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The wettability of powders plays a critical role in various industrial manufacturing
processes and products. In particular, in the pharmaceutical industry, exantipls wet
granulation and the dissolution performance of solid doses obtained by powder
compression. This study aims to develop a characterization method to study the wetting
properties of powders, and finely divided solids in general, using a closedncpacked

with the material of interest. Using a closed column in contact with a ligossals to 1)



study both the advancing and receding process as the liquid penetrates and is later displaced
from the column, ii) to characterize the powder compo#iiregporous media inside the
column in both static and dynamic ways for a wide range ofdpeliquid systems, and

iii) to control (reduce) the characteristic time of the experiments by changing the

experimental (column height).

The advancing, receding abdbbling pressure are defined to characterize the system in a
static way. Analytical solions are provided to study the dynamics during the capillary
rise process. The explicit solutions are obtained in terms of the pressure differential and
the liquid nass, two independent variables in the system that can be measured directly in
the experimets. The hydrostatic effects and the dimear pressure dependence on the
penetration height are considered in the solutions without any approximations. Therefore,
the solutions are general and can be used to characterize a wide range-ldjusdlid
sysems, especially for systems with large capillary pressure. Twedmoeensional
parameters governing the system are identified: the capillary pressure and the initial
pressure in the closed column, both normalized by the hydrostatic pressure corresponding
to the effective column height. The rdimensional description provides valuable
information on how to optimize the experimental setup depending on the application. A

an important example we discuss how to reduce the equilibrium time.

Experiments were pfarmed using two sets of glass beads, lI®and 45 & with
Polydimenthysiloxane (PDMS) as the model system. The experimental data are fitted with
the analytical solutions to study different imbibition regimes and obtain the effective
capillary pressure ral permeability. Three imbibition regimeare determined: the

early/Washburn imbibition, the intermediate and the late imbibition. It is shown that the



intermediate imbibition stage is the preferred region to obtain the effective capillary
pressure and pereability values from fitting. The imptance of these different stages and
their importance to characterize systems presenting a relatively large heterogeneity of pore
sizes is discussed. After validating the characterization method with the model siystem,

is applied to other solitiquid sysems with larger heterogeneity, including the larger glass
beads and Deionized water, as well as pharmaceutical powders such as lactose,
Microcrystalline cellulose (MCC) and alumina. In cases of highly heterogesgsten

such as lactose and MCC, a spoetaus bubbling process is observed and thus the
advancing pressure cannot be measured. The contact angle is estimated using the effective
pressure obtained from the fitting with the analytical solutions. Differdntroo heights

were used in the experimsenwith lactose and a reduced time to reach the same completion
factor is achieved by a shorter column. Performing shorter experiments was shown crucial

when working with a powder (lactose) that is soluble in the tpativeg liquid (water).
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1. Introduction

1.1Motivation and thesis overview
The wetting of powders plays a critical part in the manufacturing processes of various
industries, such as food procesdafj [4], water infiltration[5]7 [7], mineral handling8]i
[10], and especially in pharmaceutical technol@}]. The wettability of both th active
pharmaceutical ingredient and the excipients providesalsdunformation to process
development and product quality control. For example, during the wet granyledc®ss,
the preferential wettability of one ingredient particle with the liduiidler can cause nen
uniformity in the granule§l2]. When blending poders, the shear strain can affect the
hydrophobicity of the blend and thus ingp¢he dissolution rate of tablets made from that
blend [13]. The importance othe powder wettability in diverse industries genesat
constant interest for rearchers to develop appropriate methods to understand it from a
fundamental perspectivand to be able to characterize the wettability of different powders

and finely divided slids in general.

In this thesis, we focus on characterizing the wetting praafgsswders by capillary rise

in a closed columrOne of he benefs of using a closed columnikat boththe advancing

and the receding process dam studiedAlso importan is that he dynamics during the
imbibition process can be investigataddthe experimental dataan be interpretedith
analytical solutionsproviding fundamental understanding on the dimensionless variables

that determine the behavior of the system.

The thesis is divided into seven chapters. The first chaptamarizes somieaclground

information, including the motivatiobehind oumwork and some basic concepts of wetting



and contact angle, followed by an overviewtta existing approaches to stuthe contact
anglein liquid-solid-gas systemswith special focus on thoseailable to characterize the

wettability offinely divided solids.

Chapter two provides detais on the experimental system design, includitige
experimental setup, material chaezation sample preparatiorand experimental
procedures. Thdescription 6 the experimentaproceduregxplains how the advancing

and receding processareinvestigatedvith the setupsed in our work

Chapter three provides analytical solutionstfa imbibition process in a closed column.
The solutions are obtained in teswfliquid mass and the pressure differential as a function
of time. The hydrostatic effects andhantlinear pressure dependence on the penetration
front are considered in theolstion. Therefore,the solutions presented here amere
generathan thoseavaiable in the literaturand can be usddr a wide range of capillary
pressureghan before A simplified solution is also obtained for the initsthge of the

imbibition processand it will be compared with the general solutiotaiter chapters.

The dimensionless form of the analytical solutions is presented in chapter four. Two non
dimensional parameters governing the evolution of the system are identified. Based on the
dimensionless analysis, means to optimize the experimental setup and corafi¢ions

provided.

The experimental results are presented and discussed in chapter five, six and seven, each
chapter focuses andifferent solidliquid system. Chapter five addressesinteraction of

our model system (glass beadswith the liquid used asference(Polydimethylsiloxane
(PDMS)). Chapter six compares the result between the reference liquid (PDMS) with the

testing liquid (Deionized water). Both static and dynamic veagaused to characterize the



system in terms of contact angédaracteristi pore size and permeability. Additionally,
different stages of the imbibition process are studiegending orthe initial dynamic
characterization resultk chapter seven, @aracterization protocol is summarized based
on the resultspresentedin chaptes five and six. This protocol ighen applied to
pharmaceutical powders and the preliminary characterization results are disaussad.

discussion of the results and camsibns obtained in the thesis is presented in chajgfiet

1.2Basic conceps: surface energy wettability and contact angle
In this section, we introducsome fundamental concepts commonly used to describe
wetting. Wetting is a phenonm®n that manifestshie existence of the attractive forces
between moleculedVhen two phasesain contact for example, solidiquid or gasliquid,
surface tensioms a measure of the forgeer unit lengthor the energy per unit surfgce
acting on the boundatyetweerthe wo phasesThe surface energy is the work needed to
separate the two phasg14]. An extensivediscussioron the physicameaning of surface

tension is provided in the book by Defay and Prigoglia.

An indication of the interactis betveen the solicand two immiscible fluid phaséas
wettability. We are restricting our discussion here to the fluids baifiguid and the
liquidé gapor In this context, thevettability is characterized in terms of the seliiguid-
vapor contact angle{16]. The contact angleaptureshe equilibrium balance between
adhesive and cobive forces imnathree phase systeft7]. The work of adhesion is the
energy needed to separaw® differentphases while theork of cohesion is taenergy to
separateone phasento two [18], [19]. Whenthe three phase system is @quilibrium,
illustrated in figwe 1.1,contact angle is related to three different interfacial tensions by the

classical Youn@ squation20].



v, 0 [ (1.2)

Thesethreeinterfacial tensions arthe solid-vapor surface tensidgn , the solid-liquid
surface tensioh , and theliquid-vapor surface tensign . The line in which the three
phases meet is dadl thetriple contact ling[21], [22]. The case wen [ [ s
called completeor perfect wettingand is nanifested by a film coating the soladirface
(— mJThe casavhent J —  mid calledpartial wetting and cases wheree w1t J
are called nonwetting[23]. A small contact anglef a solid withwater ftJ — w7 J
indicatesa hydrophilic solid surfacewhile a large contact angle— w 1t Jndicatesthat

the solid ishydrophobic

Yiv

Vsv

Figurel.1 A schematic drawing of a liquid droplet on a solid surface showgirgtities in the Young
equation.

