'Pa-sU = 0.02 m-§).

Simulated velocity profiles on line#H = 0.75 and/L = 0.5 with different grids dut/L = 7 are shown
in Fig. 6(a) and compared with PIV data. The theiesulated velocity profiles overlap @ = 0.5 and agree
well with the experimental profile. As for the sitated velocity profiles at/H = 0.75, increasing grid from
1.6 million cells to 3.2 million cells gives betteimulated data, which more approach the experiahent
results. Further increasing the grid to 6.4 millimells does not show improvements, that is,
grid-independent velocity field could be obtaineddrid with 3.2 million cells.

Fig. 6(b) shows the simulated concentration distrdms on lineszZH = 0.75 andx/L = 0.5 with
different grids alUt/L = 7. The results show that the concentration fielthuch more sensitive to the cell
spacing than the velocity field. The smaller th# spacing, the more accurate the simulated conatom
field. As mentioned above, the smallest Schmidt memcould reach 6.1x10n this study. The scalar
diffusion distance’ over the time for one lid passab#J is §/L = (ScRe) ~°°= 3.16x10*. As a result, to
capture the concentration in full detail, the numdiecells should be of the order df/§)® = 10'°, which is
beyond current computer hardware. In Fig. 6(b),utated concentration profiles with 3.2 million celire
in good agreement with the experimental resultipalh there are some discrepancies near the X at
0.5. As a compromise between accuracy and affoedaihputational resource, the rest of the simuiatio

this work are based on 3.2 million cells with aahcing of 3.15x10% m.
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Fig. 6. Instantaneous velocity (a) and concentration (bfiles with U = 0.02 m-3 at Ut/L=7. Simulated
results with 1.6, 3.2, and 6.4 million cells aregented.

In summary, grid independent flow fields are achgwn our simulations by verifying with the PIV

experimental data. Our simulations with the spetgssport model could predict the mixing procefssvo

miscible shear-thinning fluids, and the simulatedaentration distributions are in good agreemettt wie

experimental data, despite grid converged concamtrdield has not yet been reached at this level o

resolution. In the following sections, the validateimulation method will be used to discuss theimgjx

behavior of two miscible shear-thinning fluids.
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5.2. Comparison between mixing behavior of shear-thinning fluid and Newtonian fluid

Compared with the simulated results of mixing twiggible Newtonian fluids in the LDC, the velocity
fields and concentration fields of mixing two mislei shear-thinning fluid are different at constRet Fig.
7(a) shows the concentration fields of Liquid 1the planey/W = 0 with the shear-thinning fluid and
Newtonian fluid atUt/L = 7 andRe = 1.70. After the lid moves for the same amountimie, the mixing

process of Newtonian fluid develops faster andsthiation of Liquid 1 is thinner, indicating thdtet mixing

is more efficient. In Fig. 7(b), the region withleeity vu?+w?/U > 0.2 of the shear-thinning fluids is

smaller than that of the Newtonian fluid. Moreowke maximunvelocity of Newtonian fluid in the upper
left and right are larger than that of the shearrimg fluid, which means the Newtonian fluids tséar

momentum farther than the shear-thinning fluids.

0 0.5 1 0 0.5 1
%1 & (b) % &
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Fig. 7 Simulated instantaneous concentration (a) and iglfim) fields of two miscible shear-thinning fld
and Newtonian fluids dit/L = 7 with constant Reynolds numidge=1.70. The distribution of Liquid 1 with
volume fraction of 90% is marked by red lines im@la(b). The properties of the shear-thinning ftuate
the same as those of the experimental fluids shiowiable 1. The viscosity of the Newtonian fluids0.77
Pa-s, and their densities are the same as thdise sfiear-thinning fluids.

o

Shear thinning 1 W
=== Newtonian

—— Shear thinning

=== Newtonian
) o L— - x/L=095] x/L=0.50
0 0.5 1 0 025 05 -03 0.3 0.9
x/ L u/U

Fig. 8 Simulated instantaneous velocityxrdirectionu/U at Ut/L = 7 on two horizontal linesz/H = 0.95
andz/H = 0.75) and two vertical lines/{ = 0.95 and/L = 0.50). The cavity was filled with two miscible
shear-thinning fluids and Newtonian fluids with geme Reynolds numbBe=1.70.

As shown in Fig. 8, the dimensionlesselocity u/U on two horizontal linesz(H = 0.75 and/H = 0.95)
and two vertical linesx(L = 0.50 and(/L = 0.95) atUt/L = 7 are chosen to present quantitative comparisons
results between the Newtonian fluids and sheanthg fluids. Theu/U of the shear-thinning fluids is
slightly lower than that of the Newtonian fluidsame¢he lid atzZH = 0.95. Atz/H=0.75, the velocity profiles
are quite different, which is caused by the diffiengositions of the two circulations, as shown ig. #(b).
From theu/U profiles alongzZ/H atx/L = 0.50, we find that the velocity gradient of gfeear-thinning fluids
near the lid is higher than that of the Newtonilairds.

