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Chaptlenrt rlooduct i on

1.1 Problem Statement

Understanding the governing mechanisms and physics of multiphase fluid
transport in porous media has remained a challenging problem in fluid dynamics
research community despite its great interest in a wide range of industry applications
such ashydrology, secondary oil recovery, filtration and storage of byproduct
materials Recently there has been a great interest in mixing processloin dioxide
and brine following C@injection indeep saline aquiferas a reliable means tfng
term storage Increasng concentrations of GOin the atmosphere is believed to
negatively affect the environment energy balance by increasing the greenhouse effect,
thereby exerting a war mi ng Thereférdthemajotr e at t h
motivation behind capturing and storage of QOCS Carbon Capture and Storage
is toreduceCO, emissionand eventually itdong term isolatiorfrom the atmosphere

The primary sourceof carbon dioxide productioare big industrialprocesses
suchaspower plants, cements productioampaniesand refineriesThe amitted CQ
from these firmds concentrated at high pressamedtransported to aearbystorage
site. Pipelines are the most common transportation method, while other methods such
as ship trasportation, road or rail tankers are alsonsidereddepending on the
volume of CQ being transported as well as the distance to the storage site. There are
three primary storage types tlaat of interest for current useil and gas reservoirs,
deep sahe formationsand unmineable coal beds all cases, C@is injected into a

porous rock formation below the earthés su



place for long duration of time This processs currently done both onshore and
offshore.In case of sequestration within oil reservoirs, the sequesteredad@lso
be used t@nhance oil recoverflyom oil fields (EOR) figure 1.1). The other option is
to inject CQ into suitable coal fiels where it will be adsorbed the coal anavill be
held in placepermanentlyFinally and perhaps most significantthere arevast and
deepsalineformationsthat can be used as a suitable storagelsiteeseaquifers salt
waterhas beeh ocked up by rocé&apf oolorgdoationofcal | ed |
time. This cap rock effect acts as a thick and low permeability cover to provide a
restraint for the injecte@O, prevening it from leaking back?2].

To ensure technical feasibilityas well aslong term stability of thestorage
reservoir various aspects ofe problenrmeed to be addressed. When G©injected
into an aquifer, it forms an immiscible G@ch supercriticalphase, while small
amount of CQ dissolves in the brine3]. In the temperature and pressure range
encountered in geological GQtorage, the density of treupercriticalCO, is less
than the density of the brine; the result is itsumculating on top of the brind]. As
the two fluids undergo diffusive mixing at the interface, a thin boundary layer
develops that is heavier than either of the fluids. At some point this layer becomes
gravitationally unstable and results in the onset of convective plumes. This
phenomena results in an inase in the bulk mixing of the two layers due to
shortening of the effective diffusion length scales by increasing the total interface
areaalong withcarryingrich CQ, plumesinto contact with fresh brine water. This

process is called solution trapping &O,. The favorable outcome of this


http://www.ico2n.com/what-is-carbon-capture/co2-storage/deep-saline-formations

phenomenons a more stable system and a successful-lerrg entrapment of CO
(figure 1.2.

The current work is motivated by a goal to obtain quantitative temporally
resolved velocity and concentration measurementsliibisive RayleighBenard
convection observed in the process of solution trapping. Foptingosea laboratory
experimental model was desigheontaining an analogeworking fluid system in a
mathematical equivalent geometry twfo-dimensional homogenase porous media
(Hele Shaw cellXo produce the mixing behavior of G@ brine. In this studya
combined particle image velocimetry (PIV) and L#iduced fluorescence (LIF)
technique were used to provide velocity and concentration fields simultanedtsly.

primary goal would be to estimate the scalar flux density (
J = Jconvectior+ J diffusion= UC - Dbc). In chapter 2 challenges associated with

performing a reliable velocity measurement in narrow channels and microfluidic
systens are introduced and a practicplidelineis proposed to make PIV quantitate
for these cases. In ttseicceedinghaptes, the velocity measurement is accompanied
by simultaneous concentration measuremeldiste specifically, n chapter4, the
instrumentabn and calibration procedurr determiningthe concentration field
from fluorescencés discussedThe measured velocignd concentratiofield is then
usedto investigate the physics of the flow mechanisms governing the instability
growth and propag@mn in chapter 5 The final chapter(Chapter 6)includes the
conclusion of the work as well as ideas for future work on the subject and

instrumentation.



l, CO;injection oil well T

Figurel.1 enhanced oil recovery using €O

CO, injection supfarcntlcall CO, pooled up permanent trapping
against aquifer rock within plumes by mineral

reactions
capillary trapped CO,

unstable CO,-salt water natural convection of negatively buoyant
salt-water aquifer interface plumes of CO,-in-brine solution

surrounding impermeable rock

Figurel.2a schematic of C&solution trapping in saline aquifers and the effect of cap rock
(Riaz et al)



1.2 Literature Review

The equations describing the conventibehavior of the dissolved G@ the brine

within porous media are:

—

P.u =0 1.1
v=-KXep- g 1.2
m
K Upc+mDP7c 1.3
it
r=ry,+Drc 1.4
r=ry,+Drc 1.5
m=m +Dne 1.6

Where U" is the velocity K is the permeabilityp is the effective dynamic viscosity
of the mixture,g is the acceleration due to gravitiy is the effective binary
diffusivity of the two fluids, cis the saturation and is the porosity. Variables with
the superscript * are dimensional and all otheesramndimensional, except for the
obvious dimensional variable$, i, " , g, KandH. Now dimensionless variable are

defined as beloJfigure 1.3):

U = KPrg 1.7
Dm
pi= "M _ prgn 1.8
K
fH fHDm
U KDrg
b =HD 1.10



——> CO, vapor

——» dissolved CO,in brine

——— brine

Figurel.3a schematic ofireservoir

Based upon the scaling variables defined above, equdtibis3 are reduced to:

pu=0 1.11
i=-2op- Lo - of 1.12
m Dr
K _ tpe+ DML oo 1.13
it m Ra
Ra= KngH 1.14
fDm

WhereRa is the only dimensionless parameter governing the flow, which shows the
relative importance of buoyancy to viscosity forces. Due to complexity of the system
and varietyof parameters involvedn analogougxperimental model igsedin this

studyto model the behavior of the flowlo be able to visualize the flow, lele-



Shaw cellis usedas an analogue of porous medidis device that is formed by two
flat plates of narrongap U can be shown to be equivalent to a ‘thmensional
homogeneouporous medium withpermeabilityof ¢?/12 (f =1). The HeleShaw
cell is recognized as a convenient laboratory analdguevestigategeophysical
fields, thermal convection and multiphase fluid displacement in porous nhediés
section HeleShaw flow is derived from Naviestokes equation for singlghase,
incompressible flowr{eglecting external body forges
Du

r—=- P+’
Dt

Assuming thatv=0 and provided that the rates of variatiorupf’with respect tc, y

1.15

can be neglected in comparison with their rates of variation with respecdoation

1.15is reduced to:

P.u =0 1.16
2
u
%; '”5222 1.17
2
\'
% _ '”5222 1.18
W _5 1.19
z

Equationl.19indicates thaP is not a function o and thereby uP/uxand pP/py
are not functions of either. Therefore equatioris17 and 1.18 imply thatu andv
should be polynomials of degree two at most. Using the boundary conditens

equatiors are reduced to:



d d .
= +=

u, v=0for z=-

o ~, 2 ~
u:ia %2_%5 1.20
G HX g =
o ~0 2~
sziag%%z_ %g 1.21
cHY ¢ =
Th deloci he gapif = = & udz) then is:
e averagetelocity over the gapy _;’nd/zui z) then is:
_ 2 o ~
u=- 9 P8 1.22

o= n;%g 1.23
12 cHy £

As can be seenform equations 1.22 and 1.28he HeleShaw equation
u=-(?12mpP i s si mi |l ar tue-(kKDdP thatdralated thewflux
(discharge per unit area, with units of length per time) and pressure gradient in a
porous mediumki s t he permeability of ,théehfex medi um)
divided by porosity gives the average velocity to account for the fact that only a
fraction of the total formation volume is available for flow. Therefore the flow in
Hele-Shaw cell is analogues to flow in a saturated porous media (porositythl wi
permeability k;= &12 (i, j=1, 2). For fluid transport in a HelShaw cell, equation

1.2 reduces to:

—_ 2 —_—
u=- dm[E)P+ rg] 1.24
12
To reproduce the mixing behavior of €@ bring an analogue fluid system

wasused. The system contains the mixture of ethylene glycol and metthEQ)

mixing with water B]. The initial conditions for the experiment consist of the two



stably stratified stationary fluids of different density, which exhibit the property that
the lesulting mixture has a greater density than either two of the original fluids. As
the two fluids undergo diffusive mixing at the interface, a thin layer develops that is
gravitationally unstable, resulting in the onset of convective plumes and an increase
in the bulk mixing of the two layersEG solutions containing less than 68 wt%
ethylenegjlycol are less dense than water, but the density of EMater mixtures
exceed that of water, with a maximumabout 45wt% MEG, dependent on the
ethyleneglycol contem of the MEGmixture In this study MEG 61 wt% is used due

limited design freedom as will be discussed in chapter 3.

1.02 1

101 L ‘
BT S
1 Y

099
098 [
007 |-
0.96

density ( g/cm )

aqueous MEG mixture (wt%)

Figurel.4the density of methanol and ethyl&ggcol (MEG) mixed with water, for MEG
solutions with 61% (weight percerg)hylenéylycol (Neufeld et al 2010)

In a previous work by Backhaus et al. (20]1€4]) a similar experimental model was

developed consisting of a water column locating vertically above propylene glycol



(PPQ in HeleShaw geometryThe concentration fielavias then visualized by optical
shadowgraph and the normalized mass fluy) (based onlte amount of water being
mixed wasextracted from the interfacerosion rate.Tests were conducted under
different conditions, and the bulk mixing rat@sreported fodifferentRa Based on
the permeability of each specific reservoir (differéf)t the mass flux was then
estimated by calculatingRa Backhaus et al. (2011) praged a powelaw in the

formof0 6 Mt uvmdic ¥ 8

H
Nu= ——~ 1.25
rOpd
= r&a 1.26
d 1.27
Nu= Ra%

Previous investigations otne physics of gravity driven solubility trapping process
have shownthat convection does not start immediately wi@®, is brought into
contact with aquifer brine7]. This delay times suggested to béue to competing
mechanisms of diffusive damping and the raterofugh of unstable perturbations.

