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HIGHLIGHTS

® Refractive index matching method was used to enable flow and mixing visualization.

® The dynamic mixing process from layering to blending was quantitatively measured.

e Simulated velocity and concentration fields agree well with the experimental data.

® The dimensionless group of % is proposed to characterize the mixing process in the cavity.
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A laminar lid-driven cavity flow was constructed to represent the fundamental characteristics of an industrial
dynamic mixer. The flow patterns and mixing process in the cavity were measured by using particle image
velocimetry (PIV) and planar laser-induced fluorescence (PLIF) experiments respectively. The refractive indices
of the two miscible liquids involved were carefully matched to allow for unhindered optical access. The mixing
process was predicted by using computational fluid dynamics (CFD) including models for species transport. The
simulated flow and mixing results are in good agreement with the experimental data. The effects of density
difference and viscosity of the two miscible fluids on the mixing process were evaluated. Minor variations in the
densities of the fluids have significant influence on the mixing process in terms of the coefficient of variation as a
function of time. The dimensionless group % (Archimedes number over Reynolds number) is proposed to

characterize the mixing process in the cavity.

1. Introduction

Dynamic mixers for blending polymers are commonly used in che-
mical, plastic and rubber industries [1,2]. Over the last decades, only
few works about dynamic mixers can be found in the literature. The
dynamic mixer was invented in the 1980s by Gale at Rapra Technology
Limited [1], and it is often used as an add-on unit to existing extruders
to improve dispersive mixing. Due to complex geometry (for example,
Fig. 1) and transient flow characteristics, it is not an easy task to obtain
the flow and mixing characteristics in a dynamic mixer by visualization
technologies. Most of the studies on dynamic mixers were performed by
using computational fluid dynamics (CFD) methods. Wang and Manas-
Zloczower first characterized the three-dimensional flow field of a dy-
namic mixer by using a fluid dynamics analysis package based on the

finite element method and discussed the potential use for dispersive
mixing [3]. A more specific and quantitative mixing analysis was pro-
posed by Woering et al. who used a two-dimensional approximation for
the device [4]. Recently, comprehensive three-dimensional simulations
have been performed by Grosso et al. [5]. In their work, a non-di-
mensional number k (the ratio between the axial and the tangential
velocity of the fluid at the inlet) and the number of cavities per row
were found to be the key factors for performance of the dynamic mixer.

In producing fibers with different colors or functions in industries, it
is necessary to uniformly disperse colorful or functional master batches
(i.e., a small amount of polymer containing functional particles) into
raw polymer. The master batches usually have different densities from
the raw polymer. Different temperatures are often required to add
different kinds of master batches into the raw polymer. The effects of
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Fig. 1. Geometry of a dynamic mixer with an inner rotating part (see the top
panel) and an outer stationary part (see the bottom panel). Cavities in the ro-
tating part partly overlap with those in the stationary part. During operation,
two materials flow through the mixer from the left to the right side, being
mixed by the cavities.

density difference and viscosity on mixing therefore deserves more at-
tention. So far, all the existing work on dynamic mixers did not involve
these influencing factors; effects of density difference and viscosity on
mixing performance are considered for the first time in this study.
The dynamic mixer (Fig. 1) was simplified to a lid-driven cavity
flow model (Fig. 2) in this work, because the liquid in the cavities of the
dynamic mixer is sheared due to the relative motion of the rotor and the
stator, which is similar to the process where a moving lid shears the
liquid in a lid-driven cavity. Lid-driven cavity flow has long been
considered as an ideal model for benchmarking Navier-Stokes numer-
ical solvers, and this flow configuration is the simplest one for analyzing
the flow which occurs in important industrial processes, e.g. chemical
etching [6], film coating [7] and food processing [8]. Computational
work on this topic is abundant in the literature. The first major studies
of a steady two-dimensional lid-driven cavity flow are due to Burggraf
[9] for a square cavity and by Pan and Acrivos [10] for other geometric
aspect ratios. The results of a two-dimensional lid-driven cavity flow

Cavity

CMOS camera

Laser

Fig. 2. Schematic experimental setup, parameters of the cavity, the coordinate
system, and the measurement region shown by the red rectangle. The lid (the
top wall) moved in x direction with a velocity U. Before the lid started moving,
the heavier Liquid 1 was below the lighter Liquid 2 with a clear and horizontal
interface. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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reported by Ghia et al. [11] and Schreiber and Keller [12] serve as
classical benchmark data to validate results of several numerical solvers
[13-16]. There also have been a number of studies on the flow in a
three-dimensional lid-driven cavity [17-19]. Numerical benchmark
data for a Reynolds number of 1000 in a cubic lid-driven cavity were
reported by Albensoeder and Kuhlmann [20]. There are very few ex-
perimental studies in the literature on a lid-driven cavity flow. The first
experiment was done by Koseff et al. [21,22] who used laser Doppler
anemometer measurements on a three-dimensional lid-driven cavity
with various aspect ratios. Particle image velocimetry (PIV) was used
by Liberzon [23] to study the effects of dilute polymers and ethylene
oxide in a lid-driven cavity in the turbulent regime. However, no
combined numerical and experimental studies have been published on
the mixing of miscible fluids in a lid-driven cavity. This, as well as its
application in polymer mixing, are the reasons for investigating flow
and mixing in such a relatively simple flow system.