Near the lid, the shear rate of the shear-thinfiiid is higher than that of the Newtonian fluickésFig.
9(a) and (b)), which is consistent with the abowentioned distribution of velocity gradientdt = 0.50.
The apparent viscosity of shear-thinning fluid earith shear rate, and the higher the sheartradower
the apparent viscosity, as shown in Fig. 9(a)a@ (d). In our previous work on the lid-driven itgwvith
two miscible Newtonian fluids, we found that betteixing could be obtained by increasing the visgosf

17



the fluids [25]. Area averaged apparent viscositifig. 9(d) is 0.49 Pa-s, and it is smaller thamiscosity
of the Newtonian fluids 0.77 Pa-s, which might be teason that the mixing and momentum transport of

the shear-thinning fluids are slower than thostnefNewtonian fluids at constalRé shown in Fig. 7.

Y/ve

ﬂ 10
0
1

p (Pass)
1.54
1 U/L=7
Newtonian
T
o 0.5 Shear thinning 0.77
0 x/L=0.50 0
0 1 2 0 0.5 1
1 (Pa-s) x/ L
(c) (d)

Fig. 9. Simulated instantaneous shear rate field of twacillis shear-thinning fluids (a) and Newtonian
fluids (b) atUt/L = 7 with constant Reynolds numiige=1.70. (c) Viscosity of the Newtonian fluids in bka
and apparent viscosity of the shear-thinning flurdsed at/L = 0.50,Ut/L = 7, andRe=1.70. (d) Apparent
viscosity distribution of the shear-thinning fluishsthe plang/=0 atUt/L = 7 andRe=1.70.

5.3. Effects of different parameterson mixing

To explore the mechanism of mixing, we will invgstie the effect of parameter variation mentioned
above on the mixing process in this section. Bezaois limitations on the lid displacement in our
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experiments, the flow only evolves untit/L = 7. The mixing process in the simulations waseadéd to
Ut/L = 16.
The mixing efficiency is quantitatively describeg the intensity of segregation (I0S) in the midr@a

of the cavity [36]:

_ JI,(€-cy)?da
105 == o (12)

= [f,cida
C = AT (13)

where C is average scalar concentration over a selectew @adA is the area of the plane ImThelOS
has a value between 0 and 1OS = 1, the segregation is complete. WHe8 = 0, the concentration in the
mid-plane of the cavity is uniform.

Firstly, two identical liquids Ap = 0) were placed in LDC to show the mixing casesmécible
shear-thinning fluids that have the saResandn, with, however, different) andk. As shown in Fig. 10(a)
and (b), the mixing performance of the cases witterént U andk is very close so that we confirm that
indeed this system is determinedReyandn only, and not byJ andk separately. Then, to investigate how
mixing depends orRe when fixedn, a series of cases were simulated. As shown inlBi@), the effect of
Re on 10Sis weak and changing the value Ré have a little effect on mixing. Therefore, it coube
concluded that there is not much impacRefon the flow and therefore on mixing whBa is low. In Fig.
10(d), the smaller the value of the larger the value of IOS at the same time.v&bg¢ould assert that the
stronger the non-Newtonian characteristics of theasthinning fluids, the worse the mixing effioogn

under the same condition.
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Fig. 10. The instantaneous 10S with different parametersvofidentical miscible shear-thinning fluids: (a)
n=0.5,U=0.02 m-§', Re=1.64,H:/H=0.25,k=0.5, 0.7, 0.8, 1 Pd\=1296, 1814, 2073 and 2591 kg’
respectively; (bk=0.5 Pa-§ n=0.5, Re=1.64, H,/H=0.25,U = 0.02, 0.03, 0.04, 0.05 m*sp=1296, 705,
458 and 328 kg, respectively; (ck=0.5 Pa-§ n=0.5, Hy/H=0.25, Re =0.164, 0.820, 1.64, 8.20, 16.4,
p=129.6, 648, 1296, 6480 and 12960-nkg, respectively; (d)k=0.5 Pa-3 U=0.02 m-S', Re=1.64,
H1/H=0.25,n =0.4, 0.5, 0.6, 0.7, 0.8=1420, 1296, 1183, 1079 and 985rkg, respectively.