A similar behavior was reported form experimental stu(Baxkaus et al)However

due to limitedresolution of the experimental techniques thetaytime scale could

not be determined. The starting point for this study was to conduct large field of view
velocity and concentration measurements to fill thisigahe literature.

In previous studiegficr i t i c al t i rirearinstability waslpreposedis e t
by Riaz et al (2006)ho used linear instability theo[§]

¢ =146 1.28
(KDrg)

10
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Tilton et al [9] also looked at trenset of nonlinear instability and reported the solute

flux magnitude in time:

0.030

0.025

0.020

0.015

0.010

0

Figure 15 DNS calculations reportindgne magnitude of solute flux with time for different

initial perturbations (Tilton et al 2014)

In the currentvork, the novelty of the experimental measurement technique
(simultaneous PIMLIF) allows for the estimation of mixing rate avell asboth the

diffusive and advective fluxes:

n g "Ny 1.29
P Gemory 130
o WO o ® @0 6P 131

The averaging operator is the spatial average over the area of interest.
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ChaptVerl oz:ity Measurement in Nar

2.1 Introduction

This section investigates the challenges associated with performing
guantitative particle image velocimetry (P1V) in a planar-gpap channel flow with a
large field of view. Currently, velocity measurements in-tap flows are performed
using microscoig-PI1V with high magnification objectives that severely restrict the
field-of-view. However a large fieldf-view is required in certain micfluidic
applications, where it idesired to examine a large region of the devatker than in
a single channelfor instance,in biotechnology applications for measurements in
microfluidic manifolds and cell culture devigesr systems invegfating a blood
vessel network0]. In addition to microsystems, maintaining a large fefladiew
is necessary in flow measurements within a Fe#aw cell. In this case, a large
field-of-view becomes necessary to observe the evolution of the flow pattern within
the deviceAfter reviewing the problem in details and proposing a practical guideline
to make PIV quantitative, the velocity measurement of the desired Raféitgrd
instability flow pattern is demonstrated in the following chapter.

In a typical planar PIV measurement,ditracer particles are added to a fluid
that is illuminated by a thin light sheet. These tracer particles act as markers to
illustrate the local flow pattern. The motion of thesarkerparticles within the sheet
is projected to a series of images throwgtens camera imaging systef.local
region of the image is selectdtterrogation region) and the image pattern is

correlated to the neighboring regions in the second image to find the statistically most

12
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likely displacement for the small group of tragearticle imagesThe local fluid
displacement is then estimated by locating the cross correfada at eaclspot or
interrogation region. In order to perform a reliable measurement, it is critical for both
the planar and depthwise displacement vanmwti to be negligible within the
interrogation volume. For this reason, in most cases the displacement variations are
minimized either by refining the size of the interrogation windows or modifying the
experimental setup such agtlhumination sheet thickess [1]1

Assuming that the tracer particles accurately follow the carrier fluid, their
motions depict the local motion of the fluid:he PIV algorithm idasel on finding
the maximumcorrelation for that interrogation regiofor consecutive intensity
images on the same spbtore specifically,f the intensity values of an interrogation
region is mapped to a random variabik), wherek represents elements in the

interrogation window space, the problem is reduced to finding an interrogegjim r

y(kd dn the second imaghat yields the highest correlation coeﬁ‘icieﬁt(é). The
local displacement in that spot that instantt would be the distance from the two

interrogation regions from the successive images that showed the largest correlation.

R(S)=|7] 2.1
s 2.2
5,5,
Cy =R M(y- m)p(xy) 2.3
P(x, y) = prolf(x(k) ¢ xandy(k) ¢ y] 24
m =mean[x(K)] , s? = ﬁ (x- m)? p(x)dx 2.5
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The correlation coefficientyy is between1 and +1 thy

¢s,s,) therefore

its absolute value lies between 0 and +1. If the highest calculated correlation is +1
then the two variables have a perfect correlasiod on the other hand, if its value is
zero, the two interrogated windows are not correlated at all. Theoretically if we
consider a completely unidirectional, uniform flotlve correlation coefficient should
return a value oftl. However, since there am@ways velocity variations at each
interrogation volure, t her e wo ul dn 0dorrelatien aad the csimdted t e
velocity would be an average of sampling marker velocities. In order to increase the
reliability of the measured velocity at each spot, grecessing algorithms and
experimental parameters need to be designed accordingly to db&imghest
possiblecorrelation coefficient.

As explained earlier, recorded images are interrogai@d subset of local
windows (interrogation window); the sizamd shape of this window defines the extent
of spatial averaging at that spot. For instance, a large interrogation window can lead
to reduction in spatial resolution due to spatial averaging over a larger area and hence
neglecting the smaller length scalef the flow. The accuracy of the measured
velocity is also a function of number of particle images at each interrogation window.
Too few particles due to insufficient tracer particle concentration or very small
interrogation windowsresuls in a lack of samples thaproduces a diminishesignal
to noise ratio and an increase in likelihood of spurious velocity ve&asample of
interrogation region (64 [pixelx 64[pixel]), and asample correlatiormap is

demonstrated in figure 2.1.
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pixel

pixel

Figure 2.1a sample otorrelation map for one interrogation window of a unidirectional flow

(figure from synthetic images with number of particle imagehlgB)

Prior to interrogation optimization step, experimental design parameters can
be modified to decrease the velocity variations being mapped on the image plane.
This can be achieved by refining the optics to provide a narrower illumination sheet
thickness tdimit the out of plane velocity gradients. In some cases, providing a thin
light sheet is not practical. One example is in migeometries or thin gap channel

flows where optical access is limited to one axis or providing a laser sheet narrower
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than the gp thickness is not practical. This problemaggravatedvhere the sheet
thickness uniformity needs to be maintained over a relatively larger regitme
device asin the case of Hele shaw cell. Alternatively, in most of these cases the
entire volume © the device is illuminated. This means that the tracer particle
distributed across the entire gap of the device is illuminated. The local Poiseuille flow
across the gap thickness, combined with the volume illuminatremediately
implies a significant diplacement variation within a gie interrogation region
(figure 2.2). As explained earlier, this displacement variation decreases the
correlation peak amplitude that leads to a lower degree of confidence and more

spurious vectors.
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Poiseuille flow U\
Y

Figure2.2 Schematic of aolumetrically illuminated narrow channel, illustrating the

variability in velocitydue to the random location of particles across the gap

In responsefesearches started using mi€t/ to minimize the effect of
displacement variationsacioss the depth of the flow domairin microPIV
applications, a narrow depth of focus objective lens is used to set the thickness of the

displacemat distribution being sampledidure 2.3a) [12]. The deptkof-field is then
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defined as a range indirection where the particle imag#ze remains independent of

z; equation2.6. If U 4s chosen narrow enough such that-ofdplane gradients (z
direction) are negligible, the entire local velocity profile can be quantified based on
the relative location of theeected slice across the channel gap in addition to a prior
knowledge of velocity profile distribution; in this case a parabadiocity profile. In

more complicated microfluidic devices, where there are 3 dimensional ftbigs,
procedure needs to be egped across the entire gap, scanning velocity magnitudes as
a function of zlocations.

At high magnifications where a small defhfocus relative to the channel
depth can benaintained, this implementatiomorks well and extensive studies have
been caied out successfullysing thistechnique such as the work of Santiago et al.
(1998) They studied théressuralriven Helé Shaw flow in a 120 pn square flow
field with a central cylindrical obstruction using 300 rpolystyrene particles
However, thesenethods are restricted to small figtviews and will not work for
cases where a large fietid-view is necessary. In order to enlarge the fiefldhiew,
the magnification must necessarily be decreased that results in a largeofefegith
and therefoe larger velocity variations within each interrogation region due to
significant velocity gradient in-direction (with a constant sensor siXe, field of
view FOV has an inverse relationship with magnification "O0 w Q). In
addition, by incresing the depth of field, inevitably out of focus particles influence
the measurement accuracy. | rDOCE) hoe sies cdaesfei sn,e ¢
to describe the thickness where particles contribute to the correlation map at each

interrogation regin. By decreasing magnificatidche DOC increasesndintroduces
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a bias error due to the defocused particles and an extended depth of sampling volume.
Therefore, to perform a reliable measurement an accurate estim@&@@fat a

known wallnormal location wthin the device becomes necessary; equéi@il3].

The theoretical equatiéor DOC valuesis reported for simple optical configurations

(one objective lenshut different optical arrangements and additional instrumental
features specific to each expadntal setuggmultiple lenses or possible immersion in

oil), result in deviation of the actuBIOC from its theoretical valuelf]. In addition
preprocessing algorithms used on PIV images such as median filters and background
subtraction might also affeche particle image chacteristics and inevitably the
effectiveDOC[15].

Kloosterman et al. (2011) #1 performed micrePIV measurements with low
magnifications in a rounaapillary @48 pum in diameterfor different types of
microscopes They considered two microscopes: a conventional inverted
epifluorescent microscope in combination with different interchangeable objectives to
obtain different magnifications (Zeiss, Axiovert 200) and an upright epifluorescent
microscope with zoom funah in combination with a single objective to obtain
different magnifications (Leica MZ 16 FATheyreported that the measured velocity
deviates with using different instrumentations and also that the measured velocity
appears to be lower than the maximuehocity. According to their work, this under
estimation of the maximum velocity for lemagnification measurements can get as
high as 25%. This is with magnification of 3.5 and a fiefld/iew about 2 mm by 2.5

mm. For lower magnifications essential fobtaining a larger fielef-views as
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needed for applications such as Hsfemw cells and microfluidic systems, this
implementation becomgsoblemati¢ considering its complexity and inaccuracy.

For relatively lower magnificationsit is much more convenmn to set the
depth of field of the system zlarger than the channel gap spacing so that the tracer
particles across the entire gap are mapped identically in the image plang gnd
thereby eliminating the sewemnderestimation due to defocusing eetf The
instrumentations can aldi®reducel to a single lens and camera system. However as
it was explained earlier, in thenplementationfor current work,large velocity
variation within each interrogation window is inevitable due to presence of a
Poiseuille flow and needs to be addressed. The worthis sectionis focused on
addressing how to conduct quantitative velocity measurements within plargathin
Poiseuille channel flows, subject to imaging conditions that require a largefield
view. Secifically, this latter constint is interpreted to mean thidle magnification

is small,M < 1, and the numerical aperture is also very small, NA $0%51 1.