Laser-based optical measurement techniques such as PIV and planar
laser-induced fluorescence (PLIF) have been used in various processes
to investigate single-phase flow, two miscible fluid flow and dilute two-
phase flow [24]. As for the application of these optical measurement
techniques on the mixing of two miscible fluids, it is necessary to
achieve refractive index matching (RIM). If the refractive index dif-
ference is too large, the laser will be scattered at the uneven interface of
the fluids, making it impossible to obtain accurate experimental data.
To achieve a feasible environment for PIV and PLIF measurements, we
selected two miscible fluids with almost the same refractive indices as
working fluids in this work.

The aim of this paper is in the first place to show the feasibility of
PIV and PLIF experiments in a lid-driven cavity with two miscible
fluids, which is a simplified model of an industrial dynamic polymer
mixer. In the second place, by comparing simulated flow fields and
mixing process in the lid-driven cavity with the experimental data, we
validate our simulation results and species transport models. In the
third place, based on the verified simulation methods and models, we
investigated the influences of density difference and viscosity of the two
fluids on mixing performance. Based on this, we propose a set of di-
mensionless parameters that characterize the mixing process in the
cavity. We plan to quantify the mixing process based on these para-
meters in follow-up research.

The paper is organized as follows: in the next section, the experi-
mental setup is discussed, including the flow system, PIV experiments,
and PLIF experiments. Then, the numerical approaches we used in this
research are briefly summarized with references. In the subsequent
Results section, we first present the dynamic mixing process of the two
miscible fluids starting from a layered state with the results of the PLIF
experiments and simulations. Secondly, we compare the simulated ve-
locity profiles with the PIV experimental data. Thirdly, we study the
effects of density difference, viscosity and geometric scale-up on mixing
performance in the lid-driven cavity by a dimensionless group % (the
Archimedes number Ar and Reynolds number Re are defined in the next
section) and identify the coefficient of variation (COV) to characterize
the mixing efficiency. The final section summaries the main conclusions
and suggests the future directions.

2. Experiments
2.1. Lid-driven cavity flow configuration

Fig. 2 shows the experimental setup including the lid-driven cavity
(L x W x H=50 x50 x 40mm®) made of Polymethyl methacrylate
(PMMA) containing the two miscible liquids. A computer-controlled
stepping motor (Shanghai Zhengji, China) drives the lid at a given
speed U = 0.02m/s in x direction, and the fluctuations of the speed are
within = 1%. The experiments lasted 17.5 s as the maximum length of
the lid in x direction was 400 mm. The time is non-dimensionalized as
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Table 1
Properties of two miscible liquids.
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Sucrose aqueous solution Density (kg/m®)

Viscosity at 20 °C (Pas)

Refractive index at 20 °C Liquid height

Liquid 1
Liquid 2

63.0 wt% sucrose 1307
61.5 wt% sucrose 1297

0.103
0.079

1.4486
1.4460

0.75H
0.25H

150 -
s measured value of Liquid 1
© measured value of Liquid 2
120 f —fitted line: /,=1.682C, 1

—fitted line: =1 .635C2
90| 1

60 1

/,Gray level (-)

30t 1

0 L

0 40  C(ugll) 80

Fig. 3. The fluorescence intensity of Rhodamine B tracer (gray level of the
captured images) as a function of the tracer concentration in Liquid 1 and
Liquid 2.

Ut/L.

Two kinds of sucrose solutions with little difference in mass fraction
were used in the experiments, because their refractive indices match
well. The properties of the two liquids are shown in Table 1. The re-
fractive indices of the liquids were measured with a WAY-2W Abbe
refractometer (Shanghai INESA Instrument, China) and the dynamic
viscosity with a MARS40 Rheometer (Haake, Germany). First, the
cavity was filled with the dense Liquid 1 with a height of 0.75H, then it
was filled with the light Liquid 2 with a height of 0.25H, as illustrated in
Fig. 2. In all the experiments, the Reynolds number Re = 2% (L, the
length of the cavity, p, the density of Liquid 1, y, the viscosity 1of Liquid

301 (o1 -
1) is 12.68. The Archimedes number is defined as Ar = %;pz) (gis
M

gravitational acceleration) to investigate the effects of denslity differ-
ence on the mixing process of the two miscible fluids. Another di-
mensionless number (Schmidt number) S¢; = pgim is also considered as
an important variable that affects the mixing performance of miscible
fluids, and ; is the viscosity of Liquid 1 or Liquid 2. Dy, is the mass
diffusion coefficient between Liquid 1 and Liquid 2. The self-diffusive

coefficient of a 61.5 wt% sucrose solution is about 1.5 x 10~ 1° m?/s as

measured by Irani and Adamson [25], which leads to Sc reaching a
value of the order of 10° for Liquid 1 as well as Liquid 2. When Sc is
larger than 10 the mixing behavior is totally dominated by fluid
convection at low Reynolds numbers (Re < 40) [26,27]. Therefore, the
effect of mass diffusion on the mixing performance is expected to be
negligible in this experiment.