The Young equation predicts a single contact angle for each material system assuming a
smooth, homogeneougieal surface. This contact angle is usually refeteas the
thermodynamiequilibrium contact angleor, static contact angleln reality, however,
surfaces are rough and heterogeneandJiquids will show a range of contact angles on
such surfacesWhen thecontact lineis moving the contact angle wijllin generalbe
different from the static angl24]. The movement o&n interfacen a porous media can

be divided intawo processes: imbibition and drainage. The process in which the wetting
phase displaces a nonwetting phase is referred as the imbibitiomjrttmeum contact

anglethat can be obtaineduring this process is the adwamy contact angle. Conversely,



the dainage refers to the process when the nonwetting phase displaces the wetting phase.
Correspondingly, thenaximumcontact anglehat can be obtainediring this process is

referred as the receding contact arjgk.

The difference betweeheadvancing and receding contact asglies thecontact angle

hysteresis:

y— - — (12)

Major source causing contact angle hysteresie surface roughnesg6]i[30] and
chemicd heterogeneiés [31]i[37]. Contact angle hyeresis can alsoexist in
homogeneus surface deito liquid retention or sorptior§38]i [40], or disjoining and
conjoining pressuréhat acts in the vicinity of the three phase contact line and causes

deformation of an elastic solid substrpté]i [43].

Sincewe are interested in the wetting process inside a porous media, wenaall
introducethe concept ofapillarity. Capillarity is used to desbe the process when liquid
penetrates in @orous material or aapillary tube. Thenterfacial forces acting on the
contact line inside a capillafgrcethe interface to curve, and a difference in the pressure

(7 ) between the two phases is giventhg Laplace equation:

g WEéEi — (1.3)
i
wheregis the surface tension,is the radius of the capillary tulsndq s the contact angle

This pressure differential exerts a net force on the triple contact line that may makes it

move.



When the triple contact line is imotion the contact angle becomes dependent on the
velocity of the moving contact line. Thisntact angle is referred to as the dynamic contact
angle(larger than the advancing in an imbibition process and smaller thagectiding in

a drainage process)he relation between the dynamic contact angle and the contact line
velocity has been studiein simple geometries inmany different works both
experimentally [44], [45] amd theoretically [46]i[49]. In synthesis, due to the
hydrodynamicstressapplied to a moving contact line, an effective macroscopic (dynamic)
contact angle developS0], [51]. This dynamic contact angle lislatedto the velocity of

the contact line ©) through thethe capillary numbef44], # A * y where* is the
viscosityof the liquid The capillary numbes the ratidoetweenthé ma c r o svigcaup i c 0
and the interfacialorces acting on the interface. It is worthy to mention that due to its
definition, the scale of the capillary numbsrshifted and a value of (s considered
large as the effects on the dynamic contact angle are consid@blb2]. On the other
hand, a values in the order b¥® and lower, were experientally found to be negligible
[44].This effect of liquid velocity on the dynaméontact angle is found to be magnified

by surface heterogeneity3], including surface roughness amy anpurities in the system

[54].

1.3Capillary hysteresis and pore geometry
In section 1.1it is mentioned thatising a closed column allows us study both the
advancing and the receding process for a given-figlietl system.In particular, we will
determine the difference in pressure between the end of the advancing process and the

beginning of the receding on&his difference between the advancipgessureand the



receding pressui@an be a result of the contact angle hysteresis, or the hetetggdriee
porous media. The existence of a different advancing and receding capillary pressure for
each pore ocapillary tube is straightforward when there is hysteresis in the contact angle.
However, there are other sources that can contribute to tleeedifes in the capillary
pressurén a porous media and, in particulaee needo consider the pore geomet#hirst,

let usconsider the case of a capillary tube. For a single capillary tube, or a bundle of
capillary tubes with the same radius, thisatiénce in capillary pressure is a result of the
contact angle hysteresis. However, in practical cases the moli@aisiheterogeneoysn

the sense that there is a distribution of pore sizes (Note that we will réfetetogeneous
porous media as thosenpus media in which the pores are not monodispeide
difference in the advancing and recediogpillary pressure can be a result of the
combination of the contact angle hysteresis and the heterogeneity of thd_pbtesthen
considertwo models fotheterogeneougorous media where there are bundles of parallel
capillary tubes. In the first case, each ofdhpillary tubais a cylindemwith uniform radius

but the capillary tubes aref differentradii (figure 1.2a) In the other case, the radius is
changingwithin each capillary tube (figure 2b). The top of the capillary tubesre all
connected together ditherefore have a common air pressure. We will refer to this pressure

as thepressure differential



—
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Figurel.2 Different types of the parallel capillary tubes. (a): Theillary tube is a cylinder that has a
uniform radius, the radius varies from each tube/cylinder. (b): The radius varies in each of the capillary
tubes.

According to thd_aplace equation, smaller pores correspond to a higher capillary pressure
while large pores correspond to a lower capillary pressDtging the imbibition process

in both caseshown in figure 22, thepressure differential inside the tuinereasess he

liquid penetrates into the capillaries and air is compre$sduhth caseshe pessure will
continue increasing and eventuakach the advancing capillary pressure of the large pores.
After reaching this capillary pressure, tiesultis differentdepending othe geometyr. In

the first case shown in figure2h, the liquid will sbp advancing in the largeapillaries,
representing largpores ( ), while it still advances in the smalhpillaries, representing
smallpores ( ), because the pressure differential is lower than the advancing pressure of
the small poresSince the tp of the capillaries are connected, the liquid may reaede
some of the tubewhen the pressure differential reaches the receding preéssargiven

tube radiusFor capillaries with an open togychreceding process will not happen.the

case showin figure 12b, the liquid cannot advance further into tlexthsmall poresfter

reaching the advancing pressure for large pores, bethesext smallporeis only



connected through a large pohe this case,lte spontaneousnbibition processtopsat
the capillary pressure ttielarge poresin this work we bcus on the closed systemisere
the pores are interconnected on the tophis casehe pressure differential can be further
increasedafter the liquid stops advancingy injectingair into the commorair reservoir

with a syringe.

In the first case, adt reaching thadvancing pressure of large porgisce the capillaries

are connected on the tdpe pressure differential still increases as the liquid continues to
advance in the srigores. Eventually the pressure will reach itbeeding pressure ttie

larger pores and the liquid will evacuate from them. Depending on the size of the pores,
this moment can happen before or after reaching the advancing pressure of the smaller
pores Figure 13 shows the different scenarios of the receding and advapasgures for
different poresizes. We consider there are two sizes of the paoreandi , withi i .

In the case shown in figure3h, the receding pressure iof(f] ) is higher than the
advancing pressure of (] ). After filling i , the pressure will first reach the advancing
pressure of andfill inthe smaller poregit this point, the spontaneous imbibition process
will stop. If the pressure differentia furtherincreagd for example using a syringe pump,

the pressurwiill reach the receding pressureiofand the large poresilwbe emptied. The
smaller pores will be emptied later when the pressure reaches its correspendtigg
pressurd) . In this example, however, this is not possible, as air will escape through the
large tube and the pressure differential will &miin the othelexamplepresented in figure

1.3b, the receding pressureiofis lower than the adncing pressure of (1) n ).