2
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wheref# is the aperture number of the ledsis the tracer particle diametévl, is the
magnification ais the wavelength of light scattered by the particle, disd

threshold value for the intensity of particle images that contribute to the measured

o

spatidk correlation (typically U is chosen
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Figure 2.3 micro-PIV implementations; in its simplest form it includes a volumetric
illumination of the test setup, a microscope and a suitable objective lens to capture the motion
of markers within a narrow region of the deviGedalong witha schematic of definedepth

of-field and apthof-correlation in micrePlV implementations

As a final point, the influence of the gap velocity profile changes when
particles migrate across the gap due to shear induced forces, producingrafoon
sampling of the velocityistribution In this caseaccurate velocity estimation in
micro-geometries and Hel8haw cell can become even more demanding where there
is wall-normal particle migration across the gap. When the homogeneous mixture of
fluid and the tracer particles amgjected into the device, the convecting particles
immediately start to migrate in the walbrmal direction until they reach a stable
equilibrium position, as observed by Segre and Silberberg (1962) and later

analytically predicted by Ho and Leal (197445,17]. This migration is suggested to
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be owing to lift forces acting on the particle due to sim&itia and presence of walls
[18].

The trajectory of theparticles is illustrated in figur@.4 from the theory
developed by Ho and Leal. In their work the streamwise locakg@o{ a neutrally
buoyant rigid sphere is related to its position across the chani@inprmalized by a

migration lengthX); equatior2.8.

Xi- X = ﬁMdSii 2.8
% G(Si)
203 2.10
X =36p 3%0 Re! '
(; -
Re, _Vvd 2.11
n

Whereliis the gap thickness aiads the radius of the spherical particles.

The normalized streamwise location variabt€dfs usedlater in the result
sectionto presentthe effect of this lateral migration on PIV correlation. In equation
2.8, s represents the wall normal position within the gaps€ds and G(s) was
reported in their table 4. For neutrally buoyant particles andRigr< 30, the
equilibrium positim was reported to be @3rom the centerline. For largee, the
equilibrium position migrates closer to the wall, as noted in the previous work by
Asmolov (1999)18].

Typically in PIV measurements within thin devices, neutrally buoyant
particles are wed for seeding the fluid to minimize the settling of tracers on the

boundaries due to small scales of the devidewever,any deviation in particle
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densities resudtin a different equilibrium positioacross the channdh addition to
velocity variatiors discussed earlier, the inertial induced migration that results in
significant particle concentration inhomogeneity acrosgtpmmakes a reliable PIV
measuremergvenmore demanding. Particle concentration inhomogeneity across the
gap results in biasaspling of the velocityprobability distribution function®KDF),

which its effect needs to be investigated asidiscussed in wre details in the next

section.
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Figure2.4the physical systemf microspherenigration within a channel

As mentioned above, the main difficulty in making quantitative measurements
lies in the effects caused by the strongly Homiform velocity gradient that exists
across the gap, and the potential bias caused by the migration of particles inthe wall
normaldirection. This point has been recently documented and outlined by Roudet et
al. (2011)[19], who demarked the possible flow conditions that can be encountered
on the basis of a viscous diffusion timg, (which represents a time scale for the

Poiseuille fow to become fully developedand a particle migration tim&,,, all
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given in reference to an initially quiescent and uniformly seeded fluid state. These

key timescales were defined as:

2
T = (a/2) 2.12
n
2 ~o 3
T, = 2660 g 8 Re! 213
C —:(;a+

wheretiis the gap width3 the kinematic viscosity is the gapaveraged velocityzeq
is the equilibrium migration position of the tracer partickess the particle radius,
and Re = V.UThes above scales were then used to define the following three

regimes

1) Case I: at short times whem T, the flow across the width of the gap is still

uniform, and the PIV measurement unambiguously returns this value.

2) Case Il: whent L T, the migration of the particles has not had time to
develop, regardless of the flow development. Roudet et al. (2011) observed
empirically that their PIV interrogation returned a value close to the mean

value of the wathormal profile.

3) Case lll:it  Tpandt Ty, implying that the particles have migrated to their
equilibrium positions, and so the PIV measurement returns a velocity
corresponding to the value given by the equilibrium position in the- wall

normal Poiseuille profile.

Details of measurementssing the Case Icriterion is explained in Roig et al.
(2012)[20Q]. In this study, they investigate the dynamics of a bubibleg in a Hele

Shaw cell. $ce the time scale of the flow is small, they suggest a uniform flow

23



profile across the gaprhe curent work focuses on clarifying and quantifying the
details associated with conducting experiments for conditions described by Case Il
and Il (figure 2.5) In what follows, we first examine the effect of the nonform
Poiseuille flow in the presence afuniform concentration, followed by a subsequent
accounting for the transient evolution of the particles. This is addressed by examining
the effects of the particle image size, interrogation window size and maximum
allowed displacement on the bias andd@n errors produced in the correlation

function.

Case | Case Il Case lll
Tp >>1 Tp >> 1
T,<1 Tm21

Figure2.5three different criteria for velocity profile and particle concentration distribution

across the gap

2.2 Experimental and Simulation Procedures

Both PIV experiments and numerical simulations of a simple fully developed
Poiseuille flow were conducted to quantitatively describe the effects of the non
uniform velocity andtracer concentration on theocrelation function. Initially,the

case |l condibns are examined, where particles are uniformly scattered across the
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gap, followed by the conditions leading to case Ill where the particles migrate
partially or completely towards their equilibrium position.

The experiments were conducted using a vertically oriented$tedev cell,
as shown irfigure 2.6. The gap was formed by two rectangular tempered glass plates
(12.7 mm thick), a kshaped shim of known thickness (varying between 0.1 to 0.7
mm), and a suppbing frame. The spacer was pressed between the plates by the steel
frame, with a bolt spacing of 5 cm along the perimeter to ensure a uniform
compression and a constant gap thickness. The shape of the gasket gave a fluid
domain with a development length gp toH = 457 mm and a width oV = 76.2
mm. A precision syringe pum@NE-1000 X)was used to provide the device with a
steadyflow through a single inlet machined at the bottom of the cell, while the top
boundary remained open to the atmosphere. To aserthe potential for particle
migration in the feed system and manifold, a relatively short flexible tube was used
for connecting the pump to the device (Inner diameter of 3 mm and length of 125
mm). The gap based Reynolds numbers were ranged betweerR@ & 15 for all
experiments, wheree= V.U / 3

Monodisperse Polystyrene microspheres (Phosphorex, #120) with a typical
diameter ofd = 2a =15 pum and a standard deviation of less tharpiniwere used as
tracer particles. These particles were nearly mytbuoyant ( o/” 20 = 1.05), and
remained well dispersed in watdPolystyrene particles are commonly used in
microscopic systems as marker trac@&ise particles need toe chosersmall enough
to follow the flow faithfully without interfering with t flow field and clogging the

microdevice. However, the particles must be lasggwugh so that they scatter
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sufficient light and also to dampen out Brownian motilriirst order estimate of the
error associated with Brownian motion relativethe displaement in xdirection is

given by Santiago et al. (1998)2].

_1 /2D, 2.14
e=——
u\l Dt

WhereDy, is the Browniardiffusion coefficientu is the characteristic velocity, amelt
is the time delayln microPIV implementations, typically, small fluorescent tracer
particles, with a diameter of A5 pm are used. For instance, Meinhart et al. (1999)
used fluorescently labeled polystyrene particles with diameters of 200 nm to measure
the neawall flow velocity in a microchannelZl]. In this study due to relatively
larger size of the particles used, pure scattewag foundto be sufficient and the
effect of Brownian motiofis negligible.

A camera (Phantom v640, sensor region used = 1080 x 1920 pixeld,0
pm pixel sizé recorded images of a 35 x 62 mm regibh=0.31) using a zoom lens
(f# = 8) while a 600 W halogen light with a Fresnel collimating lens was placed
approximately 2 m away on the far side of the Hethaw cell, providing a uniform
oblique forward scatter illumination of the entire flow volume. The depth of field of
the systemil avas set larger than the channel gap spacing so that the tracer particles
across the entire gap were mapped identically in the image gdgmerticle images in

this region is dominated by refractid@ z 2.5 mm).
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5y || flow inlet

Figure2.6a schematic of the single component flow setup for large field of

view PIV

The magnification and lens configuration gave particle images that were
approximately 4 pixels irdiameter, as measured by width of the autocorrelation
function at a magnitude that is 15% of the
for stretching of the @ak by the convolution proceskl[15]. It should be noted that
the autocorrelation ap is constructed by determining the cross correlation of an
interrogation window with itselfSince there is no displacement, the autocorrelation
peak is just a representative of particle image deexplained earlierafter the
images are recorded theare interrogated into smaller sudgions called
Ainterrogat i clnoiceMorsizd and shyge .of this interrogation window
need to be optimized for each specific case dsgpiendson various parameters. The
aim isto obtain velocity informatio that is both reliable and accurate for the smallest
possible interrogation window sizB, [11]. The PIV interrogations were performed

using a 100 x 140 pixel interrogation window, using a direct ecos®lation with
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background subtraction and no imegjefting. The windows wereselected to be
longer in the direction of the flom this casdo increase the spatial resolutiohthe
correlation map.

The results for the fulkgdeveloped Poiselle flow were calculated using
ensemble correlation averaginger a sample o = 300 correlations to remove the
effeds of random correlation nois2d]. The instantaneous correlation maps contain
significant amounts of noise that can lead to inaccurate or unreliable measurements.
This noise can be significantlgduced by averaging the correlation maps from each
interrogation region, and then determining the location of the signal peak location

figure 2.7
(RO) :%a R(S) 2.15

Initial simulations were conducted with particles scattered uniformly across
the depth of the gap. For migrating flows, the analytical results of Ho and Leal were
used to calculate the walbrmal location of each individual tracer particiy (vhich
was assigned to that particle. The location of this partinl¢he following images
wasthen calculatedrom theory of Ho & Leal allowing for a realistic and gradual
migration to be observed. In those results where a converged average correlation
function is examined, ensembles of effectively 10000 particles were used with a
particle image density of 12. The autocorrelations from the experimental particles and
synthetic images with different particle sizes are compared in f@@&eSince the

autocorrelation is symmetrabout the line of the mean displacement directoory

the central slicemiddle slice of the function ishown.

