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NOMENCLATURE

Archimedes number
Drag coefficient
Diameter of column, m
Diameter of particle, m
Force on an accelerated body, N
Buoyant force on particle
Drag force on particle, N
Drag force on asingle particlein an infinite expanse of fluid, N
Gravitation force, N
Froude Number
Acceleration due to gravity, m/s”
Galileo number
Height of bed, m
Mass of resin particle, kg
Reynolds number
Superficial velocity of fluid based on an empty column, m/s
Velocity of particle, m/s
Terminal velocity of particle, m/s
Boundary layer thickness

Boundary layer thickness parameter used by Abraham (1970)
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CHAPTER |

INTRODUCTION
ULTRA PURE WATER

Water is one of the primary reasons why life extsEarth. With man’s
need to innovate, we have found countless appdicatior water. It is a transport
medium, an indispensible ingredient in the food dederage industry and a
process material in the power industry. Due taiigjue properties, water is easy
to use, purify and reuse. Because of its thermadyng@roperties and relatively
low cost it is a working fluid in power cycles. Tag water quality is equally
important as its availability with much researcméan water purification. Ultra
Pure Water (UPW) is an integral part of the powgharmaceutical and
microelectronics industries. Thus, innovation iegh industries is complimented

with a breakthrough in the water purification teclugy.

The choice of water treatment technology dependthemrocess specifications

and cost. The most widely used UPW technologi€sidec



1. lon Exchange

2. Microfiltration

3. Reverse Osmosis (RO)

4. Vibratory Shear Enhanced Processing

The comparison between RO and lon Exchange has &esmibject of
numerous studies. RO is more expensive becaudee ohémbrane that needs to
be replaced periodically. RO also requires more gog energy than ion
exchange and is less desirable if pumping costhigher. Although RO does not
involve regeneration costs, membrane cleaning isla@rent cost. RO units are
rated for lower temperatures around®@5while ion exchange units can run at
higher temperatures up to 80 RO also requires a more rigorous pretreatment
when compared with ion exchange. RO systems runinuaously without a
downtime for regeneration while ion exchangers ndedbe regenerated

periodically. lon exchange is preferred technologthe power industry.

Due to the nature of the steam cycle, some accuimlaf impurities is
anticipated in the process water within the pl&@uch impurities may corrode
vital equipment and lead to downtime for maintemarRemoving the impurities
reduces equipment damage and improves the proffessney. UPW is used in
the power industry for this purpose. In the powsidustry Mixed Bed in
Exchange (MBIE) technology produces UPW make-up ewatpolishes
condensate and cleans reactor water. The MBIE éradves ionic impurities and

purifies water to parts per billion (ppb) or pgves trillion (ppt) levels.
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ION EXCHANGE

lon Exchangers have been defined as insolublal sokterials which carry

exchangeable cations and anions” (Helfferich 139%) the reversible process of
exchange of ions between the exchangers and thiel l[phase is defined as ion
exchange. This interchange of ions is stoichioroeffhe exchangers that carry
positively charged ions are called cations andehwrying negatively charged
ions are called anions. lon exchange units typicate vertical pressure vessels
and their size depends on the flow rates requiaadpount of resin used and
expected bed expansion during bed operation (OW88S). Due to its reversible

nature, ion exchange has been a preferred methedtef purification.

MIXED BED ION EXCHANGE

MBIE was first proposed as Monobed Deionizationrfkuand McGarvey
1951) in which water was passed through a singtetbat contained an intimate
mixture of cationic and anionic resins. Kunin and®arvey described a single
MBIE bed as “a large number of alternating singtdumns in series”. This
arrangement reduces the increased capital costlved/oin installing and
maintaining separate columns for water treatmehe TWatio in which the two
resins are mixed depends on the applications. Thagremise of this technology
dictates that the cationic and anionic resins Heréint in particle size and density

for easy separation and regeneration.

Prior to operation, the bed is charged with regateer cationic and

anionic resin in the hydrogen and hydroxyl formspextively. Depending on the



resin polymer and the degree of crosslinking, déifie ion selectivity values are
available. The selectivity coefficient of an iontsrelative affinity over hydrogen
or hydroxyl ion. Figure 1 illustrates how a MBIEdeperates. As water with
ionic impurities passes through the mixed bed, rim@nd cations in the influent
stream react with the cationic and anionic resilgasing the hydrogen and
hydroxyl ion. The released hydrogen and hydroxylsiaeact to form water
molecules. Using this parallel reaction schemectireentration of the impurities
can be reduced to ppb or ppt levels. During opanatihe active sites within the
bed are depleted due to the reactions. This deplebntinues along the length of

the bed until all the resin is saturated and treib@xhausted.
f Cation
NI Resin

cr \ Anion

Resin

Figure 1.1 Removal of cation and anion from wagng MBIE
IMPORTANCE OF RESIN SEPARATION STEP