2.2. PIV measurement technique

The 2D-PIV system used in this work is a commercial system from
Dantec (Denmark). It consists of a laser (Dual power, 532 nm, 100 mJ,
100 Hz), spherical and cylindrical lenses which transform the laser
beam into a laser sheet with thickness of 1 mm in the measurement
plane, a CMOS camera (SpeedSense 4 MP, 2320 x 1720 pixel, 193 Hz),
a synchronizer, and dynamic studio software. Hollow spherical glass
particles (TSI, USA) with diameters of about 8-12 um and density of
1500 kg/m* were used as tracer particles.

The (x, y, 2) coordinate system is shown in Fig. 2. The velocities in
the three Cartesian directions (x, y, z) are represented by u, v, and w
respectively. As shown in Fig. 2, the origin of the coordinate system is
the left bottom corner in the x-z plane that crosses the center of the
cavity. The PIV measurement region was the entire y =0 plane
(L x H =50 x 40 mm?). The PIV images were analyzed by using dy-
namic studio software (Dantec Inc). An adaptive interrogation windows
method was used, in which the size and shape of the individual inter-
rogation areas can be iteratively adjusted to adapt to local seeding
densities and flow gradients [28,29]. The minimum size of the inter-
rogation windows was 32 x 32 pixels?, and the grid step size was
16 x 16 pixels®. The image resolution was 26.67 um/pixel, thus the
velocity vector resolution was one vector per 0.43 mm. The frame rate
of the camera was such that 70 vector fields per second were measured.

The camera captured the whole mixing process; it started capturing
before the lid started and ended capturing after the lid had stopped. The
time interval between the two laser pulses — that together generate a
single PIV velocity vector field — At was determined as 6000 ps to ensure
that the maximum in-plane and out-of-plane displacements of the tracer
particles were less than one-quarter of the interrogation windows size
and of the thickness of the laser sheet.

2.3. PLIF measurement technique

We refer to Fig. 2 for explaining the PLIF experiment on mixing in

CZ
1 1
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0 05 x/L 1 0 05 x/L 1

Fig. 4. Left panel: raw gray-level image before the lid started moving. Right panel: concentration distribution of Liquid 2 after image processing.
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Fig. 5. (a) The instantaneous concentration of Liquid 2 measured in the experiments. (b) Simulated instantaneous concentration of Liquid 2 with 3.2 million cells.

the lid-driven cavity. Liquid 1 in the cavity did not contain Rhodamine
B. Rhodamine B was uniformly dispersed in Liquid 2, and Liquid 2 was
carefully placed on top of Liquid 1. The concentration of Rhodamine B
in Liquid 2 was 50 pg/L and it was confirmed that it had — within ex-
perimental accuracy — no influence on the physical properties of Liquid
2. Fluorescence of the molecules of Rhodamine B is induced by the
green band of the laser (A = 532 nm). Its absorption maximum occurs
in the vicinity of 540 nm and its fluorescence maximum occurs around
590 nm [30]. The excited fluorescence intensity was captured by the
CMOS camera equipped with a sharp cut-off filter blocking out any
incident scattered light with a wavelength below 550 nm [31].

Calibration is a vitally important step of PLIF experiments. It is
performed by measuring homogeneous solutions with known con-
centrations. The tracer is excited and emits fluorescence with a specific
wavelength when the laser sheet passes through a liquid containing
Rhodamine B. There is a functional relationship between the amount of
emitted fluorescence captured by the CMOS camera and the con-
centration of Rhodamine B. The relationship between the intensity of
excited fluorescence and the concentration of tracer can be given as
[32-34]:

I=LCeexp(~1;C)

~

1)
L=1+1 2
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05x/L 10 05 x/L

-

where I is the fluorescence intensity, C is the tracer concentration, I is a
local coefficient related to the experimental parameters, I is a coeffi-
cient that takes into account the effect of absorption, I, is the light in-
tensity captured by the CMOS camera, and I, is the intensity of back-
ground. It can be seen from Eq. (1) that the fluorescence intensity is
linearly proportional to the local tracer concentration at low excitation
intensity. At high excitation, there is no longer a linear relationship
between the fluorescence intensity and the concentration of tracer due
to saturation and photo bleaching effects [32].