28



R(s)

R(s)

R(s)

R(s)

Figure 2.7samples of cortation mapsalong withthe calculated ensemble averagaap
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Figure2.8 middle slice of thewutacorrelationfunctionfor different particle sizes from

simulation in comparison with autocorrelation of particle images used in the experiments
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In this study he particle image diametdyis determined bywice the distance
from the location of Gaussian mean to where thensity value of the Gaussian
distribution is reduced t@? of the centerFor the numerical simulations of the
correlation function evolution, artificial PIV images need to be created with a known
velocity distribution and a given particle image size amensity. Each particle
image is created individually by formingsguare gridA, of 65 by 65 pixelon the
synthetic image (3200 by 3200 pmjth its center at (% Yo)r Where the center of a
particle image (P) is located.-plane position of a particle imagedXo)p is chosen
randomly, resulting in a homogeneous concentration distribution everywhere on the

image.The intensity field for a single particle in grid,Avas defined as follows:

a i 2 v ovy20 216
I(X’Y):exp% (X XO) (Y YO) (0]

L -
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40
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Figure 2.9synthetic particles (aJ#4 [pX], (b) experimental particle images, (kF10 [pX]
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2.3 Results and Discussion

2.3.1 The effect of particle size in the presence of-naiform velocity and
uniform concentration

The large variation in the displacement distribution due to the random
sampling of velocities across the gap resultsairbias of the offlow velocity
Probability Distribution Enction (PDF), as shown in figurd.10 For a PIV

interrogation, the correlation map function can be decomposed into three components.

R(S) = R:(9) +R-(9) + Ry(S) 2.17
Re(9) =7 )| 2.18

R =+ 219
Ry (9) =| 7, 2.20

The first componentRg) is the correlation of the mean background intensity
over the interrogation window pair. The second telRa) (epresents the correlation of
the fluctuating intensity in the firshterrogation window with the mean intensity of
the second window and vice versa. Finally the displacement compdgns (the
correlation of the fluctuating image intensities of the interrogation window pair. The
highest peak iRy corresponds to the splacementorrelation peakequation2.17
2.20. This component of the correlation function is often modeled as a convolution
of the velocity PDF, the autocorrelation of the particle images, and a random noise
component due to the limited number of pdetisamples within the interrogation
volume (Olsen et al. 200013]; Wereley et al. 200723]). For an ensemble

correlation interrogation of the flow (or conditions where a very large number of
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particles existing within the interrogation window), this fesun a correlation
function that has a peak that is broadened due to thatieariof the velocity PDF
(seefigure 2.10. Given these conditions, one would predict that the location of the
correlation peak will represent the maximum velocity in the gapsuggested by
prior studies on the effect of velocity gradients on the correlation function (Wereley
et al. 200723]; Westerweel 20084]), since the velocity maxima within the profile
increases the likelihood of sampling velocities near the extrengaitude.Both the
experiments and numerical simulations confirm this fagure 2.11), which is in
contrast to the observations given by Roudet et al. (2011), who reported that their
measurements gave the gaperaged velocity Wyv = 2Vma!/3), and not hie peak
value. We believe this discrepancy to be due to the fact that Retdet were
observing combined effects of a bias due to their particle image size and the early
stages of particle migration, and that a much more stringent criterion for the particle
migration time should be used to determine the boundary of the case Il conditions.
Details on this particular point will be discussed in the next section, which addresses

the effect of noruniform particle concentration.
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Figure2.10(a) Probability distribution function aftreamwise displacements for a Poiseuille

flow, sampled across the walbrmal direction(b) autocorrelation of experimental particle
images(c) convolution of the autocorrelation with flow displacement PDF
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Figure2.11lensemble average of correlation maps for a uniformly sampled Poiseuille flow

(particle image sizeQ = 4 pixels, maximum displacemess.,= 25 pixels) measured in

experiments at & =8 &ntl Given by the convolution of the particle image autocoioalat

function with the theatical distribution shown in figure 10.2Bisplacements are

normalized by the peak centerline displacement

In examining the correlation functions showrfigure 2.11, it is immediately
noticed that the convolution of the sammblvelocity distribution with the particle
images produces a broadening and shift in the location of the correlation peak
towards slightly lower values than the true maximum displacement. This introduces a
systematic bias in the measured value that wipledel on the particle image size and
the relative maximum displacement magnitude, which was explored using synthetic
PIV images for a range of particle image sizel aelative displacementdigure
2.12. A small particle image size in comparison to the imaxn displacement will
provide the most accurate representation of the original velocity PDF, due to the
minimal distortion this creates to velocity PDF. The larger the particle size in

comparison to the maximum displacement, however, the greater theichstof the
PDF, introducing a bias shift in the effectipeak bcation, as shown in figure 242

For smaller relative displacement, the coarse discretization of the velocity distribution
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results in a strong bias across eveasmaller particle sizeffigure 2.12). Note that
Brownian motion would also tend to cause a broadening of the correlation function.
In the current work, this effect has been negleckedummary of particlesize bias

error for a range of particle image sizg¢ \ and maximum displacemerdefs) is

shown in figure 2.12 For the largest displacement (red line with square symbols,
& ¥%=15 pixles), the bias tends towards zero for the smallest particles sizes, and
increases to just over 30% farparticle with an image diameter that is close to half
the interrogation window size. Conversely, for small displacements (susxas
pixel or smaller) the bias error is such that the true peak is underestimated by 20 to
30% for all particle sizes.

Note that effects of particle imaging bias and qumiform displacements on
PIV interrogations have been reported previously by Fouras et al (P2&7and
Kloosterman et al (201114]. In the work of Fouras et al (2007), this effect was
discussed in the omtext of xray PIV that has a deptf-field very large in
comparison to imaged flow, but with a velocity dependent particle intensity due to the
exposure behavior of theray imaging system. This produced a larger weighting to
the slower moving particgein the distribution, which is significantly different from
the current uniformntensity observation conditions. Nevertheless, a similar effect
due to particle size would be present, but was not discussed. This is most likely due to
the fact that their @rticle image diameter was small and the maximum displacement

was large §, ~ 2 pixels ande ¥ ~ 64 pixels), leading to errors of only a few percent.

In the work of Kloostermaet al (2011), a detailed analysis was performed on

the particle imaging characteristics of two different microscope systems and its
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resulting influence on the correlation functions interrogated from an axisymmetric
Poiseuille flow. The work examined thesfects across a range of magnification,
spanning from 3 M, < 38, with a peak bias error due to the depth of correlation
(DOC) reaching 25% for the low magnification images with the largest DOC (see
figure 11 from Kloosterman et &011). The current stly presented in figur2.12
complements their results in that it expands the variables considered to include the
nominal particle size and the displacement distribution, but for the more restrictive
case of uniform particle size and intensity that oneldvexpect from a large fieldf-

view imaging conditions. The closest case for comparison between our results and
that of KIloosterman et al (20l r wpabpe de
imaged at magnifications of 3, 4, and 5, which had a DOCwhatgreater than or
equal to their tube diameter. They reported particle image diameteds~010-13

pixels (product of 3 to 3.7 um particle image size viit§=3.5) for all three of these
magnifications and adjusted théiming suchaey ~ 10 pixels for all cases. Their
result ofeex/ agx ~ 0.75 is indicated in Fig 12.2c (shaded rectangle), which falls

very close to the present results.
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The above bias effect due to particle size presents a challenge in terms of
experimental design, even before considering random noise correlation and particle
migration effects. Ideally, one would like to have a region of the parametric space
where even tbhugh the bias magxist; it can be minimized, or at least reliably
compensated across the full range of particle displacements. At first glance, it would
seem that targeting very small particles would be desirable, as this provides a minimal
bias error. Fo example, having a particle image of 2 pixels, with a maximum
centerline displacement of 15 pixels would give a bias error of only a few percent.
However, in regions of the flow where the average velocity was slower than the
expected maximum, the bias @rrwould shift, increasing close to 30% as the
displacement dropped to smaller values. For large particle sigeslb pixels), the
errors consistently give a bias of 30%, returning a value close to thavgegged
value of 2e%/3. While this consistary is an improvement, we note that this requires
relatively large particles in comparison to the window size, forcing one to sacrifice
precision in the supixel interpolation (which has an optimal nedy= 2 pixel
(Westerweel 200{26]) and increases iproportion to the particle size) or to push the
particle concentrations to unreasonably high levels due small interrogation windows
(i.e. a 2 pixel particle diameter would require an interrogation window of no greater
than 6 pixels in width). It should beted that the latter could be effectively achieved
in steady flows through the use of ensemble correlation.

In addition to the particlgsize bias error, measurements resulting from a
single interrogation will have random correlation noise due to a sifedtiee image

particle densityN,F|Fx The effective image density consists Nf which is the
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particle image densityf, represents the loss of correlation pairs due tplame
translation, andrF represents the loss of correlation due tgplame gradients. The
random correlation component is a weticumented and important effect in
traditional thirlight sheet PI1V, and has led to the standard guideline of maintaining
an average of 8 to 10 pailt images in an interrogation region to ensure a yield of
95% valid vectors (Kean and Adrian 19827]; Adrian and Westerweel 20101]).

The highly noruniform velocity PDF greatly increases this requirement if one is to
ensure that the interrogationgsewill repeatedly occur at a known position (either
near the maximum displacement or perhaps at a known biased valugs slsown to

be the case irigure 2.13. The numerical simulations were used to quantify the
likelihood of a valid detection from angjle interrogation depending on the effective
image densityN,FFx the results of which are shown for the caseegf=15 pixels
anddg 4 pixels in figure2.13 The most likely peak location for these conditions
was 1 pixel less than the peak displacetmeex i 1) due to the particle size bias
effects mentioned above (note that no-pidel interpolation was used). Even so,
including approximately 100 particles within the interrogation wingoaduced only

an 83% probability of making measurement thaiuld provide even a biased
estimate. If one were to consider the neighboring displacemesgs@ind gex 1 2)
also as a fAvalido measur ement, this would
94% (black curve). This does not give one confidence in rga&irvery reliable
measurement under these conditions, as one must sacrifice considerable spatial
resolution to attain such a high effective seeding density. These simulations are also

optimistic, in that effects of sensor noise and particle-untformities are not
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accounted for, which would further decrease the probability of a valid measurement.
Results for simulation of a uniform displacement for all particles are shown in the

figure for comparison.

uniform displacement
< Q(NFR)
parabolic displacement
AX, =15 px
d; =4px
- O(NFR)forX,
-4 Q(NFR) for X, -1
4 G(NFR) for X,,-2
-8 P(NFR) for aggregate
(AX,)+(AX,= 1) +HAX,— 2)

valid detection prob. ($)

0 20 40 60 80 100

Figure2.13Valid detection probabilitjor the displacement correlation peak as a function of
the effective number of particle images within an interrogation windg®K,). Note that
three expected integer peak locations are tracked near the maximum displacement (no sub

pixel interpolation)and compared to the results of a uniform displacement (shown in red).