For continued operation, the resin can be reusedegenerating the
cationic resin with an acid and the anionic resitin\& base. The regeneration step
is done by transferring the two resin types intpasate beds and treating them

with their respective regenerant. The regeneratsbe@p however, requires
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complete separation of the two resin types. Backwasused to separate the
intimate mixture of the cationic and anionic resiriBuring the backwash
operation the bed is expanded to a particular heagial allowed to settle. In
consecutive backwashes an interface builds upanrixed bed which separates
the heavy cations to the bottom from the lighteloas on the top. During a
backwash cycle the bed expands with the resin sayaact. The separation
occurs when the bed is allowed to settle. Sinceti® resin particles have
different diameters and densities they have diffeterminal settling velocities (a

function of the density and diameter of the pagdicthus separating them.

Due to the process nature, cross-contaminationdsadvantage. Cross
contamination occurs due to inefficient separatibthe two resin layers. As the
ionic impurities get attached to the resin bealsy tincrease the density of the
resin bead. Incomplete separation and thereforemptete regeneration may
increase the size distribution of the particles aegllt in cross contamination.
The interfacial layer formed due to cross contatmmais transferred to a
different column where resins can be separatedrandferred to their respective
regeneration beds. This increases the operation Aasther reason why cross
contamination is undesirable is that it contribui@sn increased initial loading
fraction of the bed due to saturation of stray Isemdcontact with the wrong
regenerant (e.g. sodium hydroxide on cation beadsagid on anion beads). A
higher initial loading fraction leads to equilibnuleakage into the effluent water

stream.



Thus, it is clear that resin separation is perlthpanost important step in
regenerated bed operation. To achieve improved separation and reduce cross
contamination we must study the backwash operaBgnapplying fundamental
laws of physics and fluid mechanics we can investighe forces acting on a
particle during expansion and settling. By studyititpse two phenomena

separately one can develop predictive models fbtdd expansion.

This work addresses the basic phenomenon of rearkwash to better

understand the bead rise during operation. Thecobgs of this study are:

1. Study the phenomenon of bead rise during backwash
2. Develop a mathematical model that predicts the hEdht as a function of
time and fluid velocity

3. Check effect of operational variables on model pextars



CHAPTER Il

MOTION OF A SPHERICAL PARTICLE IN LIQUID

FLUIDIZATION

Liquid-solid fluidization has been used in the meg industry for a wide
range of applications. They include catalytic cragk crystallization,
sedimentation, hydrometallurgical operations etonta research point of view,
hydrodynamic behavior of different fluidized systeims been investigated. The
terminal and minimum fluidization velocities ancethrelationship with the bed

voidage have been parameters of particular interest

The phenomenon of rise of a rigid spherical bead ligquid medium can
be treated as a liquid-solid fluidization probleRtom a modeling perspective,
liquid-solid fluidization is quite different fromag-solid fluidization. For liquid-
solid fluidization, the bed starts expanding whas liquid enters at a velocity that
is higher than the minimum fluidization velocityh& minimum fluidization
velocity is the velocity at which the bed just begyto fluidize. Beyond this point
the bed continues to expand due to the various mdign#orces acting on the

particles and it behaves like a suspension. Throuigtihe expansion process each



particle moves independently and the whole bed mdpauniformly as a

homogeneous medium. This is known as “particullaidization” (Kwauk 1948).

In case of gas-solid fluidization, as the supedficrelocity of the gas
increases beyond the minimum fluidization velodihe gas passes through bed in
the form of bubbles or cavities which have no solidthem. This is due to erratic
aggregation of particles accompanied by formatiochannels through which the
gas flows. Hence, this type of fluidization has rbeealled “aggregative

fluidization.”

Wilhelm and Kwauk suggested a criteria (Kwauk 1948;B. Romero
1962) based on the Froude numMer) (as the minimum fluidization velocity to
differentiate between these two extreme cases. rdoayp to their criteria, foFr
> 1 aggregative fluidization is observed and for< 1, the fluidization is of
particulate nature. This work assumes that bed restpa during backwash is

particulate fluidization.

Didwania and Homsy (1981) conducted experiments identified five
distinct flow regimes in liquid fluidization: pactlate (homogeneous
fluidization), wavy flow, wavy flow with transverssructure, fine scale turbulent
flow and bubbling regime. Particulate fluidizatierists when the liquid velocity

is between the minimum fluidization velocity ane tinansition velocity.