After reaching) , the pressure will first reach the receding presgureandthe large

pores wil be emptied before the pressure reaches the advancing pressure of the smaller
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pores. This scenario is more likely toappen when the porous media is highly

heterogeneous.

a)

Capillary pressure

Receding pressure
Advancing pressure

Pore radius

O
~

Capillary pressure

Receding pressure
Advancing pressure

|

|

|

|
P

Pore radius

Figure 1.3 Different scenans of the advancing and receding pressure for two pore sizes. (a): The
receding pressure of large pores is higher than the advancing pressure of the small pore,
Large pores will be emptied after the liquid fills in graall pores. (b): The receding pressure of the

large pores is lower than the advancing pressiitee small pores) n

emptied befor@eaching the adhncing pressure alfie small pores.

. Large pores will be

For the case shown in figure2b, after reaching the advancing pressure of large pores,

liquid will stop advancing. The receding presscae be reached xternallyincreasng

the pressure differentiaising a syring pump,and the liquid will recede from the entire

capillary after reaching the receding pressure of the large poresA more detailed

discussion on this geometig/provided in this workby Dullienand Batrgd55].

A more compkatedmodelgeometry for the porous medis presented in figuredl.The

pores are irregularly shaped (althoughresented by circles to demonstrate the effective

pore size)randomly distributedand interconnected alortbe porous medialhe pores

filled with liquid are colored, the color regsents the size (orangeggrand blue are the

small, medium and large pores respectively), the size of the emptyipmpresented by

the color of their border following the same rule the exampleonsideredn figure 14,
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initially all the pores ee filled. Astheliquid peretraesin the porous media cluster of
large pores formed a layer (represented by the red solid dincths figurg. This layer
blocksthe liquid from advancing furthém the porous media the same way as in the case
shown in figure 1.2b beforéf the liquid were to continue advancing, it can only go through
the small pores (orangdj.thereareno small poreshat go through the barrier formed by
the large poreshownin redin figure 1.4, liquid cannot advance furthAny pores larger
than ths radius can form the layer to block the liquid penetratiimthe other handhé
receding pressure is the pressure at which the liquid first starts to femedéne porous
media Since large poresorrespond to dower recaling pressureliquid will evacuate
through the connected large paré&herefore,the receding pressure corresponds to the
smallespore needed to form this connectidmy pores larger than this can form a channel
for the liquid to recedelo concludethe pore geometry is very complicatedprractical
cases Accordingly, he hysteresis in capillary pressure is a result of the combination of
contact angle hysteresis apdrous media heterogeneity, the latter includes pore size

variation andheconnectiviy of the pores.

(o
O Ve’
0:990%¢
... O ‘0
S0 00

Figure1.4 An example of the randomly distributed pores in the porous media. The solid circles are
filled with liquid. The empty circles have not been filled.
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1.4Methods todetermine contactangle
Over the yearsresearchers have developed various methods to study contact angle and
wettability. A direct measurement of the contact angle is the sessile dthypdir As shown
in Fig 1.5a, a liquid droplet is placed on a solid surface and theacbmingle is then
measured directly at the triple contact line. Because of its simplicity, it is one of the most
common methods to measure contact angle. Howevedmmonly usednethod isnot
practicalin the case of porous materidlscause it requisea flat, smooth and nonporous
solid surface for direct measurement. For powder samples, to create a flat, smooth surface,
they are compacted into a disc or pellet ungy high pressureFor pharmaceutical
powders, the compaction pressure carupdo 2L0MPa[56]. One concern is that high
compaction pressure may change the surface propertibe gowder for example, by
changing to a differemholecular orientatiofb7], or change the surface structure by plastic
deformation58]. Hence the contact angle of the compactedmegnot be epresentative

of the powderTheseproblemsmake it challenging to ugbe sessile dromethod

To avoid compacting the powders, an alternative method to prepare the powder sample is
by packing them insida column and taft repeatedly until a hongeneows porosityis
obtainedUsing a packed column allows us to indirectly measure the contact angle through
the capillary rise process. Using a column, the contact angle can be studied in a static or a

dynamic way.

Accordi ng (58], th maximanmdheight chaniquid rising in a vertical capillary

is reached when the hydrostatics balances the capillary préssure

Q — (1.9
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From the Laplaceequationf) ¢ wé&ji —the contact angle can be obtained by
measuring the maximum height of liquid penetration inside an open column. One limitation
for this static method is that, when the capil@ressure is too high, a very looglumn is
required to reach the maximum heightr examplea 10m column (and several days if

not months) is needed teach the equilibrium ithe capillary imbibition of water in a

wetting material wittonemicron ske pores!

An alternative method is tstudy thedynamics during the imbibition process. In 1921,
Washburndemonstratedhat for an open column, at short times, the square of the

penetration height is linearly dependent on the penetratior{@idhe

[ wE i — (1.5

0 o
C—

The contact agle can be extrapolated from the slop&bf/s 0. A reference liquid is used

to determinethe effective radius. Since the hydrostatipressure iseglected in this
equation, only the very early stages of the penetration can be used yd 0. During

this time,however,the liquid penettes very fast and dynamic contact angle effacts
dominant as a resultthe contact angle is dependent on the penetration ve[64&ifiy{64]

as discussed in 1.2nertia effectsare responsible foadditional deviatiors from the
Washburn equation during the initial imbibitif@b]i [68]. Another limitation for the open
column is that only the advancing contact angle can be studied, the receding process cannot

be achieved with an open column.
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Figure 1.5 Common methods to determine contact angles: (a) sessile drop method, (b) open column
method, (c¢) closed column method.

Modifications have been made on the open column method simply by closing thdé&p
able tomeasure the pressure inside thkiom. Therefore, sing the top of the column
offers an additional measurement, the presdifferential inside the column.In 1927,
Bartell proposed a closed column method in which the column pressnomitored by a
pressure sens@89], [70]. The capillary pressure is obtained through the measurement of
the static pressure at which the liquid stops penetrdiingstan and White studied both
the advancing and the receding process usingsadloolumri71]. The receding process

is studied by increasing the column pressure after reachiragtfaacing static pressure,

as aresult, the liquid front is forced to recestevens and &ston also studied the receding
process, theyugigested calculating the capillary retention to obtain the receding contact
angle[72]. Depalo and Santoaso looked into the dynamics of the capillary rise inside a
closed column by integrating the column pressure over [ff8e They foaised on the
initial imbibition and during this timeverpressure igpproximatelyinearly dependent on

the height of the liquid rise. Thiappoximation however, $ only valid when the
overpressure is significantly smaller than atmospheric pressutee ase of very small

particles, capillary pressures of the order ofdlmaospherigressure is not unusual, and
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the linear approximation is no longer valith addtion, the solutions are numerical

calculationsand te analytical solution to the problemasnot provided.

In this work, we will present the analytical solutions for the imbibition process in porous
media inside a closed column. The solution will ineltite hydrostatic effects and consider
the nonlinear pressure dependence on the penetratigight. Compared to the previous
solutions, this solutioiis more general and can therefore be applied to smaller particles.
Using the analytical solutions, we camaracterize the porous media dynamically by fitting
the solution with the experimentaltdaWe are able to determine the effective capillary

pressure and permeability during different stages of the imbibition.
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2. Methodology

2.1Experiment set up
A schematic representation of the experimental system is showrune Rif). The powder
sanple is packed in an acrylic cylindrical column (height=12.70cm, inner
diameter=1.27cm) vertically held by clamps and a metal stand. A filter pager porous
discare used at the bottom to prevent powders from falling out of the column. The top of
the olumn is closed by a seal plug with-ridgs and then connected to a fauay
connector. The other three ends of the connector are connectedytimge (Becton
Dickinson 3mL), a pressure sens¢©mega PX409, range:103.4kPajandthe ambient
air inside the setupwith tubes (ETFE tubing from IDEX Health and Science LLC,
ID=0.02%cm). An effort was made to reduce the dead volume irstaihé connectrs in
order to redce the total empty volumef the setupand eventuallydecrease¢he time to
reach equilibium, as we will discuss latén section7.3. Valves(IDEX shut off valve)are
used to control the connection ttte outside atmosphere (valve lthe figure)and the
syringe (valve 2 in the figure). Pressure change inside the system is monitored bsepress
sensor connected to a compuldre column containing the powder sample is brought into
contact witha reservoir of the liquid of interest dtet beginning of edcexperiment. To
this end, we use a relatively large plagtiate container (diameter=5ch) to create the
liquid reservoir. The objective of using a large reservoir is to avoid any significant change
in the liquid height during theduid penetration ito the columnTheplate is placed on a
scale (Ohaus NV212) to measure liggiid weight n the reservoirThe liquid reservoir
and the plate were placed on a lift platform. They were lifted up by the platform until the

surface of the fjuid gets in touckvith the bottom of the colum® syringe pump (Harvard



17

Apparatus, 703007) is connectedhe syringe. It will be used to control the pumping rate

of the syringe during the receding process.

p To PC
sensor

syringe
valve1
valve 2

connector with @
ring seal

powder

To PC

Figure2.1 A schematic view of the experimental setup.