2.3.2 Effect of nonuniform tracer concentration

As mention in the introduction, the correlation peak is also influenced by any
nontuniform distribution of tracer particteacross the gap, which is expected to occur
gradually throughout the flow evolution. Indeed, in small deptfocus systems, its
influence has been used to extract both velocity and concentration profiles (Nguyen et
al. 2011). The prior work by Roudet at. (2011) delineated an expected evolution
time required for the particles to migrate to their stable equilibrium posifigns,

2.66" z¢q VYAV Re a’. However, this was shown to be only a rough indication, as the

net influence of the particle concentration field on the correlation is the true measure
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of how it will influence the PIV interrogation. To observe this effect experimentally
and numerically, s were conducted to interrogate the flow under different
development stages, over a range of 4& 610" (Note thatx andT, are related by
t/Tm = 270 A20zeq). Fig 2.14 shows the results of the experiments, alongside results
produced from synthetignages of tracer particles migrating according to the theory
of Ho and Leal (1974).

Starting from an effectively homogeneous concentration distributied @°),
a broad correlation function is found with a maximum value corresponding to the
centerline elocity across the gap, as discussed in the previous section. The
correlation function starts to evolve as particles begin to migrate across the channel,
providing a biased sampling of the velocity distribution and distorting the correlation
function relatve to the uniformly seeded condition. A second peak emerges as the
particles rapidly move away from the wall, becoming clearly visible aroudd ~
O[104, exceeding the peak corresponding to the centerline velociky B§0°. As
the particles subsequity migrate from the center plane in later times, the two peaks
eventually merge into a single sharp and symmetric peal (L0?). This occurs
when the majority of the tracers have reached their equilibrium position located close
Z4U = 0.3. Downstreanof this position, the correlation remains unchanged, with a

peak value that would predidhiy = 0.64/max
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Figure 2.14 normalized averaged correlation functions, depicting their evolution due to
combined effects of velocityradient and particle concentration inhomogeneity, (a)

experimental, (b) simulation

Starting from an effectively homogeneous concentration distributii.@®),
a broad correlation function is found with a maximum value corresponding to the
centerline elocity across the gap, as discussed in the previous section. The

correlation function starts to evolve as particles begin to migrate across the channel,
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providing a biased sampling of the velocity distribution and distorting the correlation
function relatve to the uniformly seeded condition. A second peak emerges as the
particles rapidly move away from the wall, becoming clearly visible aroudd ~
O[10%, exceeding the peak corresponding to the centerline velociky ®$0°. As
the particles subsequity migrate from the center plane in later times, the two peaks
eventually merge into a single sharp and symmetric pealk (L0?). This occurs
when the majority of the tracers have reached their equilibrium position located close
Ze{/U = 0.3. Downstreanof this position, the correlation remains unchanged, with a
peak value that would predidhi, = 0.64/max

Although a similar evolution was observed in both the experimental and
simulation correlationfunctions ,only approximate matching ok Gvalues was
possible, most likely due to a small amount of migration occurring prior to entry into
the HeleShaw cell. Multiple particle interactions could also have a significant effect,
but were neglected in the simulations. The analysis of Ho and 1@8F) gives the
condition that multiple particle effects on particle migration can typically be

neglected provided that < (a/ti)*?

, Wherea is the particle volume fraction. One
example of particlgarticle interaction effects that can occur for long tgwaent
lengths and higher particle comteation is illustrated infigure 2.15 where the
particles have aligned themselves into ordered chains or clusters of particles in the
flow direction, similar to that reported by Matas et al (20{28]. In this cae,
neighboring interaction between clusters of particles in the same plane resulted in the

formation of linear streamwisgligned particle arrays. Matas et al (2004) showed that

these clusters occur more frequently with larger Reynolds number, andriisely
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from a reversed streamlines created by the disturbance flow due to the leading
particle. Theearrangement of the tracer particles did not affect the location of the
correlation peak, but broadened the low amplitude tails of the distribution d&eng t
streamwise direction due to the m@ndom anisotropiordering of the particles
(figure 2.15. The chains themselves were found to be unstable and slowly diffuse

once the uniform streaming flow was stopped).
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2.3.3 Interpretation of findings of Roudet et al. (2011)

In the work of Roudet et a{2011), they showed empirically for their Case Il
test conditions that a PIV interrogation returned a velocity magnitude equal to the
average gap velocitypiy = V = 2Vna!3) when the channel Reynolds number is small
(Re < 80). Our findings are not in agreement with this as a universal conclusion, as
one would expect based solely on the velocity PDF that the PIV interrogation would
return an expected value close to ttenterline velocity. The discussion in the
previous section would suggest that although migration may not have completed for
their flow conditions, perhaps the evolution was sufficient for the secondary
correlation peak to surpass the amplitude producedhbycenterline flow. The
experiments and simulations in the prior section suggest that this should occud for
> 103, which would correspond to a flow tintél,, > 0.045 (takingv = x/f). This
condition was satisfied only for the largé&$ cases and tgest particle sizes used in
Roudet et al. experiments, rendering this cause unlikely for the snRéer
conditions. This is also in agreement with their suggested speculations.

The question remains, then, as to what caused the unexpected réslt=of
V? We contend that this was most likely due to the partize bias summarized in
figure 2.12 For Roudet et al. (2011) PIV measurements, they stated an image size of
3 pixels with an interrogation window of 32 pixels. They also state thattérdrame
timing was adjusted such that the maximum displacements were between 1/20 and

1/8 of an interrogation cell
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(1.6 <eex< 4 pixels, assuming the displacements were those observed from the
interrogations, which were shown to be the-gapragedlisplacements). Examining
figure 12.2 this produces a bias error that is 25 to 33%, giving an expected
measurement result of 1.0 4/V < 1.13, which is quite close to their observed
values of ~1.05 shown in theiigure 6. Thus we would suggest that their
observations are actually the result of a particle image size ligas @ explained in

section 2.3.1

2.3.3 Possible Solutions

The presence of multiple and shifting peaks within the expected correlation
function due to particle migtian makes the probability of choosing a consistent and
meaningful displacement for Case Il conditions unlikely as a generalized testing
point. The exception to this would be for carefully controlled transient conditions
where one can ensure that measurgmare stopped prior to significant migration, as
was the case for the measurements by Roudet et al. (2011). Even so, one would have
to restrict the maximum displacement or use quite large particle images relative to the
interrogation window size (as naotein section 3.1) to remain in a consistent
measurement region due to particle image size effects. Both of these restrictions
reduce the effective dynamic range for the measurement, either through the integer
displacement or uncertainty in the subpixeirmeation (i.e. for the case of Roudet et
al. (2011), their peak displacement of 1.5 to 4 pixels with a 0.1 pixel uncertainty in
the subpixel interpolation gives an effective dynamic range for a single measurement

of 40:1 to 15:1).
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This leaves Case | and @a#ll as more reliable solutions for quantitative
measurement. Case | is likely difficult to achieve in many flow conditions, as it only
applies to early times wher< (¥2)%3 and the parabolic velocity profile is far from
being established. This leav€ase Il as the most general condition to provide a
reliable measurement, as it removes the disadvantages incurred by tmerweill
velocity gradient and having an unknown and changing sampling of the velocity
distribution due to particle migration. Tieballenges with Case Ill, however, are in
how to manipulate the particles into their equilibrium positions prior to making the
intended measurements. The simplest case would be to extend the geometry of the
thin-gap flow cell to ensure sufficient evolutisach that the particles have reached
their segregated state, corresponding # O[10%]. We have conducted experiments
where the Hel&Shaw cell was designed with an extra length section to provide
sufficient development length during filling to ensut#l segregation, as will be
presented inchapter 3 Alternatively, if a longer filling length could not be
accommodated, generating an oscillatory flow within the gap could be used to drive
the particles toward their equilibrium position by using numeshmt strokes in
alternating directions; provided the Womersley number was kept small enough to

ensure a quasiteady parabolic profileNo< 1).

wo=2 |2X 221

2\ n

Where U is the gap thicknesd, is the strokes frequency in cycles asds the
kinematic viscosity of the fluid.
Finally, work of Mielnik et al. (2006]29] could also be adapted for this

pur pose, who i ntroduced selective seedi
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by manipulating the flow through a series ofuhction inflow channels, confining

the particle laden flow to a specific cregap location. While this has the added
complication of a complex inflow supply manifold, it has the advantage of being able
to seed a particle sheet to almost any esbssam locabn, obviating the need for a
significant development region. All of these solutions would allow for use of what is
known about standard thsheet PIV measurement, and hence take advantage of the
demonstrably improved accuracy and resolution that is lgessinder uniform
displacement conditions. However, since these measurements rely on the fluid flow
profile and particle position across the gap to be knewpriori, they become
insufficient in cases of more complicated mifiadic devices with dimensonal

flow fields. In these cases, performing a large field of view measurement becomes
impossible unless local fluid flow and tracer particle concentration distribution across
the gap are available. On the other hand, there are a variety of techniguess suc
confocal scanning microscopy or astagmatism that are capable of measuring a 3

dimensional velocity field over much smaller regions (Cierpka et al. 2G0]JL.)

[ side stream

seeded ot
center stream 2t %

I side stream

Figure2.16principle of hydrodynamic focusing
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ChaptRaary 3@ gbdnvecti ohhaw caelHe,l e

PI'V demonstrati on

3.1 Problem Statememind experimental setup

This section presents a sample measurement utilizing Case Il conditions that
were generated through the manipulation of the filling conditions to ensure particle
migration to their equilibrium positioprior to measurement®he flow of interest is
the ongt of solutal driven RayleigBénard convection in a Heghaw cell, which is
used as an analog for similar behavior in porous media in the context of carbon
dioxide sequestration isaline aquifersThe initial conditions for the experiment
consist of twostably stratified stationary fluids of different density, which exhibit the
property that the resulting mixture has a greater density than either two of the original
fluids. As the two fluids undergo diffusive mixing at the interface, a thin layer
develop that is gravitationally unstable, resulting in the onset of convective plumes
and an increase in the bulk mixing of the two lay&gure 3.J).