DRAG COEFFICIENT AND THE REYNOLDS NUMBER

Theoretical analysis of a multi-particle liquid-gbfluidized system has
been a challenge to researchers. This can be uaétdbto the difficulty in

8



calculating the drag force acting on each partitle to its accelerated motion in
the fluid. A way of simplifying the problem is tatroduce a fudge factor called
the “drag coefficient”. The drag coefficient is arameter that is used to express
the effective drag force on a particle in termsvefocity. Understanding the
relationship between the drag coefficie@b) and the particle Reynolds number
(R9 is important in order to study the mechanicsloidization. Cp is given by
Stokes law in Equation (2.1 is a function of the relative velocity of the
particle with the fluid(u,- u) whereu is the superficial velocity of the fluid, is

the velocity of the particle andlis the cross sectional area of the patrticle.

2F

C, = D 2.1)
? p‘uf—upjzA

The drag coefficient accounts for all the frictibl@sses when solving the
momentum balance equation for a system. In a bpdreston process, the particle
velocity varies with time and therefore, transiealocity estimates are necessary
when solving for bed expansion characteristicse Jdriations in particle velocity
influence the particle Reynolds number for the @ysaind therefore the effective
drag on the particle. Th€p and Re are calculated at each time instance. By
developing a generalized correlation, we get adpeepredictions of particle
velocity. Researchers have spent the better patieoprevious century trying to
develop theoretically based expressions correlaGpgwith Re Most of the
correlations in the literature are developed sempiecally by curve fitting and
reducing sum of square error with a set of expentadedata. Also, a majority of

the correlations were developed for free fallingtipkes in liquid-solid systems



and reconciled to gas-solid systems (Mabrouk, Ckiaettal. 2007). Additionally,

depending on the theoretical approach, they deedlogorrelations based on
unique assumptions. This resulted in consideraldeiations among their
predictions. Studies have been done on a varietghapes including sphere,
cylinder, and flat plate. This work includes coatedns developed for rigid
spherical particles.

p%u=—Dp+yD2u (2.2)

Equation 2.2 is the Navier-Stokes equation in eeabotation. For
creeping flow (very low velocities), the secondnesn the right hand side can be
neglected. The drag forcEp in Equation 2.1 can be calculated by solving

Equation 2.2 for this condition. This solution wast provided by Stokes (1851).
F, =3mudu (2.3)

The dimensionless drag coeffici€d$ can be obtained by dividing the drag force
Fo by the flow momenturi/2pu? and the projected area of the sphr&quation

2.4 is an alternate form of Stokes law.

F 24
C,=—2L2—-=— 2.4
D WZdZ Re ( )
8

Stokes law (Equation 2.4), is one of earliest ¢$foto correlate the drag
coefficient with the Reynolds number. This cornelat however, is only

applicable for Reynolds numbers less than one. hik review of Cp-Re

10



relationships, Kelbaliyev (2011) observes that navag correlations for spheres
(Re £ 500 reduce to the form shown in Equation 2.5. In ¢emeric form the
parametersA and n are constants of various correlations reportedit@nature
essentially making most of the equations modifaai of the Stokes law. Table

2.1 lists some of the reported correlations irrditere.

C, =;—‘:(1+ ARE) (2.5)
Stokes assumed that the higher order velocity tenosld have a negligible
effect on the total drag on the sphere at low veést Oseen (1911) argued that
for a wider application of the Stokes Law, the ti@eterms must be included.
Oseen (1911) assumed that the inertia forces woelldf a lesser magnitude in
the vicinity of the sphere. However, at a distafroen the sphere those forces
cannot be ignored and the higher order velocitjngeought to be included in the

momentum balance (Brodkey 1967).

11



Table 2.1. Drag coefficient correlations

Source Expressions Conditions
24 3
Oseen (1911) Cp = Re (1+ 16 Rej Re<5
05
24 3
C,=—|1+—Re Re < 100
Massey (1968) D Re( 16 j
Schiller and 24 36
Naumann Cp = EE'FW 0.1 <Re <1000
(1933)
24
Lapple (1951) Co = Re (1+ 0.125Re°-72) Re< 100
Concha and 2
9.06
Almendra C,=0281+ 5 0.1<Re<16
(1979)
Haider and C, =§(1+0.1806Re%459)+%
e ¢
Levenspiel 1+ Re Re < 2.6 x10
(1988)
24
CD = E 1OE
€
Flemmer and Re < 3 x 16
Banks (1986) where,
E = 0261Re™*- omsm"-““—L“2
1+(logy, Re)