2.2Experiment materials: particles and liquids
Theparticles used to prepare the porous mediee1l0 dand 45 dglass beads, lactose
and microcrystalline cellulose (MCC). The ligls used to wet the particles rge
polydimethylsiloxane(PDMS) anddeionized water (DI water)Here we present the
characerizations of these materials.

2.2.1 Model System
For the model system we use glass beagsitiorm initial experimentandto validate our
proposed methodThe glass beadwere chosen as the model systeacause of their
simplicity: they are spherical, not purs, and they will not swell or dissolve in watEneir
particle sizedistributiors were measured bg laserdiffraction analyzer wh a Tornado

Dry Powder System &13320, BeckmamCoulter)andshown in Table 2.1 and Figure
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2.2.The9-13 daglass beaslwere purchased from Sigr#ddrich. We will refer tothem
asl0 dglass beadin future discussion§.he45-50 daglass beadwere purchased from
Polysciences, In®riginally the glass beads we88-50 ¢ they were separated bieves
(Dual Manufacturingmesh #325, meabpening=45 @) to obtainpowders witha narrow

particle size distribution.

Particle Q & Q ' a Q ' & Q ‘a
9-13 dglass beasl 4.39 11.03 22.67 8.46
Table2.1 Particle size distribution of glass bead3. (is the Sauter mean diameter).

0
107" 10° 10" 102 103 10%
Particle size (um)

Figure22Partid e si ze distribution of 10e&em glass beads.

2.2.2 Pharmaceutical powders

The modebkystem represents tiseal caseAfter validating the solutions with the model
system, walso want textendthis model testudythe pharmaceutical powders. We chose
lactose and MC because they represent two different material properties we may
encoungr in practicalscenariosLactose will dissolve in water, we will use a saturated
solution as the wetting liquid. MCC cawell after wetted, as a result, the structure of the
porows media can chang€&heir particle size distributions were presented ibl@&.2 and

Figure 2.3.
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Particle Q 'a Q ''a Q 'a Q ‘'«
Lactose 10.73 63.00 118.67 15.80
Microcrystalline Cellulose (MCC) 24.1 73.5 167.3 52.4

Table2.2 Particle size @tribution of lactose and MCQY is the Sauter mean diameter).

L

EHT= 5.00kV Signal A= SE2 Date :29 Jun 2020 EHT= 500KV = Date :29 Jun 2020
WD = 10.2 mm File Name = Lactose310 1.4 Mag= 200X — WD = 10.2 mm File Name = Avicel101 2.6¢ Mag= 200X

Figure2.3 SEM images of a) lactose, b) MCC (Avicel 101)

2.2.3 Wetting liquids

Polydimethylsiloxane (PDMS) and deionized water (DI wadeg)used as wetting liquids.
Because of its low surface tension, PDMS is chosen as a reference ltgsidssumed that
particles have zero contact angle when wetted by PDMS) thé- p8The PDMS
used in experiments was obtained from Gelast(DMS-T11). DI water is obtairgefrom

DirectQ 3 UV Water Purification System (MilliporeSigma). Their pecties are listeth

Table 2.3
L Densit Viscosit Surface tension

Wetting liquid Qi 3; (md oﬂ;/ (@ 074

PDMS 935 9.35 20.1

DI water 1000 1.00 72.8

Lactose Saturatesbkution 1071 1.10 71.6
Table2.3 Properteso f wetting |l iquids at 20eC, val ues
[73].

2.3Sample preparation and experimenal procedure
Before packing the glass beadsa column, they are cleanedthe ultrasonic cleando
remove any impurities or contaminants attached to the suifaeg.are cleaned first by

acetonefollowed by waterandthen dried in the ovemThe glass beadsese packed in a

f

or
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column by addinghtem incrementally and compréess with a plastic rod until a desired
packing porosity is achieved. Then, the column is closedt®plug withanO-ring seal
discussed beford he packed and sealed column is then placed on the metal stand through
the clamps and connected to the pues sensor. At this time, valve 2 is closed for the
advancing process while valve 1 is open. The column is thus open to atmo&ufere.
staring the experiment, we pweet the porous disc with tleamdiquid that will penetrate

into the columnExperiments start by lifting the liquid container until the toot of the
column makes contact with the liquid. After a short time, wtienliquid penetrated
approximatelyomminto the powder sampl¢he column is closed. Pressure chasdhen
recorded everyexondusing software USBH Application (OMEGA Engineerintnc.).

Liquid weight changés recordedisingMATLAB (Mathworks, Inc.).

The objective of the pravetting procedurebefore the liquid penetratias to preventhe
formation of bubbles escaping hetbottom of the columin some of our experiments we
noticed there was bubble forming at the bottom of the column after it was brought into
contact with the liquidThis phenomeon was alsoobserved by Ivesoat al[74]. They
reportel that a sudden pressure increasside the columnwould cause the air to flow
through the suppost thebottom. In our case, waseporous diss with pore openings of

40' &, which is larger than the pore sizes of the porous media. When the liquid is
peretrating very fast in the beginning, it may leave some air pockets in the porous media.
These air pockets will be emptied later when the column pressure builds up, bringégsy no

in the pressure and liquid weight measurement. To avoid this problem stvestimate

the amount of liquid to completely wet the porous disc. Then before putting column bottom

into contact with the liquid, wevould usethat amount of liquid tevet the porous disso
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that wemake sure therareno air pockets left in itAfter implementing this prevetting

procedure, no more bubbles were observed at the beginning of the experiment.

As the liquid penetrates into the column, the air pressure in thpadtyof the column
increasesThe expected curves of the pressure differerfbie curve)and the liquid
weight (red curve)left in the container is plotted in figure 2.4aventuallythe pressure
inside the column reaches equilibrium, the advancinggs®bas finistte The pressure
differential measured at the end of the advanpmagess is thadvancing pressurd hen,

we open valve 2 and use thgringe pump to start injecting aito the column As the
syringe compressedhe air in thecolumn, theoverhead pressure will increase agdihe
expected curves of the receding pracisspresented in figure 2.4t a certain pressure,

the liquid beginsto recede from the column. Pressure at this poimtesponds tdhe
receding pressuteAs the syringeontinues injecting air into the colunamd the pressure
continues to increasenore liquid would leave the colummt some pointhe emptied
poresform aconnectegathfrom the top of the columnto the bottom,andair would be
releasedrom the bottom ofthe column. This process can be observed as bubbles start
forming and releasinfyjom the bottom of the colunend into the liquid reservoiPressure
drops drasticallyasbubbles are released. The highest pressure reached just before the first

bubble is eleased is thbubbing pressure
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Figure2.4 Expected curves for the pressure and liquid weight during a) advancing process, b) receding
process.