The experimental setup consists of the Hele shawgisiilar to the previous
setup with the same gap thitke s s ( U = 1 2 -Bhag@dnshim was meplacéd with
a closed rectangular shirA.disadvantage of a pump is the pulse, which disturbs the
filling process. In this phase of the projetite tsyringe pump was also replaced with
pressure cups to fill the cedimoothly and provide a shargteadyinterface during
filling procedure.Both tanks were fed with the same compressotthe pressure at

each tank could be slightly adjustasing separatpressure regulatofsr each tank.
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Figure3.1a schematic of the experimental setup for velocitysueaments in Hele shaw
cell. The pressure tanks were designed to hold a deformable cup inside them to hold the
seeded fluids. Details of the sptoan be found ingpendix A.

The initial conditionsfor the experiment consist of two stably stratified
stationary fluids of different density, which exhibit the property that the resulting
mixture has a greater density than either two of the original fluids. As the two fluids
undergo diffusive mixing at thinterface, a thin layer develops that is gravitationally
unstable, resulting in the onset of convective plumes and an increase in the bulk
mixing of the two layers. It should be noted that for the analog between the Hele
Shaw cell and porous media to Vadid, the density driven currents must maintain a
parabolic velocity profile across the gap. Fernandez et al. (38@R)yeported that
this condition will be met if the Rayleigh number based on the gap thickness is
restricted to valueRa< O[100], wherea® is the driving density difference,is the
acceleration due to gravitip is the effective binary diffsivity of the two fluids, and

3 is the effective dynamic viscosity of the mixture.
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_Drgd® 3.1
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The working fluidsaremethanol/ethylenglycol (MEG) and water, which has
been used in similar studies in porous media (Neufeld @0aD[5]). The example
shown in figure 3.21sed a MEG solution that was 61% Methanol by weight =
972.5 kg/m, pmes = 0.003 kg/m.s) mixig with water (20 = 997.0 kg/m, przo =
0.001 kg/m.s), producing a maximum specific gravity of approximately 1.01. The
cell was designed with an extended streamwise development I&ngtBO0 mm) to
ensure that the tracer particles present withinntingures have migrated into their
known stable position before reaching to the measurement window. The difference in
viscosity between the two streams necessitated different flow rates to produce a
similar pressure drop in each liquid layer, which was irequto maintain a straight
interface between the two fluids. The filling process and measurement location were
such that the particles migrated to their equilibrium swalimal position, which was
checked by sampling the correlation function of a PIVriotgation during the filling
process and confirming that a single symmetric coragldtinction was obtainedé¢e
figure 2.14. Although particle streaks formed in the more fully evolved water layer,
these quickly dissipated into a random field as théighes gradually settled during

onset of convection and during the crsg®am motion of the convective fingers.
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Figure3.2schematic of the test setup for diffusive RayleB#nard convectiofa) (MEG 61
wit% is shown irgreen and water ifné bottom layer is transparen(t)) Image of convective
fingering instability, 1000 seconds after isolation

Measurements were then performed after stopping the flowsatatingthe
cell from surroundings by a combination of togdgheick valves. Images were
acquired with the same camera and light system used in the earlier experiments. The
magnification was sdt1o=0.35 (38 pixel/mm), with an effective particle image size
measured to be approximately 5 pixels. A decreasing size_asstimterrogation
was applied, used in conjunction with adaptive correlation windowing (Wieneke and
Pfeiffer, 2010[32]), starting from 48x48 and reducing to 24x24, with a 75% overlap

(Note that the adaptive masking gives a minimum interrogation widtffexftieely
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12 pixels in high shear regions). No ensemble averaging was used, since this flow is
inherently unsteady and spatially roniform. A sample measurement of the
convection under these rmditions is illustrated in figure 3.3-rom this figure, itan

be seen that the convective plumes are approximately 2 mm in width, setting a
desired spatial resolution of approximately 0.25 mm, with peak velocities on the order

of 60 pum/s in the measurement plane.
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3.2Design parameters

The execution of such an experiment requires a careful tradeoff in the test cell
design and particle selection in order that Case Il conditions can be attained. First
and foremost is determination of a suitable gap thickness, as once the working fluids
have been selected, this sets the gap Rayleigh nu(Ragrand the length scales of
the convective plumes. These considerations are summarizggura 3.4, which
bounds the limits on the desired interrogation window dizeas a function of the
gap lengh, U. The first constraint is the assumptionR#; < 100, which ensures that
one is well within the recommended region for Poiseuille flow to be maintained
within the unstably stratified gap (Fenandez et al., 4838P. (Here we have taken
mixture values for the properties p£0.002 kg/m.sge’= 10 kg/n?, andD=1.2x10°
m?/s). A second constraint is provided by requiriigo be smaller than the relevant

length scale of the flow, which we specifically take to be

D, < M,/ 3.2

In the current problem, the initial wavelength is well predicted by linear
stability theory to be (Riaz, et al., 20[#):

) =24 M 3.3
0.07 Drga?
Giving:
b, 6p MM, 3.4
d  0.07Drgd

when accounting for the image magnification and expressing it in terms of image

pixels. A third constraint is given by the minimum particle image density needed to

have a high probability of a successful interrogation, typically assumedNp>b&0.

For theCase Ill conditions, an upper bound on the concentration that can be used
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exists due to the fact that all of the particles must be eventually packed into two
parallel planes of the channel. Assuming the particles should remain separated by at
least 5 diamkers € = 5d) to prevent significant hydrodynamic interactions gives the
constraint:

D, s
=L >J10M,—~ 3.5
d, 10 °d,

The current experimental conditions are indicatgdhe symbol (red star) in figure
3.4, indicating that not much margin remains for improvement of the measurement

conditions when using the current working fluids.

100
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Raz= 100
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Required development length,

8 (mm)

Figure 3.4 (a) interrogation window size as a functiohHele Shaw gap thickneg®)
required development lengiteeded during filling to ensure Case Il conditions as a function
of HeleShaw gap thickness and patrticle siRe€ 2.3). Current operating conditions are

noted by the red star. Dashed line indicates d & 0.1
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The particles then need to be selected suel tiey reach their terminal
migration position within a reasonable length, which is controlled by the Reynolds
during filling and @/l)°. Using the condition that/X > 0.01 fromfigure 2.14 for
complete migration, the required flow development lengtegyasen in Fig 10b. This

gives a required length of:

o g3
L=03828 ¢ 3.6
ca+ Re

For the more conservative conditions of the flow in the MEG layer, the current
conditions @ = 2a = 15 pm,u = 127 um, Re = 2.3) give a required development
length of L = 303 mm. The lower viscosity of the water layer requires a higher
Reynolds number to produce the same pressure drop, leading to a development length
of 46 mm. Going to a smaller particle size would lead to a much larger development
length (e.g. using hithe diameter would require a channel length of 2.4 m), while
going larger would require particles that are rapidly becoming a significant fraction of

the gap width.
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Chapter 4 Quantitativeconcentration measuremeint narrow
channels

4.1 Experimental Setup

The motivation for thispart of the projectis to quantify the temporal
concentration field of RayleigBénard convection in a Hehaw cell and
eventuallycouple it with velocity measurement to estimate the total flux density of
MEG in water. Backhaus et al. (201[5] developed an experimental model with a
different fluid system andoerformed optical shadowgraph to determine the wave
number selection, the timscale the finger width, and the mass transport .rate
Hartline et al (1970]33] applied pHindicator method to visualize the convection
pattern ofthermal convection in a Heléhaw cell andonfirmed the critical Rayleigh
number for the ons’et of convection to

There are various other measurement techniques hhae been sed
previously to quantify the scalar transport within matimponent fluidic systems
(See Walker et al. 198[B34]). Measurement of concentration based on induced
fluorescence is a common technique that alas used in thisstudy to quantify the
concentration profilevithin the systemi-or instance, Koochesfahani et al (1986 [3
used LIF to investigate the entrainment and mixing in reacting and nonreacting
turbulent mixing layersr the work Ferrier et al (1993)§B that discusseshe use of
themeasurement technique and methods of corrections to study plumes in stratified

fluids in details.
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In a generalLIF experiment(Laser/LED induced Fluorescence), the dye is
excited by an illumination light source whose wavelength closely matbes the
excitation frequency of the dye. The intensity of light emitted from a dyed region of
flow is proportional to the intensity of excitation energy and to the concentration of
dye. If the excitation energy is locally uniform, then the emitted ligiehsity will be
linearly related to the dye concentratiddy performinga calibration procedure as
will be discussed in the following section, the emitted light intensity can be directly
converted to dye concentration.

To perform a reliable concentrationeasurement by means of LIF, multiple
steps needs to be taken to overcome the challenges inherent to fluorefbesee.

practical steps are the subject of this chapter. The challenges include:

1 Maintaining linear relationship between intensity of emitteghtl and
concentration
1 Perform correction methods due to aamformity of illumination across
the field of view and background intensity variations
Sensitivity to environment effects (solvent effect)
Photobleaching due to exposure to light
The fluorescere process consists of three stagesstFa photon is absorbed
by the fluorophore, increasing its energy to an excited state. Second, the fluorophore
remains in this excited state for a finite period, called the fluorescent lifetime, which
lasts typicallyli 10 ns(very small rehtive to the flow time scales(@ second$)
Third, the fluorophore releasesphoton of energy, and returns to its ground state

(figure 4.1). The released photon is then detected bgresora CCD camerdetector

in this caseDue to energy dissipation during the excited state lifetime-(adiative
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relaxation), the energy of this photon is lower, and therefore of longer wavelength,
than the excitation photoffior detail discussiasmon fluorescence, refer to Principles
of fluorescence spectroscofny J Lakowicsz [J] or Practical fluorescence by G.
Guilbault [3]). The energy difference is related to the Stokes shift, which is the

wavelength difference between the absorption and emission maximum:

D/ stokes: /emission_ /absorptio 4.1

non-radiation transition

singlet ground state J

>
C
Y g Stokes shift

—

absorption emission

excitation
fluorescence

singlet ground state
So

Y

wavelength

Figure 4.1aJablonski diagram arzbrrespondingpectrademonstratinghe fluorescence
process: initialcreation of arexcited state by absorption and subsequent emission of

fluorescenceat a higher wavelength

Although LIF has been widelysed for determining the scalar transport and
mixing of multicomponent fluid systemthere are also drawbacks to this technique
that necessitates a well calibrated measurement setup. Relevant to thisswork
photobleachingof fluorescent molecules thas a process by which exposure to
excitation light chemically alters a fluoropigorendering it nofiluorescent The rate
of photobleaching of dluorescent dye depends on the photon flux, and may be

caused by large excitation light intensities over spetbdsor lower intensities over
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long periods. Photobleachings a common problem in fluorescerAoased
experimentdike this studywherethe fluorophoregemains excited for long durations.