In this work, a series of measurements for calibration was performed
at several tracer concentrations in homogeneous Liquid 1 and Liquid 2.
Fig. 3 shows the relationship between the fluorescence intensity and the
tracer concentration in the two liquids. It can be seen that the re-
lationship is to a very good approximation linear if the concentration is
in the range 0-60 pg/L. Therefore, the initial tracer concentration in our
experiments was chosen at 50 ug/L to ensure a linear relationship be-
tween the measured light intensity and the Rhodamine B concentration.
The fluorescence intensity of Liquid 1 and Liquid 2 for any given con-
centration in the range 0-60 ug/L differs by less than 3% (see Fig. 3).
This thus allows us to accurately measure the composition of this
miscible liquid system through measuring the Rhodamine B con-
centration. Based on the linear relationship in Fig. 3, the gray-level
images captured by the CMOS camera were converted to concentration
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Fig. 6. Experimental and simulated concentration profiles of Liquid 2: (a) Ut/L = 3, 2/H = 0.75; (b) Ut/L = 3, x/T = 0.85; (c) Ut/L = 7,2/H = 0.75; (d) Ut/L = 7, x/
T = 0.85. Simulated concentration of Liquid 2 at Ut/L = 7 with 1.6 million cells (e) and with 6.4 million cells (f). Effect of grid on the simulated concentration

profiles of Liquid 2 at Ut/L = 7 on lines z/H = 0.75 (g) and x/T = 0.85 (h).

profiles of the Rhodamine B which is proportional to the concentration
of Liquid 2. For a better view of the concentration field obtained in the
PLIF measurements, the gray-level images were converted to pseudo-
color images by a Matlab code, as shown in Fig. 4. In the pseudo-color
images, blue region with a RGB value of [0, 0, 255] is considered as the
region with 0vol% of Liquid 2, and red region with [255, 0,0] is the
region with 100 vol% of Liquid 2.

3. Simulations
3.1. Species transport model
Simulations on flows of multi-component Newtonian fluids are

based on the solution of the continuity and Navier-Stokes equations.
They have the following form:

6,0 —
Fiv. =0
5 TV ew) 3)
v + V(oUW W) = =V p+ V-(uVU) + pg
o “@

where p is the fluid density, p is the pressure, 7 is the velocity, and y is
the viscosity, g is the gravitational acceleration.

A species transport model was employed for simulating the mixing
process of the two miscible fluids in the lid-driven cavity. The con-
servation of species i can be given as follows [35]:

a(gf) + V-(efiu) = V-(eDm Vf)

i ©)
where f; is the local mass fraction of the species i, and D, is the mass
diffusion coefficient. An equation of this form will be solved for N-1
species with N the total number of fluid species presented in the system.
Since the mass fraction of the species must sum to unity, the Ny, mass
fraction is determined as one minus the sum of the N-1 solved mass
fractions. To minimize numerical error, the Ny, species should be se-
lected as the species with overall largest mass fraction. In this work, the
conservation equation of Liquid 2 was solved and the mass fraction of
Liquid 1 was determined as one minus the mass fraction of Liquid 2.
The effective viscosity of the mixture is determined through the

233

mass fraction and the viscosity of each Liquid:
w=hi + Q= iy ©)

where f; is the mass fraction of Liquid 1, and y, and u, are the visc-
osities of Liquid 1 and 2 respectively.

The density of the mixture is expressed in terms of the mass fraction
and the density of each liquid in the following way:

L_h,0oh)

P Py Py ™
where p, and p, are the densities of Liquid 1 and Liquid 2 respec-

tively.

Eq. (6) and Eq. (7) were compiled in Fluent 18.0 [36] by external
user-defined functions. As shown in the experiments section, the con-
centration is described in terms of volume fraction, so f; is translated to
CibyC = flp%.

3.2. Numerical details

No turbulence model (direct simulation) was used to calculate the
flow field in the lid-driven cavity because the largest Reynolds number
of all simulation cases was 486. The species transport model was se-
lected to realize the mixing of two miscible fluids. In all the simulations,
D,, was chosen as 1.5 x 10~ 1°m?/s which has been discussed in the
experiments section.

The geometric configuration used for the CFD simulations in this
work was the same as that used for the PIV experiments. The geometry
and the mesh were constructed by using a commercial software ICEM
[37]. Hexahedral elements (about 3.2 million with grid spacing Ax of
about 0.31 mm) were used for meshing the geometry. A grid sensitivity
study has been carried out and the results will be explained later. The
lid of the cavity was set as a moving wall boundary with a given speed
U of 0.02m/s in positive x direction. No-slip condition was applied to
all solid wall boundaries. As for the temporal resolution, time step At
was set as 0.005s to keep the Courant-Friedrichs-Levy number (%
smaller than 1 according to ANSYS Fluent Users guide [38]. The second
order upwind scheme was used for the spatial discretization of the
momentum equations, and the second-order implicit scheme for time
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Fig. 7. Experimental (left column) and simulated (right column) instantaneous velocity field in the cavity with two miscible liquids. Only results at four moments are
presented for conciseness. The distribution of Liquid 2 with volume fraction of 90 vol% is marked by red lines in each panel. (p; = 1307 kg/m>, p, = 1297 kg/m>,

u; = 0.103 Pas, u; = 0.079 Pa's, U = 0.02m/s).

advancement. In order to couple pressure and velocity, the SIMPLE
(Semi-Implicit Method for Pressure Linked Equations) algorithm was
used. Convergence per time step was achieved when the normalized
residuals of the continuity and velocities became less than 10~ * and the
normalized residuals of the mass fraction became less than 1077.
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4. Results and discussion
4.1. Mixing progress in the lid-driven cavity flow
Fig. 5a shows the mixing process of the lid-driven cavity flow vi-

sualized by the PLIF measurements. At Ut/L = 0, two liquids are
layered up and down with a clear interface. With the movement of the
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Fig. 8. Instantaneous velocity in x direction (left column) and in z direction (right column) at Ut/L = 7 on two horizontal lines (z/H = 0.75 and z/H = 0.95) and two
vertical lines (x/L = 0.50 and x/L = 0.95). The cavity was filled with two miscible fluids. Simulated results with 1.6, 3.2, and 6.4 million cells are shown in each

panel.