Fig. 11 shows the mixing of two identical miscildbear-thinning fluids at different initial liquid
placement. The height of Liquid 1 in the LDC is did byH;, andH,/H represents the volume fraction of
Liquid 1. As the two fluids are identical, the fldields for differentH,/H are totally the same, as shown in

Fig. 11(a). In Fig. 11(b), the smaller the valugdefH, the better the mixing efficiency.
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Fig. 11. (a) simulated instantaneous velocity fields in ¢heity with different initial liquid placementd,/H
for two miscible shear-thinning fluids witt=0.5 Pa-§ n=0.5,p=1296 kgm= U=0.02 m-§', andRe=1.64.
(b) instantaneous I0S for different initial liqupdacementdHi/H of two identical miscible shear-thinning
fluids.

From now on, we will introduce mixing performandewo shear-thinning fluids with different density
(Ap#0). As mentioned above, density differences oftéhe fluids will bring about buoyancy, which cannot

be ignored at small Reynolds numbers. In the meemntit is difficult to evaluate the mixing perfornee of

n+1
cases with various density difference and rheobdgproperties. The dimensionless gro’}%ﬁaz ApkgTLn
redefined for shear-thinning fluids in Section 2ikcbbe an alternative for the evaluation.

Fig. 12 shows the time series of IOS for five casi#h different power-law indices. At constant%,

the value oflOS increases with the decreasenpfwhich means that the mixing performance gets &ors
That is, the non-Newtonian characteristics of theas-thinning fluids slow down the mixing process.
Combining the results in Fig. 10(d) At/Re=0 and Fig. 12 afr/Re=13.2, we can see that the increasing of
buoyance oAr/Re at constant n will reduce the mixing efficiencyug, the mixing of shear-thinning fluids

with density difference is quite difficult.
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Fig. 12. The instantaneous I0S with differembf two miscible shear-thinning fluids £0.4Ap=9.3 kgm™>;
n=0.5Ap=8.5 kgm™; n = 0.6Ap=7.8 kgm™; n = 0.7Ap=7.1 kgm™; n = 0.8Ap=6.5 kgm™; H./H=0.25,
k=0.5 Pa-% U=0.02 m-&", Ar/Re=13.2).

Table 2 Parameters of four pairs of cases in Fig. 13

Pair Ar/Re Re k/Pa-8 n Aplkg-m™
1 1.32x16 9.37 0.05 0.8 37
1.32x168 4.82 0.1 0.8 74
2 1.32x16 9.37x10 0.5 0.8 37
1.32x16G 4.82x10 1 0.8 74
3 1.32x10 9.37x18 5 0.8 37
1.32x10 4.82x10 10 0.8 74
4 1.32 9.37x10 50 0.8 37
1.32 4.82x10° 100 0.8 74

To investigate the effect 0;% on the I0OS at constant we constructed four pairs of cases by adjusting

Ap andk, as listed in Table 2. The 10S as a function ofiehsionless tim&t/L are shown in Fig. 13. At

constant% and n, the two 10S profiles overlap totally, that is,etldimensionless grouég could be

applied to characterize the mixing process of twecihle shear-thinning fluids with constant powawl

index. At constanUt/L, the higherg, the larger 10S, which means the mixing of twadtudeteriorates
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with increasing%. In the meanwhile, to achieve the same IOS, it take more time for the cases with

large 2~
g Re’
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Fig. 13. The instantaneous 10S for cases with differégqt Detailed parameters of four pairs of cases are

listed in Table 2.

6. Conclusions

In this work, velocity and concentration fields tefo miscible shear-thinning fluids are measured by
using PIV and PLIF techniques. Quantitative anays®ow that the CFD simulated results of velocitgt a
concentration fields based on the species transpade! are in good agreement with the experimetetd.
Both flow pattern and mixing process for the casé® Newtonian fluid and shear-thinning fluid were
compared in detail. At constant Reynolds number #rel same moment, the mixing process of the
shear-thinning fluids develops slower than thahefNewtonian fluids.

Based on dimensional analyses on mixing in thedfiden cavity, the dimensionless space of the
variation of parameters was analyzed systematichiign, we used the experimentally validated sitraria
methods to study the effects of parameters on mipiocess in terms of the intensity of segregatisra

function of time.
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For two identical shear-thinning fluids, the ligyggthcement condition and timeof power-law dominate
the process witliRe playing a marginal role. As for two fluids with ity difference, buoyancy will make

significant influence on the mixing process. Theeféed dimensionless grou;é;é was proposed for

assessing the effect of buoyancy and rheologiaggaties in mixing of miscible shear-thinning flaidn a

laminar LDC, the mixing performance becomes beiiith the decrease 0’}% and the increase of. In
addition, the approximately same mixing process lvélobtained at consta% andn.

Given that the mixing process of shear-thinningditexists widely and cavity transfer mixers have
extensive application in polymer processing [37,38]Jture work on the mixing phenomena of
shear-thinning fluids in cavity transfer mixers Wibbe of great significance for the design androation

of polymer blending equipment.
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