After finishing the experimentshe powder sample is emptied from the column, they are
then discarded in a waste container for powdexdeaned for reuse. If reusing them, they
will be collected in a container and together wiita porous disc® be ckaned following

the same cleaning procedures mentioned in the beginning of this s&tigaty’ daglass
beads arg¢he only particles that ateeing reused because they are a lot more expensive
than any other particles used in this project. Once theyreein the oven, they are sieved
againby the sieve with mesh opening of 454before they e ready to use in the next
experimentsThe columns are wiped by paper towels to remove any leftover particles and
liquids. They are then air dried in the drying rack in the lab. We use two different sets of

columns and porous discs for PDMS and DI watethat the liquid will not get mixed up
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3. Analytical Solutions

In this chapter, weerivethe analytical solutianfor the capillary rise in a porous media.
We start with the governing equation for this process, followed by discussing a linear
approxmation used to relate the pressure ddfeial with the penetration front. Then we
solve the differential equation to obtaifull solutionin terms of the liquid uptake and the
pressure differentialn this full solution, the hydrostatic effects arelmded, as well as

the nonlinear pressue dependence on the penetration frémhally, we will discuss a
simplified caseor the beginning stage of the capillary risghich we call themodified

Washburn solutiofequations governing capillary rise

3.1Equations governing the capillary rise
To derive the analytical solution of capillary risea closed column we st art with
law[75]. In 1856, Darg proposed that when a fluwith viscosty * is passing through a
porous me, the flow discharge is proportional to the pressure drop over a certain distance

in the porous medj

i !lﬂh (3.1)

wherell is thepermeabilityof the porous medjaccording to the Kozergarman equation,
the permeability is related to the physical properties of the materiald 187 8]. ) is

the specific discharg®r discharge per unit area, often referred to as the Darcy velocity.
This velocity, however, is not the velocigt which the fuid is advancing ormoving

through the porous medi@his velocity isalsocalled thesuperficial velocityd , andis a
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hypothetical flow velocity calculated as if there is only, without taking into account the

presence of porous mediym

., 0 (32)
(6] v

Where0 is the volume flow rate of #fluid and"Yis the cross secti@harea.We assume

the porous media is completely saturated by the fluid and there is on air trapping in the

porous mediaDarcy velocity is related to the fluid veloci€)¥Q dy porositye :

9Q A (3.3)

Note that we will neglect the inertia effectathmight happen in the beginning of the
capillary rise proceds9]i [82]. We also assume that the powder bed is homogeneous and
isotropic,under this assumption, the permeability across the porous media is uniform, the

liquid advancing process can be treated as adonensonal transport problem.

The schematic drawing of the experiments is presented in figure 3.1. A cylindrical column
with closed top is vertically packed with powder sample. This packed column has a length
"Oand porosity . The column bottom is in contaeith a wetting liquid, and the length of

the column immersed in the liquidYex There will be a gauge pressuyeat the bottom of

the column that is different from the atmospheric pres§ued the interface of liquichir.

For simplicity, we vill neglect this gauge pressure beca¥isis only a few millimeters in

all experimentsand the resulting gauge pressurerdatively small As we discussed,
initially, the column top is open to atmosphere. When the liquid reaches a certain height
"Qhthe colmn is closed (figure 3.1a). This is the initial time Tt After it is closed for

time ohliquid height reache$Xfigure 3.1b).
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Figure 3.1 Sketch of pressure and volume change when liquid eastin a closed column packed
with powders. a): initial condition, the column is closed to the outside when the liquid penetrates to
height'Q, the initial pressure inside the colummis b): the iquid front reaches heigf® the pressure

of the dry part inside the columniis 1) .

According to Wa s tlybamicsof@apillary dawks0],dhe total driging

force for the liquid penetration inside the porous media consists ofsttpaeate pressures

the unbalanced atmosphepcessurg which is the air pressure differantetween the
advancing and stationary interfaces. In our case, this is the presfenendidlny measured

by the pressure sensor. The second component of the driving force is the hydrostatic
pressurea) " Q , where” is the density of the wetting liquid an@is the
gravitational acceleratioiVe assume that the pressure drop dwedty part of the column

is negligible, due to the significant difference in the viscosity and density between the
wetting liquids and the aiThe last pressure term contributing to the driving force is the
capillary pressurg . As mentioned in seicn 1.2, the capillary pressure is the pressure
difference between the liquid and air and is represented by the eagdaation. In this
work we consider this capillary pressure is independent of the position of the liquid front
and the advancing veloci{B3], [84]. Adding these three pressures we obtain the total

driving force for the liquid penetration guess inside a closed column; 1 N
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" "CQ "Q . Combining thiglriving forcewi t h D a and sedaze the ®avcy velocity

with the fluid velocity QYQ o

QI / 7R 0
5

00 Q (34)

Equation 34 is the governing equation of the liquid penetration process in the porous media
in terms of the pressure differentfpnd the penetration heigl In order tofind the
dynamics of liquid penetration, we need to find the relation between the penetration height
and the pressure differential. In the schematic drawing in figurevMBdn the column is
closed, the pressure above the liquid front isdniléorium with the outside and it is
therefore equal to the atmospheric presgurd@ he initial volume of the air in the column

ise 'O "Q "Y After the liquid penetrates to heigkt the pressure of the dry part in the
column above the advancing front is now lardee to compression. This pressurg is

N and the air valme becomes 'O "Q "Q"YAssuming that the air behaves as an ideal
gasat constant temperature, this is an approximation for typical capillary pressures in
powder systemf85]. we can use the idegas law to relate the pressure increase to the

penetation height,
n 0O QY «f /O NQ QY (3.5)
Where™Vis thecross section area tifecolumn. From equation 3.1 we can obtain:

a9 0 'O - nh (3.6)

"Ois an effective height of a powder column, it represents thédmpty space inside the

columnw « "Y!On the most ideal case, as showiigure 3.1, when the entire column
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is fully filled with powders and no extra empty space is introduced, the effective f@ight
equals to the physical height of the powdefumn. In the experiments, however, the
column is not completely filled with powders and there is also empty spatiee in
connections, tubes and any other dead volume that comes with the setup. As &¥esult,
will be higher than the physical heighttbe powders packed in the colunhimsection 5.3

we will provide methods to estimate this effective height.

Whenn is very small comparing tq , theny 1 can beapproximated by; and the

liquid heightQcan beapproximated talepend linedy on the pressure differentigl In

fact, in this casequation 36 can be written a& 0 fwherev is a constanb O

QM. We will refer t hi slinear ggproxamxaiioma tiino nf uatsu r t
discussionsThis approximation is validtdhe beginning of the capillary rise or at all times

if 1) is also significantly small comparedto. This linearapproximatiorwasused by Wei

[86] and Santomas/3] to solve the problem numerically. In their experitserthe

pressure differential is small and they focused on the beginning part of the capillary rise
process, where this approximation is valid. In this chapter, we will derive implicit
analytical solutias for this process and we will include the full gwee dependence in the

solutions so that it can be used in cases when the pressure differential is large.