lid, Liquid 2 begins moving to the right part of the cavity and Liquid 1
fills the region previously occupied by the Liquid 2. Because of the
confinement by the right sidewall, the nearby Liquid 2 moves down-
wards. At Ut/L = 3, Liquid 2 is drawn down into Liquid 1, and Liquid 2
is not in direct contact with the lid anymore. At this moment, the Liquid
1 driven by the lid reaches the right sidewall, and then moves down-
ward. More and more Liquid 1 is carried by the moving lid and then
moves around the main region of the Liquid 2, as shown from Ut/L = 3
to Ut/L = 6 in Fig. 5a. In this process Liquid 1 gradually cuts Liquid 2
into a large triangular region and a narrow striation at Ut/L = 7. Be-
cause of the restriction of the lid length in x direction, the mixing
process after Ut/L = 7 cannot be obtained in the experiments. We used
numerical simulations to predict the two liquid mixing beyond Ut/
L=7.

The simulated results regarding the above-mentioned mixing pro-
cess are presented in Fig. 5b. The predicted mixing process from lid
starting to the moment Ut/L = 7, including carrying Liquid 1 by the lid,
separating the Liquid 2 into a triangular region and striations, is in good
agreement with the experimental results. In the simulation, we ex-
tended the mixing process to the moment Ut/L = 16. As the lid con-
tinuous moving, the circulation of the Liquid 1 promotes the mixing
with the Liquid 2 in the triangular region, and the area of the region
becomes smaller from Ut/L = 7 to Ut/L = 16. The striation of Liquid 2
is gradually disappearing at Ut/L = 16. The formation of the stable
triangular region of the Liquid 2 might be caused by the low operating
Reynolds number; only limited mixing happens over a short time period

at Re = 12.68.

Concentration profiles of the Liquid 2 at Ut/L = 3 and Ut/L = 7 on a
horizontal line z/H = 0.75 and a vertical line x/T = 0.85 are shown in
Fig. 6 for a quantitative comparison. The predicted concentration pro-
files of Liquid 2 at z/H = 0.75 agree well with the experimental data at
the two moments, although the concentration of the Liquid 2 in the
striation is overpredicted at Ut/L = 7. On the vertical line x/T = 0.85,
the simulated width of the triangular region and the striations is smaller
than the experimental data. Simulated concentration distributions of
Liquid 2 at Ut/L = 7 with different grids are shown in Fig. 6. The
concentration contour with 3.2 million cells is not displayed in Fig. 6 as
it is already presented in Fig. 5b. Good agreement in terms of simulated
concentration fields are obtained by using the three grids, but the re-
sults are to some extent grid dependent. As the Schmidt number in the
simulations is of the order of 10°, fine concentration length scales will
develop that can be captured better on finer grids. This is noticeable in
the quantitative comparisons at z/H = 0.75 and x/T = 0.85 in Figs. 6g
and 6h. As a compromise between numerical accuracy and computa-
tional efficiency, most simulated results in this work are based on the
grid with 3.2 million cells. The effect of grid on the simulated results
will be further discussed in the following sections.

In general, the simulated results of volume concentration can give a
good prediction of the mixing of the two miscible fluids. From these
visualizations, it is demonstrated that the PLIF experiments as well as
the related simulations can effectively describe the mixing process of
the two miscible fluids in the lid-driven cavity. In the next section, the
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Fig. 9. Experimental (left column) and simulated (right column) instantaneous velocity field in the cavity with only Liquid 1. Only results at four moments are
presented for conciseness. (p = 1307 kg/m>, u = 0.103 Pass, U = 0.02m/s).

results of the PLIF experiments will be combined with the velocity field conditions as the PLIF experiments, however not simultaneously with
obtained by the PIV measurements to interpret these phenomena in the PLIF experiments. The experimental flow fields at four moments are
more detail. shown in the left column of Fig. 7. To explore the connection between

the velocity fields and the concentration fields, we show the outline of
Liquid 2 (by marking the contour where volume fraction of Liquid 2 is
4.2. Flow fields in the lid-driven cavity equal to 0.9 as a red curve) in Fig. 7. At Ut/L = 1, a small flat cycle flow
pattern is formed and the region with a velocity magnitude of 0.2U and
The PIV measurements were conducted under the same operating
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Fig. 10. Instantaneous velocity in x direction (left column) and in z direction (right column) at Ut/L = 7 on two horizontal lines (z/H = 0.75 and z/H = 0.95) and
two vertical lines (x/L = 0.50 and x/L = 0.95). The cavity was filled with only Liquid 1. Simulated results with 1.6, 3.2, and 6.4 million cells are shown in each panel.