The experimental test setup was modified to be able to extractotaimp
velocity & well asconcentration fields simultaneousiyowever, his chapter focuses
on calibration procedure for concentration measurement while the coupling of the
concentration and velocity measurements willtte subject othe next chapterin
addition to plystyrene microspheres that were used as tracer particles for velocity
measurement in both of the fluids, a known amount of Fluorescein sodium salt
(CooH10N&Os SigmaAldrich F6377) was added to the fluid reservoir containing the
mixture of Ethylene glycol and Methanol (MEG), to be used as tracers for
concentration measuremenithe diffusivity of the dyeinto wateris close tothe
diffusivity of Ethylene glycol in watewhile the diffusivity of Methanol in water is 4
times larger Moleculardiffusivity ( ) of the different species and the dye in water is

listed in tabled.1

Diffusion Coefficient for the Different Species

Ethylene glycol 9] 0.37 x 10 (m?/s)
Methanol Q] 2 x 10° (m?/s)
Fluorescein [4] 0.52 x 10 (m?/s)

Table4.1diffusion coefficient for different species present in the fluid mixture in water

To excite the fluorescence tracettse halogen light was replaced by a high

power LED illuminator (I-106X-Blue, HARDsoft) in continuous mode. Spectral
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charactenstics of the light source rad the dye are presented in figyt& A second
camera was also added to the system to record the magnitude of fluorescence from a
similar field-of-view as of camera Xigure 4.3). The cameras and the lenses used
the setupwvereidentical (Imager pro X 4M, sensor size = 2048 x 2048 pixkls,7.4
pm pixel sizg and recorded images db@ut 75 x 75 mm regionMy~0.2), using 105
mm lensesf(# = 8 andf,;# =2.6; Exposure timg0.05s and Exposure timg=0.159).
The depth of fieldof the systemii avas set larger than the channel gap spaasg
beforeso that the tracer particles across the entire gap were mapped identically in the
image planeld z= 4 mm,0 z= 0.5 mm). An optical longass filter with aransition
wavelength of 515 nm was inserted close to camera 2 in its optical axis to separate
the fluorescence emission photons that form the final image on detector 2 from the
excitation light and scattering particles (MELLES GRIOT 03FCGE&3angular
50.8x50.8 mrf) (figure 4.3). As explained in previous chaptemmlystyrene particles
are manipulated into the equilibrium position before theghéa the desired field of
view.

The experiments were conducted using a vertically oriented-$tedev cell
similar to previous setuiputthe allround supporting framinat wasfound vulnerable
to buckling vasreplaced by two edgm-edge supporting clamps, holding the fixture
on the top and bottorffigure 4.5). The two retangular tempered glass platesre
also replaced by longer pies (L2.7 x 610 x 127 mr) to ensure full segregation of
tracer particles in the field of view (L=330 mm) and alscavoid regions of any
possiblenon uniform behavior at the outlefgefer to appendix A)The spacer shim

was pressed between the platesh®gydesigned aluminum clamps, with a bolt spacing
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of 8 cm along the top and bottom edges to ensure a uniform compression and a
constant gap T7tmhthecbklts wesesfasténed=b§ a tbrgue wrench by a
value of 1700 Nmm). Sample images recordeidhsltaneously by the two cameras,

arepresented in figurd.6.
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Figure4.3 Schematic of the experimental setup from above. Camera 1 is used for PIV
measurements, and camera 2 records the florescence while the optical filter extracts the

pumping light
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Figure4.6 Snapshot images of the field of view at t=1000 s. Image a from camera 1 is used

for velocity measurements while the second image is used for fluorescence

67



4.2 Calibration procedure

Details of the execution of a reliable velocity measurenseobvered in the
previous chapter however extraction of temporal concentration field from raw
images recorded from the second cameraulireg a calibration procedur®
guantitatively relate the intensity and absolute concentrated fif attenuationof
the illumination light within the cell is negligible and the concentration of the dye is
low enough that there is no saturation (both fluorescence and detectorth¢hen
detected fluoresceneeould beproportional to intensity of the excitation illunaition
and local cacentration of the fluorophore (Walker et al 7984]).

1" (x,t)=a | "(X) c(x,t) 4.2
In this equationx (x,X) represents botthe position in the object planand image

plane (since a mapping psemably exists between objeahd image plane)The

excitation power distribution fieldenerated by the LEBs shown asli(;<,t). The

detected quorescencdaf(?,t) is related tol; and the average dye concentration
distributed across the gap ofthecgllbt he proportionality facto

c= rjc(xl,xz,z,t)dz 4.3

Qlr

Initially, a series of calibration experiments were performed to determine the
range of linear response Bifilorescencentensity to its cacentration variations. A
known concentration of thdye was added to 200 ml of deionized water and the well
stirred mixture was then pumped through the celke fdtorded images from camera
2 were averaged over the entire figfiview after background subtraction and then

were temporally averaged over 10@tages recorded at 1Hz. For all the tests the cell
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and LED were kept fixed to the optic table carrying the experimental setup and the
LED power was also kept netant. It can bebservedfrom figure 4.7 that the
relationship between the effective fluoresce and the flourophore concentration
under conditions described above becomes nonlinear at arourndd@nal)( In order

to be able to use equation 1, the concentration of the dye needs to be smaller than this
critical value. It should be noted that agarf# and smaller exposure time was used

in the calibration test to avoid any possible camera saturafih gnd Exposure
time,=0.03 s). However a smallei# and a larger exposure time were used to obtain a
greater dynamic range with a conservative concentration value off@g0&l) for the

rest oftheexperimentsf¢2.6andExposure timg=0.1 ms)

As explained in previous chapters, the initial condition tfer experiment
consists of stably stratified stationary fluid columns of MEG at the top and water at
the bottom. Both of the fluids are seeded with microspheres for velocity
measurements, and additionally MEG is also seeded with dye tracers with a
concentation of 0.05 fhgml) for which the fluorescence shows aear behavior in
its vicinity (figures4.7 and 4.8 As the dye tracers diffuse into water from the MEG
column, the fluorescenads expected to deviatdue tothe change in solvenA series
of dilution tests were performed by providing different aqueous MEG mixtures,
pumping them into the cell and recording the fluorescence as desuripeelvious
calibration testsfigure 4.9). For instancethedata point describing 0.2 agueous MEG
mixture is he result of mixing 40 ¢/EG from the original batch of MEG wita dye
concentration of 0.05 (migpl) and 160 gr deionized water; the resultant mixture then

containsa dye concentration of 0.01 (g). Due to dependency of fluorescence to
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environmental fators such as viscosity, a linear function was found to be a poor
estimate of the fluorescence behavior in the agueous MEG mixjujes(= 0.003
kg/m.s andpwaer = 0.001 kg/m.s; effective fluorescence in water is 0.95 of
fluorescence in MEG; black squasgmbol). It should be noted that temperature

fluctuation was less tharfd during theentire measurement period
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Figure4.7 effective fluorescence for Fluorescein in water
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Figure4.9different fluorescence behavior of the dye in different solvents

4.3 Data Reduction

Following the data acquisition, the images need to be processed to obtain
concentration information based on tthetectedintensity field from camera 2The
experimental procedure starts with performing the instability test with the appropriate
design coniions as vasexplained in previous chapters and recording the intensity
field; I (@, t). To take into account for the image background intensity, a s&ries
images were then recorded from the same field of view and similar conditions to the
initial test after flushing the cell with deionized water multiple timRg;et (@ t) . In
the final step, the distribution of light intensity across the field of view was quantified
by obtaining 1000 consecutive images when the cell was filled with only BHglG

uniform dye concentration of 0.05ngml); 'O & . Several sukregions were
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defined andused for normalization purposéss shown irfigures 4.104.13 to make

the concentration measurements quantitafiee calculation procedure is as folls

orse(X) = %a | tse%t), N =1000, 1 max (X) :%é 1. (xt), N =1000 44
TS © o b ® 45
1 16
()= & 1,(X), N, =502 50 .
Nl regiorl
O
O a S 47
°® oo
Oad O a@o O ® 48
1 L. - B 4o
(I a®)=- &1, (x1),N, =50° 50 .
N1 regiorl
5 "0 &
Nad —— 410
00 o mO
. O @
“Cad — 411
O®
N . IIO\IV\
W &o |— 412
413

O © o © ®

(c,(t)) = Ni g c(xt), N, =503 500, (c,(t))= Ni A c(xt),N,=503500 4.4

2 regiorn2 2 regiorB

ci(xt) =c(xt)- (c;) 4.15

constan

Ci(_);,t) 4.16
[<C2 (t)> - <C3>constan1

c, (xt)=
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Equation 4.7 represents the normalized field for the illumination power, while
equation 4.10 corresponds to the normalized detected fluoresterice.final step,
the intensity value can be related to theoncentration of the dyby data points
collected previously to quantify the dye fluorescent behavior in different fluid
componentsfigure 4.9). Presuming that the dye, methanol and ethylene glycol all
stay in nearly the same proportions as they diffuse in water, the detectexséience
represents the propagation of MEG in watertheory,® @& shouldchange from 0
corresponding to zero concentration of the dye and 1, representing the initial
corcentration of the dye (0.05 (rmgl)). However in practice, there is a continua
decrease of fluorescence intensity of the dye due to the exposure toi.kght
photobleachinghat negatively affects the measurementBhe mean concentration
calculated form equation.4 over region 2 is presented in figure 4.5ince there
is pure MEG in this region during the entire experiment, the estimated concentration
mean is expected to remain constant, provided thattemporalvariatiors of
illumination powerremains constant.