3.2Liquid mass uptakesolution
In the governingequation (34) there are two variables, liquid froifand the pressure
differentialr). In order to obtain a soluticio it we need toobtain a differential equation
for one of them aboveén general, duringhe experimentstican bedifficult to determine

the position of the liquid fronby optical obseration becauseof its fuzzy appearance
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Instead popleusuallyusethe liquid uptakeX in theporous medi#o calculatethe liquid
front"Q under theassumptiorthat the liquid can fully fill all the available pgs of the
powder columnLiquid front"Qand massi are relatedhroughthedensity” of the liquid,

thecross sectioal area Yof the column anthe porositys of thepacked powder

o G 3.7
Q 8,

Combining Equation (3.7) with (@). we obtain the equation relatinigiuid uptake with the

pressure differential:

_an . (38)

Whered is the initial liquid uptake when the column is open to atmosphbere.” w
o 7 "Yithe amount of liquid that can fill in all the empty space in the experiment setup
We then eplaceQandr) in equation 34 with Equation 3.7 an@8.8, to obtaira governing

equation in terms of liquid uptake:

: an
Qa ey @& & Q (3.9
Qo a a Y

To solve Equation 3.9, we first separtte variables:

a a 0 «a a 0¢ I “YQ . (3.10
T ar—er— — 7 — a —Qo
ne Y Qa « v a a ne "Yd ‘

Then we write the left hand side using partial fractions decompositions, to obtain:
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6 6 . 1" Y.
, — Q4 —Qb
o (0 0

(3.10

Whered g are roots of the denondtorin the left hand side of Equatiorl®andd
a ,a

is the amount of liquid uptake when it reaches equilibritmegrating both sides

onequaton 3.11 assuming thaj is constant (as discussedsiection 1.2 and section 3.1
this can be done forapillary number®) p m ) and using the initial condition that
G 0 T T, weobtain the solution tequation 3.9:

0 oa . . a . a -
— 0 « —1 £ - 0O o6a | & - 0 3.12
Q Q a a a a ‘ ( )
The constants afia terms ofat , & andd
a 0 ca a a 0 a
0] — - (3.13)
a a a
. a 0 ca& a a v a
(0] — n 3.14
Qa o a ( )
" a 0 «a (315
(0] — .
Qa

Equation 3.12 is the implicit analytical solutions for the liquid uptake as a function of time
in the most general case. Tingdrostatics and the effect of the pressure differential in the
closed column were both includdd.the experiments we record the liquid weight change

over time, the unknown parameters in Equation 3.12 are the permeloifithe porous

media and theapillary pressurg) . We can fit the experiment using this solution to

determine the permeability and the capillary pressure. In Chapter 5 we will show the results
of these fittings.
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3.3Pressure solution
One of the advantag®f using a closed column is that arenow able to monitor the
pressuralifferential as an additionadlirect measurementin some casesvhen thetotal
liquid uptake is so smalk.g.less than 1gbutthe scale resolution is only 0.0agd the
resolution is not enough. Howeveising prasure will provide higher resolution because
the column pressure can increase to thousands of paBzalsrive a solution in terms of
pressure, we also start witiie governing equation obtainedsedion 3.2, then replacé
by ) using equation 3.6. By taking the derivatives on both sides of equation 3.6 we also

obtain:

0Q O QnaQn

Qo h A Qo (519
After replacingQ'QQ Q dn equation3.4 with (3.6) and (316) we obtain:
Using separation of variables, equat®f7can be written as:
— : "’Q‘r‘] :’Oh e QN —— ,l,l —Q0 (3.189
n n n nn n Qn  On *n 0 Q

The procedures to solve this equation is similar to the weight solutMdrese we also
assumed thaj is constantWe write the LHS ofequation 3.18using partialfraction

decomposition to obtain:

0 n on on O ar l Q6 (3.19
A n A A A A | -h 00 |
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Wheren hr aretheroots ofdenominator on the LHS of equatiBri8

A © A A @O A A RO TUXmR AR (320

Given thai 1,1  T1Uis the equilibrium pressure reached in experimentegrate
both sides oéquation 3.1%nd using the initial condition thgtd 1 11, we obtain the

solution toequation 3.19:

W v 2N on ., ... N v . v <N
ol & - = onl | — 0 Ol —
n n n n P n 4 P n
" (3.21)
o 0 Q°
o I M andO areconstants:
O (3.22
nn n '
5 6 (3.23
n_n_ nnoc (3.2
nn nn n n n
5 (3.25
nn '

Equation 3.21 is the implicit solution for the liquid penetration processrms of the
pressure differential as a function of time in general case. In the experiments we record the
pressure differentialataover time, then wét the experimeral datausing this solution to

obtainthe permeabilityl and the capillary pressure of different solidliquid systemsin
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Chapter 5, 6 and 7 ewvill fit thesesolutions to the experimental data and discuss the

fittings.

3.4Modified Washburn solution
In this section, we will derive solutions for the initial stage of the capillaryirriaeclosed
column. In the beginning of the capillary rise, the hydrostatic effects are negligible because
the penetration height is very smallhe same goes for Washhuequation where the
hydrostatic effects are neglected. Since we are using a clokedr; we will refer to the

solutionsas themodified Washburn solution

For capillary rise inan open column, the pressure differential is zAfter neglectinghe
hydrostatic effectsthe only term contributingp the driving force is the capillary @msure.
Consider a case whe® 1T, we thenwrite thegoverning equatiofrom equation 34:

Mol
QO ‘e

(3.26)

Solving equation 3.26and enforcing the initial conditio0 1 1 we obtain

Washburn Equatiof60]:

qh

0

) (3.27)

According to Washburn equatipthe penetration height jsoportional tathe square root
of the penetrating tim&his equation applies to the initial stage of the capillary rise process

in anopen column where the hydrostatic pressameegligible.
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To obtainthemodified Washbursolution for a closed column, \iest write the governing
equationln closed columnthe pressure differential is no longer zero. After neglecting the
hydrostatic effects we obtain the governing equation:

aQ In R

o o0 (3.28)

In Equation 3.28 there are two variables: the penetration h&gimd the pressure
differentialr) as we are assuming thatis a constant (as previously discusséallosed
columnswe have the preseaidifferential as a measuremémtaddition to thegpenetration
front/liquid uptake we will write this modifiedWashburnsoluion in terms of pressure
Althoughthe pressure differential is not zenoa closed columnn the beginning stagé,
is still very smallcomparing to the atmospheric pressuteereforewe can use the linear
approximationdiscussed irsection 3.1 and writequation 36 as’Q 0 1 wherev is a
constant 'O Q1M . We replacéQwith 1) in theequation 3.28nd write it in terms

of pressure

n n

n

or
Qo6 ‘uvNnN1Q

(3.29)

During the initial stage, when the pressure differential is significasitialler than the
capillary pressurg , we can also neglect it on the righdandside of equation 3.2.
Solving it and enforcing the initial conditiop 6 1 1T We obtain themodified

Washburrsoluion for a closed column:

OB I
il LI L (3.30)



34

The pressure term—r1] — is proportional tahe penetration timdn cases wheff

T, thentheconstan  "Offy , andthe solutiorbecomes

gl |
—F—O0

— (3.31)

Similar to the oginal Washburn equation, the pressure differedeglenddinearly on the
square root of the penetration tifkemember that this equation is only vdbdthe initial
stage of the capillary rise. Figure 3.2 we plot thentire capillary rise duratiomsing this
modified Washburn solutiorequation 330) together with the full solution in terms of

pressurdequation 3.21), using the same parameer®,Q, n ,n ,‘ ,*):

a)4ooo - — . ; ‘ b)10000 — —
= = modified Washburn solution = = modified Washburn solution
3500 7—full solution 9000 = full solution
. 8000 .
3000 | E ’
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© H © !
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1500 | 1 | 4000 1
" 1
y 3000 F 4
1000
2000
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0 15 30 45 60 75 9 105 0 15 30 45 50 75
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Figure 3.2 Plot the two solutions in terms of pressure as a function of time. The red dashed line
represents the modified Washburn solution. The black solid lieepr esent s t he f ul | S C

glass beads with PDMS; b) 45em glass beads with

It is easy to tell fronfigure 3.2 that thelifferences between thevo solutions are very
smallwhen the pressure differential is small. As it builds upéxctbiumn, the assumptions
we made to obtain the modified Washburn solution are not valid.h€ght of the
penetration front is ngiroportional tathe pressure differentiallhe pressure diffrential

becomes significarend cannot be neglected on thght-handside ofequation 3.2. In
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figure 3.2, as the pressure differential increases, the curve representing the full solution
deviates from the modified Washburn solution and eventually sesusicertain pressure.