higher is very small. Within a short time period, the entire Liquid 2 is
just carried by the lid to the right side of the cavity and the main cir-
culation has not yet formed. With the continuous movement of the lid, a
single-cycle flow pattern was formed at Ut/L = 3. The contour of the
flow field is strongly asymmetric and the center of the single-cycle
pattern is offset to the right wall at about x/L = 0.7. From Ut/L = 3 to
Ut/L = 7, there is no significant change for the center of the single-cycle
pattern so that the main part of Liquid 2 keeps in a large triangular
region with some striations. There are, however, some small changes in
the magnitudes of the velocity around the triangular region. The si-
mulated instantaneous realizations of velocity fields in the lid-driven
cavity with two miscible fluids are shown in the right column of Fig. 7.
There is also a small flat cycle flow pattern at Ut/L = 1, and the single-
cycle pattern with the center at x/L = 0.7 is formed at Ut/L = 3. From
Ut/L = 3 to Ut/L = 7, the magnitudes of the simulated velocity around
the triangular region keep changing as in the experiments.

As shown in Fig. 8, u and w on two horizontal lines (z/H = 0.75 and
2z/H = 0.95) and two vertical lines (x/L = 0.50 and x/L = 0.95) at Ut/
L = 7 are chosen to present the quantitative comparisons between ex-
perimental and simulated results in terms of fluid velocity. Although
there are some discrepancies, the simulated results are in good agree-
ment with experimental data, which gives us confidence that we can
use simulations for predicting the mixing process of two miscible fluids
under a laminar condition. The profiles show that our simulated velo-
city results with 3.2 million cells is already grid insensitive, because the
results of 6.4 million cells overlap with those of 3.2 million cells in
Fig. 8.

The flow fields in the lid-driven cavity with two miscible fluids show
clear distinctions with the flow fields with only one fluid [17]. To in-
vestigate the differences and verify the simulation method again, a PIV
experiment for the cavity only filled with Liquid 1 was conducted. The
instantaneous PIV results in the cavity with one fluid are shown in the
left column of Fig. 9. Comparing the velocity fields at the four moments,
we can find that the single-cycle flow pattern has been preliminarily
formed at Ut/L = 1. With the continuous drag of the lid, the overall
flow field in the cavity has not changed much after Ut/L = 3. In gen-
eral, the contours of the flow fields in the cavity with only one fluid is
relatively symmetrical compared with the flow field with two miscible
fluids. The center of the single-cycle in the cavity with only one fluid is
located at about x/L = 0.5, which is similar to the results in the lit-
erature [13]. In addition, the region with velocity magnitude of at least
0.2U extends to z/H = 0.25 which is significantly deeper than that in
the cavity with two fluids at Ut/L = 5. Impressions of the simulated
instantaneous velocity field in the cavity with one fluid over time are
given in the right column of Fig. 9. Both the single-cycle flow pattern
and the area reaching the speed of 0.2U can be well predicted by the
simulations.

To quantify the results of the experiments and simulations, we
present the u and w velocity profiles on two horizontal lines (z/
H = 0.75 and 2/H = 0.95) and two vertical lines (x/L = 0.50 and x/
L = 0.95) at Ut/L = 7 in Fig. 10. In general, simulations and experi-
ments in the lid-driven cavity with one fluid are in good agreements.
The velocity profiles in Fig. 10 also confirm that our simulated velocity
fields with 3.2 million cells is already grid insensitive. Compared with
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Fig. 11. Simulated concentration of Liquid 2 in the cavity at Ut/L = 16 with 1.6, 3.2, and 6.4 million cells (top row). Quantitatively comparisons of the concentration
profiles of Liquid 2 with % = 0 at Ut/L = 16 on a horizontal line z/H = 0.75 (bottom left). The instantaneous COV at % = 0 with 1.6, 3.2 and 6.4 million cells

(bottom right).
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Fig. 12. Simulated instantaneous concentration of Liquid 2 in the cavity with two miscible fluids with different densities (and thus different %). (p1 = 1307 kg/m°>,
ps = 1241.6, 1297, 1304.4, 1307 kg/m® (from top to the bottom), u; = y, = 0.1030 Pass).
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Fig. 13. Simulated instantaneous coefficient of variation in the cavity with two
miscible fluids with different densities (and thus different %). (p1 = 1307 kg/

m®, p, =1241.6, 1297, 1304.4, 1307 kg/m® (from top to the bottom),
1y = up = 0.1030 Pass).
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the grid effects on the mixing process in previous section, it is much
easier to achieve a grid independent flow field.

In summary, simulations can well predict the flow fields in the
cavity with one or two kinds of miscible fluids. The flow fields in the
cavity with two miscible fluids show clear distinctions with those with
only one fluid. The buoyancy caused by the small density difference
plays an important role in the flow and mixing process. Because of
experimental limitations, such as refractive index matching among
fluids with density difference, the effect of density difference and
viscosity on the mixing performance could not be experimentally in-
vestigated over a wide range of parameters. In the next section, many
groups of simulations will be conducted to find the parameters most
influencing the mixing performance.