This decrease in fluorescence intensityedto photebleaching can be
significant 6% in the time scale of the tests) and is undesirable as it could be
incorrectly interpreted as a reduction in concentration. A simple method to avoid
photebleaching is to pulse the LEM@ther than a continuousutination todecrease
the effective period of timBuorophoreparticles are exposed to the light. However in
the pulse mode due tbe devicdimitations, the requiredlight pulse width could not
be achievedwith an appropriate power levels excite thedye particles Thesecond

option was to correct the images fst choosing an arbitraryegionin the upper
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layer where there alwaysxists pure MEG (region 3 and calculating the mean
concentration valuén this area@ © O Thenchoosing an arbitraryegion in the

bottom layerndcalculating the mean concentration vai¢his areag 6 Q{region

3). And finally, normalizing the concentratioriield by & 0 after subtracting the

offset valuew © . A snapshot of the calculated concentratiotdfie shown in figure

4.13 (on the left)by correcting the imageJhe offset value ¢ doesndt remai n
constant during the entire experiment as fingers containing the dye particles reach to

the bottom of the cell but during the initiphase where the is pure waterlight

intensity remains constant and this value was used as the offset value for the entire set

w0 (figure 4.13
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Chapter 5: Quantitativeoncentration measurement in narrow

channels

5.1Result and Discussion

Challenges associated with performing quantitative particle image
velocimetry (PIV)and LEDinduced fluorescence (LIF) in thin gap channels were
discussed in details in previous chapters. In this chapter, the results for a simultaneous
velocity and concerdition measurement for Rayleifénard convection in a Hele
Shaw cell are discussed in further detapecifics of the experimental setup were
covered in therevious chaptera simple schematic of the experimental petu

presented here in figure 5.1

field of view-camera 1

©000 00 00O

S o 5000 00 OO

A\S

-~

field of view-camera 2

Figure5.1afocused view of the Helghaw cellcross section. ie microspheres are

manipulated to a known location across the lygfpre reaching to the field of view
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Figure 5.2 shows snapshobf images from botlvelocity and concentration
camerasatt =1000 s or using the scaled tiroé t=1.45using equation 1.9. Due to
the in line positions of the cameras facing each othegdhespondingmagesfrom
the two camerasire reversed.As explained in previous cpters, a simultaneous
velocity and concentration measurement of a determined region of the device can lead

to estimations of the flux from ¢h top layer to the bottom laye(
J = Jconvectior+ J diffusion= UC - Dbc). There are two printed vertical lines on one of the

glasswalls with a distance of 70 mm used ft@termining theegion of interest of the

flow pattern This region idefined far enough from the inlets to ensarsufficient
developmentength requiredfor particle manipulatiofL). The linesare printedon

the outer side of the glass so they donodt
surface energiesimplementing the lines in contact witthe flow resulted in
formation of bubbles on the linesAlthough fieldof-view of both cameras include

the desigatedareabetween the verticdines but sinceeach camera was calibrated
separatelythey werenot perfectly aligned andidl not share a common optical axis.
Subsequently,one further processing stepnd determining a transformation
procedurewas neededto match each pixel on the images from camera 1 with the
corresponding pixel on the image taken from camera 2 at each Tie.
transformation consists of a linear magnification, a planar translation and a planar
rotation. Figure 5.2 b and ¢ demonstratke combined images to report a well

matched pattern.
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Figure 5.2 calculated velocity and concentration from processing recorded images from
camera 1 and 2 respectively

80



Figure 53 mapping raw imagesom camera 1 to corresponding images taken from camera 2
after transformation
In the figure series 5,3the estimatedconcentration field is presented for
different time scaledo investigate the flow behavior at differemtgimes. As
discussed in the pvious chapter concentratidield is a value from O where there is
water to 1 where there is pure MEG. To track instability plumes, a region of the flow

where there are instability fingers was determined by defining a concentration
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threshold valueg (0.2 < ¢; < 0.8).1t should be noted that all the variables are-non
dimensionalized with the scaling parameters as discussed in chaptepdrtant

scalingparameter values ags follows:

Experimental parameters

H 0.045m
t o 682.57 s
Ra 2472.3
2 A 3

Table 5.1 experimental parameters

The experiment starts with a sharp interface at t=0. As the top column diffuses
into the water, the boundary layer becomes thicker until it reaches to a point where it
becomes unstable and instability plumesthie form of fingers start to propagate
downwad. From the analytical work of Riaz et al (2006), the critical time is
estimated to be around 4 seconds (equdtiaB), however in this worknitial fingers
arenot observabléeforet=0.088 (=60 s). Theaverage wavelength of the fingexs
t=0.176 (t=120 s)is close tol mmacrossthe entire filedof-view. After some time
neighboring fingergend to merge together and form thicker plumes (t=0.Bis is
probably due to presence of stronger rising plumesttamexisting vorticity pattern.

After a while a new set of fingers start to develop at the interface (t=0.75) that
become absorbed in existing fingers. The total number of fingers at the interface
decreases continuously, for instance at t=0.75{0 s) theaverage wavelength of

fingers increass to about 1.63 mnThe rumberof fingers at different heightfor a
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single timealso decreases as they move further in the reservoir. At =3085s),
there are close to 30 fingers aetmterface while this numbet adistant25 mm
from theinitial interface is around 15.

Newly developing fingers yield the exisy flow pattern and are swept aside,
eventually merging to the older descending streanAlthough these streams are
exceedingly dynamiclose the interface, they are less actisgher dowm. They
mostly act as path® transport MEG fronthe top layer to the bottonboundary
Fingers arausuallywider at their tip comparing ttheir body anda few ofthemsplit

at their tip on their way dowas an ascending finger cuts through them. Thikas
case when the tip of the descending finger is not well defameddhas a rift due to
presence of multiple suiingers that previously joinedtogether Fingers reach the
bottom boundary of the cell at about t=5-3413 s) andfter this poindiluted MEG

stat to accumulate at the bottom whilbe dominant streasistart to get thicker

(t=7.5). The evolution of the fingers can be viewed in figure 5.3.
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Figure 5.4RayleighBénardflow evolution oltainedfrom LIF concentration measurements
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As the top layer mixes into the bottom column and pure MEG is consumed, the
interface starts to recede from its initial position. By comparingctmeentration

field at t=0 and t20, it can be observed that the iritee has receded significantly.
The distance between the two interface locations was measured to be around 13.5
mm. To be able to track the interface from the concentration field, shtticevalue
(c=0.8) was define@s mentioned earlier. In figureSdhe concentration profiltom

an arbitraryvertical lineacross théneight of the entire fielébr a snaghot(t'=1000 s)

is shown, along with the level defining the interface positiadividual finger can be
highlighted bysubtracting the base profile from the extracted interfé@euadratic
function fit to the elevation profile at each instant in time, giving the fluctuation of the
interface about the spatial mean valu€he evolubn of generated fingers at the
interface is presented in figures &%. As it can be observetihe number of fingers
generated increases until t~8, then fingers generation decelesatgstean starts to
saturate.

The amount of MEG descending into theservoir can be determined by
measuring the are@ between the initial interface and the subsequent interface at a
certain time. This valueasthen normalized by the reservoir height (H=0.045 m) and
the length in which the fingers are being sampled (@#0n). As it can bebserved
from figure 5.4, the amount of MEG being advected incredsearly until t~7. At
this time most of the dominant fingers have reached to the bottom of the cell while
the front running fingers had reached the bottom boundary at abodite38ow rate
can also be extracted from the interface retraction, figure 5.6 predicts a risd ahd

the flow rate. Flow rate Qs defined as:
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Figure5.5 interface tracking by thresholding#£0.8)
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interface retraction reaches2qum/s

It should be noted that the mean velocity of the convective plumes remains so
small that the effect of mechanical dispersion of the fluid components is negligible
compared with miecular diffusion andhe equations of motion and continuity
covered in earlier chapter apgccording to Wooding et al (1960) [42] the condition

g ¢Q ¢ p meeds to be met and we are well below this threshold in this study)
The conditions in this study ensureour case By taking the curl oequation 1.12

the pressure term can be eliminated to extract vorticim the concentration field;
equation5.2 (vorticity is an important parameter in fluid mechanics that represents
the angular velocity of fluid eleents) [8]. On the other hand, the vorticity can be
simply calculated independently frotine measured velocity fieldh snapshot of the

vorticity field derived from the measured velocity and concentration field is
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comparedin figure 5.7. In the next stepthe vorticity fields are used to extract

information about the growth and propagation of instability pluim@sthe reservoir

W= - S_i 5.2
w=H L 5.3
Xy
wmx,t) = r’j)ll/u(x, y,t)dy 5.4
JE(k,t) = fjx,t)e *dx 5.5
== M 5.6
A Ek.Hdk
BRI O TS

% 10 20 3 40 5 60 70 0 10 20 30 40 50 60 70

mm mm
Figure5.9 vorticity field extracted from velocity measurement (a) and concentration

measurement (b) attL000 s

At each vertical locatioy;, the dominant mode of instability can be extracted
by taking Fourier transform of the vorticity ¢ito o at each instant. The dominant

wavenumber at each location along the reservoir (y) is demonstrated in figure 5.10.
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Although this value converges toa constantrate for different heightsbelow the
interfacebut the wavenumber at the interface is higher and remains dynamic as new
smallerfingerskeep developing. In order gaininformation about the finger growth

and a general dominant moder the enire domain, the average of vorticity is
calculated] ¢ ; equation 5.4 and the combined dominant wavenumber is
determined from equations 5.6. In this equattfk,t) is the energy spectrum
associated with Fourier transform of the averaged vorticg.fiNormalizedenergy
spectrum and dominant mode are demonstrated in figures 5.11 andltelizsults

from vorticity field from concentration measurements (LIF) are compared with results
obtained from vorticity fields extracted from velocity measuresigilV). The

results show similar spatial and temporal scales.
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Figure5.10 dominant wavenumber of the instability plumes at different heights (except the
red curve that corresponds to the wavenumber at the interface all the other plots are

associated with a fixed vertical positions down the reservoir)
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Figure5.11 energy spectrum associated with Fourier transform of the averaged vorticity
fields

Figure5.12 Combined dominant mode extracted from the averagsditity fields
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