The reason for the separations oftilve solutions at large pressure can besigaificance

of the hydrostatic effects, or the increase of the pressure differential in the column. In the
next chapter, we wilgive a more detailediscussion orthe dimensionless parameters
governing the evolion of the capillary rise experiments. We will also discube
significative contributions coming frothe hydrostatic effects and the pressure differential.

In Chapter 5, we will use this rdidied Washburn solution to fit with the initial stage of

the xperiments andomparehe fitting resultswith the full solution
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4. Dimensionless discussion

In Chapter 3 walerived the analytical solutions in terms of liquid uptake and pressure
differential for the capillary rise process in a closed colufine. solutions will later be
used to fit with experiments in Chapterlb.this chapter, we wilivrite the equations in
dimensionless forms and identify the dimensionless parameteeséhaisposible for the
dynamics of the capillary rise process with eiént liquids on a given particle system. We
will also discuss how these dimensionless parametrde monitored ithe experiment

setupto optimize thecapillary rise experimentespecially by reducing the saturation time.

4.1Nondimensional equationand implicit solutions in an open
column

In Chapter 3L we obtainedhe governing equatioim terms of liquid fronwhen liquid is

penetrating into thporous media:

QQ I R0 (34)

"To T @a %
Note that in this chapter of dimensionless discussion, we will consider the cas@when

mtfor simplicity. When the column is open to atmosphehepressure differentiaj T,

and the initih pressure) is no longer includedni the equationsWe then choose the
capillary pressurq to characterize the system. For an open column, the capillary rise
stops when the capillary pressure is balanced by the hydrostatisgqUilibrium heght

MQis al so knowngthfp9]it cambe obdainegdiasn 6 s | en

n " "Q 4.1

Using™Q as the characteristic lengtre obtain thegoverning equatiofor an open column

in thedimensionles$orm:
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(4.2)

I
Rl

Where_ "Q"Q is the dimensionless height ahd g 0 is the dimensionless time. For
an open column, the characteristic timg given by O e —Q ] IIn

eA jII"m"Q8

It should benoted that m Equation 4.2 there is no dimensionless parameterssent
therefore the solution to this equation is universal, it does not depend on tteflthe

porous mediaWashburn derived an implicit solution for an open capill&6}, Green and

Ampt also obtained the solution independently in tivairk on the soil infiltration82]:

I11p _ tee (4.3
A different approach is to write the solutiongth the Lambert functio , discussed by

Barry [87], [88] and nore recently, Fries and Dreyg9], [89]:

_ T P w Q (44)

Where the Lambert function is defined byw @ 'Q w[90].

4.2Nondimensional equationand implicit solutions in a closed
column

In the case of a clodecolumn, the pressudifferentialr) is no longer zero. I related to
the initial pressurg and the effective lengti This initial pressure can be monitotey
putting the experiment setup inside a closed chamber. kexparimentsit is equal to the
atmospheric pressurédVe will use this initial pressure to derive an independent

dimensionless pressute 1] " "Q/@ve referto it as the normalized initiglressure.

Recall in Chapter 3.1/0is an effectivelength representing the empty space of the

experiment setug "Q't@presents the hydrostatic pressure when the column of a Iength
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is fully filled with liquid. We can then us®©to obtain aother dmensionless numbér
Nnj” "Q0"QjQitis the ratio of the capillary pressure to the hythtis pressureWe
referto it as the normalized capillary pressuites also the reverse of the Bond number.

In cases where tHg@ond numbers small,the hydrostaticeffects can be neglected

Now we can use the characteristic len@hand the charactistic pressure’ Q@™

nondimensionalize the governing equatioft 3.

Q (45)

=01 —
Where the new dimensionless height @O, the new dimensionless presstire

NA" "Q/@nd the dimensionless tinie 6f0 , with 0 «-0j Q" Q

Similarly, Equation3.6 which relaies™Qandr) can also be written in dimensionless form

following thesame dimensionless parameteend” :

. = (4.6)

Then we replacé in the governing equation to obtain a differeihéiquation in terms of

the penetration height:

g= 17 17 = (47)
=!Q T p _ =
After separation of variables:
_P _ o ot (4.8)

To solve Equation 4.8, we write the left hand side using paréielibn decomposition, to

obtain:
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(4.9)

I (4.10)

The physical meaning of and_ is the possibl@imensionlesgquilibrium heights that

can be reached in experiments. Consideringtiiggtsatisfy_  _ , it can also be proven
that _ pand_ p. The equilibrium height in a closed colurffd can then be
obtained a¥) _ "Q It can also be proven that is bounded by
2 i Elph—— : (4.12)
= ”O p p “ .

Integrating both sides on Equatidi® and using the initial conditiopnt 1 T1TwWe

obtain the implicit solution fothe liquid front as a function of time aclosed column:

(4.12)

This solution is a general solution that includes the hydrostatic effects and the pressure

differential effects in a closed column.

Another measurement of the experiment is the pressure diffengnth& can als@btain
a dimensionless solution inrtes of pressure following the same procedures we use for

liquid front. The equation relating with “ can be written as:

(4.13)
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Replacing_ with Equation 4.13 in the governing equation we obtdie governing

eqguation in terms of pssure

e p— (4.14)

Q Qf (4.15)

Similar to the solutions for the height eqoat the root§ H to the denominatdr

p “ owon Tt are possible equilibrium pressure for the capillary rise
process.
“ F] E p “ “ p “ “ .[u “ (416)
q
Given that “ ,itisobvious that mand* . The equilibrium pressure during

113 ”

the capillary rise is equal tp "Q'’he solution to Equation (4.15) can be found
after writing the left hand side by partial fraction decompositionthed integrating both

sides the initial conditionis + T T

(4.17)

Equation 4.17 is the implicit solution for the pressure differential as a function of time
during thecapillary rise process in a closed column. It is a general solution that includes

the hydrostatic effects and the pressure differential effects.
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Now that we have the implicit solutions for a closed column in terms of the liquid front
(Equation 4.12pand the pressure differentid@tquation 4.17)we canuse them tmbtain
the characteristic time to reach equilibriuthe dimensionless equilibrium time is
defined as the time it takes for the liquid front to reach a cectanpleton fraction/ of
the equilibrium height , or for the pressure differential to reach a certampletion

fraction/ of the equilibrium pressure .

For thecase of using solution in termstbieliquid penetration heighgt thegivenheight

r _ , the equilibrium timet can be obtained by replacindyr _ in Equation 4.12:

_11p 7 (4.18)

For the case of using solution in terms of pinessure differential, at the givepressure

[, the equilibrium time can be obtained by replacindyr “ in Equation 4.17:

——— 1 Ip 1 (4.19)

“ ] ] 143 i T p u_

Both Equation 4.18 and 4.19 can be usedstialy the effects of the dimensionless

parameters have on the equilibrium time, will discusanore details othis topic later

4.3Penetration dynamics depending oiZ-and Z
In this section, we will discusslwv the dimensionless parametaffectthe dynamics of
the capillary risexperimentsn a closed columnVe will consider two different scenarios.

Firstly, we fix the experiment setup antbnsider the effect of different values of the
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capillary pressurerothe penetration dynamics. In thisseathe only parameter that is
changing $ the capillary pressumg . With a fixed experiment setup) andO are
constantsDifferent values of the capillary pressure mayiriieoduced by using particles

of different contact angles but similar particle sizes, so the permeability of the porous media
is similar. The second case is the opposite of the first one, we figapilary pressurg

and study the effect dlifferentvalues ofr) and™Q For this case, wwill use a given solid

and liquid systenwith differentexperiment setups where eithigror Ois changing. The

initial pressure) can be monitored by putting the entire setup in a closed chamber.
Different valies of the effective lengt®can be achieved by changing the empty space of
the setupsuch as using a longer coluniote tha whenvaryingQ both* and“ are

changingsimultaneouslybut the ratio between them remains the sarhe: | “ .