4.3. Effect of % on mixing performance

The influence factors on the mixing process will be discussed based
on simulations in this section. A different density difference of the two
fluids will bring about different buoyancy, and changes in viscosity

cannot be ignored due to the small Reynolds numbers in this study.
_ (pr—pp)el?

Thus, a dimensionless group % is defined as the ratio of

0

05 x/L 1

05 x/L 10

0.5 1

Fig. 14. Simulated instantaneous concentration of Liquid 2 in the cavity with two miscible fluids with different viscosities (and thus different %). (p1 = 1307 kg/m>,
p2 = 1297 kg/m3, u; = us = 0.00103, 0.0103, 0.103, 1.03, 10.3 Pa's (from top to bottom)).
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Table 2 ) buoyancy ((o, — p,)gL?) to viscous force (u%LZ).
Parameters of four pairs with same value of 7. To quantify the mixing efficiency of the two miscible fluids in the
Pair Ar/Re Density difference (kg/m?) Viscosity (Pas) lid-driven cavity flow, coefficient of variation (COV) was calculated to
represent the standard deviation of liquid concentration [39]:
1 1.19 10 10.3 os
1.19 2.614 2.692 (ffA (Cavg — Ci)?dAY”
2 11.9 10 1.03 cov = C
11.9 2.614 0.2692 a8 ®
3 119 10 0.103 L
119 2.614 0.02692 _ 1 )
4 1190 10 0.0103 Cavg = A -/1-/;1 CidA ©)
1190 2.614 0.002692
where C,,, is average scalar concentration over a selected plane and
A is the area of the plane (m?).
1.4
—— Re=127
o | —— Re=486
O
Ar
2 —1190 0.7
Re
~
0 _
0 05 x/L 1
Ar
—=119
Re
Ar
—=11.9
Re
0 05 x/L 1 0 05 x/L 1
1.4
—— Re=0.127
o | — Re=0.486
O —
/ |
A 119 o7y || [ | :’
Re . \ J
| |
I \‘“\ [ .\‘ ‘ ‘\ | //\
LAY 2H=0.75 J U™
0 05 x/L 1

Fig. 15. Simulated concentration of Liquid 2 in the cavity at Ut/L = 16. In each row, the values of % are the same. The right column quantitatively shows the

concentration profiles of Liquid 2 with constant ’;‘—e' on a horizontal line z/H = 0.75.
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Fig. 16. Simulated instantaneous coefficient of variation in the cavity with two
miscible fluids with different £°

A more complex operating condition with small 4 . " of 0 and large
Ut/L of 16 was selected to specify the effect of the grid on the mixing
process. The simulated concentration of Liquid 2 in the cavity at Ut/
L = 16 with 1.6, 3.2 and 6.4 million is shown in the top row of Fig. 11,
and concentration profiles of the Liquid 2 at Ut/L = 16 on a horizontal
line z/H = 0.75 are shown in the left bottom of Fig. 11. Time series of
COV at % = 0 are bottom-right in Fig. 11. We observe a clear grid
dependence. With a Schmidt number of 10° it will not be possible to
achieve grid convergence for the scalar concentration field. The scalar
diffusion distance & over the time for one lid passage (L/U) is
8/L = (ScRe)™'/2 ~ 0.0004. We thus would need a grid with of the order
of (L/8)*~1.5 x 10'° control volumes to capture the concentration field
in full detail which is computationally unfeasible. For practical reasons,
subsequent simulations for identifying trends in scalar mixing are all
based on grids with 3.2 million cells and we realize that at this level of
resolution, grid convergence for the concentration field has not yet been
reached.

To investigate the effect of density difference, a constant viscosity
0.103 Pa's was chosen for the two fluids. The density of Liquid 1 was
kept as 1307 kg/m>, and the density of Liquid 2 was changed from 1307
to 1241.65 kg/m?>, resulting in density difference ranging from 0 to
65.35kg/m> and % from O to 778. Instantaneous concentration dis-

tribution at four ﬂ are shown in Fig. 12. At high ﬂ of 778, the upper

fluid cannot be dragged into the lower one. When % is 119, the main
part of the Liquid 2 forms a stable triangular region from Ut/L = 8 to
- to 31, a noticeable mixing process can

Ut/L = 16. Further decreasmg

Chemical Engineering Journal 362 (2019) 229-242

be seen with thin striations continuously being separated from the main
part of Liquid 2. When 2’ is 0, more striations are generated within Ut/
L =16 and then are dissipated in the entire cavity. The shape of the
main part of Liquid 2 changes a lot and its area becomes smallest in
comparison with other three cases. It is obvious that mixing perfor-
mance becomes better with decreasmg (as a result of small density
difference).

Time series of COV at four " are plotted in Fig. 13. At constant
the COV value decreases with the increase of time, that is, the level of
mixing improves with time. The COV decreases very slowly at 2* = 778
as m1x1ng only occurs at the interface of the two liquids, and the COV
value at 4 = 119 does hardly decrease for Ut/L > 12 because the
main part of the Liquid 2 forms a stable trlangular region, as shown in
Fig. 12. At constant Ut/L, the lower the " the smaller the COV value,
and thus the better the liquid mixing. Best mixing performance occurs
at % = 0, and minimizing the density difference of the two fluids is
recommended as a way to achieve faster mixing.

In Fig. 14, fluids with the same densities as those in the experi-
mental configurations (p; = 1307 kg/m>, p, = 1297 kg/m?) are used to
investigate the effects of viscosity on the mixing performance. The
number ﬂ ranges from 11,900 to 1.19 due to the viscosities (3 = )

ranging from 0.00103 to 10.3 Pass. At the highest Ae' of 11,900 (as a
result of the lowest viscosity), mixing happens within a narrow region
between the main parts of the two fluids, and the interface at z/
H = 0.75 has not changed much at Ut/L = 16. With the decrease of %,
more Liquid 2 is separated by the Liquid 1, forming different striation
structures, and then better mixing is achieved. In general, viscous ef-
fects enhance the mixing of the two miscible fluids in the lid-driven
cavity.

Four pairs of simulations with various density difference and visc-
osity but the same 2" were conducted, and the parameters of the cases
are shown in Table 2. Simulated concentrations and quantitative
comparisons of Liquid 2 at Ut/L = 16 are shown in Fig. 15. By com-
paring the first two column of Fig. 15, we observe that cases with
constant 4’ present almost the same mixing performance when

‘i: < 119. A quantitative comparison of the Liquid 2 concentration at a
horizontal line z/H = 0.75 (see the right column of Fig. 14) further
confirms this conclusion.

However, curved interface between the two liquids can be found
when A: is 1190, as shown in the middle panel of the first row in
Fig. 15. The main reason might be that the flow in the cavity is not
laminar as the Reynolds number is 486 for this case. Time series of COV
were presented in Fig. 16. The COV decreases very slowly at % =1190
because the concentration profiles only undergo minor changes over
time and Liquid 2 is not entrained in Liquid 1 and does not form
striations, as shown in Fig. 15. The simulated cases with constant %
show almost the same mixing process including the case with

—— U=0.02 /s ,L=0.05m
U=0.04 m/s ,L=0.05m
U=0.02 m/s ,L=0.10m

@

2H=0.75

0
10 05 x/L 1 0 05 x/L 1
Cz_:_
0 0.5 1

Fig. 17. Simulated Liquid 2 concentration in the cavity with % = 1.19 at Ut/L = 16 with different U and L. The right column quantitatively shows the concentration

profiles of Liquid 2 with the same % but different U and L on a horizontal line z/H = 0.75. (p; = 1307 kg/m>, p, = 1297 kg/m>, 1y

Re = 0.127, 0.508, 0.063 (from left to right)).
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Ar
Re
Ar
o
To confirm the

= 1190, and better mixing performance can be achieved with a small

Ar
Re
constant % were simulated. The concentration field of Liquid 2 of the
three cases at Ut/L = 16 are shown in the left three panels of Fig. 17.
The three concentration fields are almost the same in terms of the
contours shown in Fig. 17. To quantitatively compare the results of the
three cases, we present concentration profiles on a horizontal line z/
H = 0.75 at Ut/L = 16 in the right panel of Fig. 17. The almost over-
lapping concentration profiles confirm that cases with constant % value
will lead to the same mixing performance and concentration distribu-
tion.

scaling, three cases with different U and L but

5. Conclusion and future work

A simplified model based on an industrial dynamic mixer was rea-
lized by a lid-driven cavity flow with two miscible fluids. Refractive
index matching between the two fluids was achieved to visualize the
mixing process in the cavity. Instantaneous concentration and velocity
fields were measured by using the PLIF and 2D-PIV experiments re-
spectively. The mixing characteristics are closely associated with the
flow field of the two fluids, which is quite different from the flow field
in the cavity with only one fluid. To the best of our knowledge, this is
the first work about visualizing the mixing and flow field of two mis-
cible fluids in a cavity flow by using PIV and PLIF experiments.

Instantaneous concentration distribution and velocity field were
predicted by the CFD simulations with species transport models. The
simulated results are quantitatively verified by the experimental data,
and they agree very well with each other. The present work gives us
confidence to simulate the mixing process in industrial dynamic mixers,
such as the configuration shown in Fig. 1.

A dimensional group % is proposed to investigate the effect of fluids
properties such as density difference and viscosity and of geometric and
operation parameters including lid velocity and cavity size. The mixing
performance in terms of the COV of fluid concentration becomes better
with the decrease of A—:. At constant % in the range of 1.19 < A—: =119,
we can obtain approximately the same mixing process by changing the
fluids properties, geometric and operation parameters. For the design
and optimization of dynamic mixers involving laminar flow with den-
sity differences, this paper has identified the dimensionless group % as
an important design parameter.

This work investigated the mixing characteristics in a laminar lid-
driven cavity based on simplifying an industrial dynamic mixer. The
validated computational methods and models could be used to simulate
industrial dynamic mixers in the future. However, grid effects on the
concentration field are hard to avoid due to the high Schmidt number.
The mixing process of miscible non-Newtonian fluids with a wide range
of Reynolds numbers in lid-driven cavities as well as in dynamic mixers
will also be our future research directions.
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