For the first case, since the setup is fix&is a constant, we will use the dimensionless
variabkes discussed in sgon 4.2, which are_IT NF . The corresponding characteristic
scales used to obtain Sedimensionless variables ar&’ "Qf® , recall thato

« — D Q" "Qthey all remain constant and are independent of the only changing
parametrn . In the second scenarisincern is fixed whiler) andOare changing, we

will use the dimensionless variablesIT Mfeediscussedn section 4.1As in the open
column case, the dynamics is also independent of the expesatapt Theorresponding
characteristic scalesQf) v , with o e J " "Q , are independent of the
changing parameterp and’Oand will remainconstant in this case. Téstwo groups of
dimensionless variabt are relatethy the following equations: * _,* “ “a&aand

toet.
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4.3.1 Penetration dynamics depending Olimm,

We first look atthe dynamics of the penetratidmeight under different values othe
capillary pressurg . We plotthe evolution of penetration front over time in dimensionless
forms:_andt. We consider two cases of different values of the normalized initial pressure
‘o ™ p (Figure 4.1a) and ¢ p (Figure 4.1b)In both case(* p and

p , the equilibrium heighincreases with the capillary pressure and approaches the

maximum heightO(_  p asynptotically.

a)or

0.9

0.8r

071
0.6
~< 05
0.4
0.3
0.2

0.1

0.0 . . . n . ] ; ; -
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

T T

Figure4.1 The evolution of the dimensionless penetration front tuee under different values of the
normalized capillary pressure. 8):=0.5 <1, b} =2 >1.

Here wepresent the contoyslot to showthe complete behavioof the dimensionless
equilibrium heightas a function of and® , shown in kgure 4.2a. Wenoticethe same
trend as in Figure 4.1hatfor a given initial pressure, large capillary pressuwell lead

to a largevalue of the equilibrium heighfThis trend corresponds to the vertical lifres
Figure 4.2a as well as each solid lind-igure 4.2b. In Figure 4.2b we plot the equilibrium
height as a function of the capillary pressureThe dashed line is the open column case

and the solid lines represent different initial pressures.

On theother hand, the horizontal lineskigure 4.2a corresponds to cases of a giverit

is obvious that in such cases, the equilibrium hedgcreases with the increasing value of
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the initial pressureThe corresponding cases can be represented by thiealénes in
Figure 4.2b, where it is clear that increasing the valué ofesults in a decreased
equilibrium heightMore details egarding this situation will be discussed in the following

section where we explore the effectsjofandQ
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Figure4.2 a) Contour plot of the dimensionless equilibrium heighas a functia of the dimensionless
parameters and“ . b) Dimensionless equilibrium height as a function of the dimensionless
capillary pressuré . The dashed line represents the opglumncase_ p . Thesolid

lines arethe closed column cases witiitial pressuré T M rBpHHPBIPR P
andpads

We also notice ithe early stage iRigure 4.2bwhenthe capillary pressure is vesynall

the equilibrium height is linearly dependemt” . At small values of , the equilibrium
height_ “ j p “ . The equilibrium is a result of the capillary pressure balanced by
the hydrostatics and the pressure differential efféctthe study by Wej86] et al, they
designed an experiment setup to obtain an equilibrium h€lghtpj ¢"Q. They connected

an air bottle to their setup to introduce more empty space, consequently, the effective height
in their experiments is largé® prm . The correponding normalized initial pressure

p. The capillary pressureegerated by the particles used in their experiments is very
low, f¥ p Tt which corresponds td x T8t T.pAs a result, the equilibrium height is

also very small_x 0 p i .Depalo and Santoma§a3] took a similar path by attaching
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an air reservoir to include extra empty space in the setup. The effeetgh in their
experiments with glass ballottini and calcium carbonatéGiua . The resulting
normalized capillary pressufex 0 p m and the equilibrium heightx 0 p T are

both very small as expected.

In addition,it can be seem Figure 4.2bthat as the initial pressure decreasesjrhial
linear part is approaching the case of an open column. For whichthé orr} " "Q,

corroborating that the pressure differential is trivial in the experiments.

Next, weshall take a look at thevolution of the dimensionless pressgrender different
values of the capillary pressuie. In Figure 4.3awe plot the case whéh (. It is

apparent that théimensionlesgquilibrium pressure increases with theittary pressure.

The same trend is observed at different values of the initial pressure, similar to the case

with thedimensionlesgquilibrium height presented in Figure 4.1.

We also plot the dimensionless equilibrium presSuras a function of and® in the

contour plot in Figure 4.3b. We notice the same trend: for a given valde ,of

corresponding to a vertical line in Figure 4.3b, the equilibrium pressure is higher for cases

in which the capillary pressure is large. In the otheec&tom he horizontal lines in Figure

4.3b, we observe that the dimensionless equilibrium pressure also increases with the

normalized initial pressure. We will get back into details about this topic when we discuss

the penetration dynamics dependingprandQ,
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Figure 4.3 a) The evolution of the dimensionless pressure over time under different values of the
normalized capillary pressure. The normalized initial pressure used for the‘plefisSimilar trend
is observed at different valuesof. b) Contour plot othe dmensionless equilibrium pressure as
a function of the dimensionless parameterand” .

Finally, we study the effects of the capillary pressure on thelilerium time. The
dimensionlesgquilibrium timecan be obtained by Equation 4.18. In Figdra we plot

the dimensionless equilibrium time using 1@o un Equation 4.18.

_ L. T p_
ta T80 _17p _ 1 f8tu  (4.18)

<

Where_ , _ arerelated to* H . Therefore, the equilibrium time g can be presented

~

asa function of the dimensionless parameterand , t g tTg “ H

Apparently, the dimensionless equilibrium time is not monotonic with the capillary
pressure. This trend is also presented in Figure 4.4b, where the equilibrium time as a
function of the dimensionless capillary pressure is plotted for given vditieswhen the
capillary pressure is smafl, L p, both the pressure differential and hydrostatic effects
are linearly dependent on the penetration he{dht p), and the equilibrium time
increases with the capillary pressure. At this time, the diggssimilar to that of an open
column, except that there is a modified factor contributed by the pressure diffefldnsial.

situation i s o j8Bs]ehere walestimate tNée dindessionless Bbjuim
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timeist g T8t 11.@AJsing the other parameters in the experiments, we estimate their
equilibriumtimeisd g T 11, which is consistent with the results reported by the authors
(Figure 4 in[86]). In the oppoge cases when there is a significantly large dimensionless
capillary pressuré, | p, the dimensionless equilibrium height approaches 1 as the liquid
will need to compress most of the empty space to reach a higher pressure differential
balance the Ige @pillary pressureln this situation, the dynamics approaches the case
when neglecting the hydrostatic effects, where the equilibrium time is inversely

proportional td* .

a) b)

Figure4.4 a) Contou plot of the dimensionless equilibrium tinieg as a function of the dimensionless
parameter§ and” . b) The dimensionless equilibrium tinfie; as a function of the dimensionless
capillary pressuré , at given values of thelimensionless initial pressute.

4.3.2 Penetration dynamics depending On== and 5

In this section, out interest is in how the experimental conditiorend O affect the
penetration dynamic$low that thea) is constant whér) andOare changing, we use the
dimensionless variables_ ) hitee as discussed previouslyin Figure 4.5we plot the
dimensionless height as a function of time using different values of the normalized initial

pressuré .We caside two cases of ffierent values of the normalized capillary pressure








































































































































































































































