The total drag exerted by a fluid on a sphere @aodmsidered as a sum of
two components: friction drag and form drag. Therfer also known as viscous
drag can be attributed to the viscous forces egpeed by the sphere. Stokes Law

accounts for the friction drag alone. The form megsure drag is a function of the

12



size, shape and the pressure distribution on tifacguof the sphere and can be
estimated using Newton’s drag law. At higher Regisohumber the form drag
predominates and hence it cannot be neglected (acared Almendra 1979). The
absence of form drag in Stokes law (Equation 2a) be considered as an

additional explanation for its failure at higheryRelds numbersRe> 1)

Table 2.1 shows Oseen’s modification of the Stakeg law for a sphere
(Equation 2.4). Massey (1968) further modified seexpression and extended
its applicability toRe< 100. Schiller and Naumann (Schiller and NaumE®B3)
also modified Oseen’s expression and further exenthe Reynolds number
range to 1000. Additional correlations based on thaditional Oseen’s
approximation were reported by Flemmer and Banlken{fer and Banks 1986).
They proposed a complé3s-Re correlation for a sphere applicable for Reynolds

numbers up t&@ x10.

Alternative methods for the estimation of terminalocity have been
suggested. One method used consistently suggestsopimg aCp correlation
with the Archimedes numbeAX). Since terminal velocity appears in b&h and
Re, an implicit expression of velocity is inconvenidntsolve. To avoid this, it
was suggested to develdp,-R€ correlations. Such a correlation would be
independent of the velocity term. Khan and Richand€987) used this method

in their expressions.

13



(2.6)

Equation 2.6 shows that the velocity term is elaed. Also, the Galileo number
(Ga) is the Archimedes numbeAr) when the particle density is equal to that of
the fluid. Khan and Richardson (1987) expres&eds a function of the Reynolds
number rather than the drag coefficient as it idetlionly the physical properties
of the particle and was independent of the settlialpcity. Karamanev (1996)
also based his correlation @m, however, his expression correlatég to Ar and

not toRe

VELOCITY VOIDAGE RELATIONSHIP

During the backwash operation, the fluid being padpn the bed
experiences resistance to flow due to the packiiws, the effective fluid
velocity will be much lower than what it would haleen if the bed was empty.
This effective fluid velocity will be a function @he void fraction of the bed. It is
therefore necessary to account for the change enbtd voidage as the bed
expands for a liquid-solid system. A particle irtlsa suspension will experience
a variety of external forces. Hence, it becomeseasingly difficult to account for
the effects of the random interactions betweenptréicles in an expanding bed.
Experimental data reported in literature suggdsitsfor a liquid fluidized bed the
velocity-voidage relationship is independent of tb&al mass of the suspended

solid particles.

14



Many equations have been developed relating therSajal fluid velocity
to the terminal velocity using bed voidage. Cour{lE285) summarizes most of
these expressions for fluidized beds. Courdec densiRichardson and Zaki
(1954) to be the first important work in this apgeh. Richardson and Zaki
developed an equation that related the ratio ofréfetive settling velocity and
terminal settling velocity to the bed voidage. Thexpression was successful in
modeling a complex phenomenon with a simplisticregpion and is widely cited.

Equation (2.7) is the Richardson Zaki relation.

—=g" (2.7)

This relation is entirely empirical derived fromtemsive experimental
work. Richardson and Zaki investigated the depecelasf settling velocity of
spherical particles with the bed void fraction. The form of Equation (2.6) was
first used by Lewis and Bowerman (1952) to desctibe velocity voidage
relationship. However, Richardson and Zaki validatewith experimental data
and found that the exponamtvas a function of the particle Reynolds number and
the particle to column diameter rati/D. The values of the parameteras a
function of Reynolds number reported by Richardaod Zaki are listed in Table

2.2.

15



Table 2.2 Values of parametem Richardson-Zaki equation

Reynolds

Value of parameter n
number range

d
0.2<Re <1 (4354_ 17_5313] R 003

dp 0.1
1< Re <200 445+ 18E Re®
200 < Re <500 A4A5Re™

The drag force acting on a particle in a multigdetisystem is affected by the
voidage within the system. Thus for accurate ptemioof the drag force, the bed
voidage must be considered. Wen and Yu relatedagaido a ratio of the drag
force Fp) acting on a particle in a multiparticle systend @he drag forceRps)
acting on a single particle in an infinite expamgefluid. Wen and Yu (1966)

presented such a ratio as shown in Equation 2i8edvoidage function”.
—0 = f(g) (2.8)

Many authors based their correlations on the vadamction to predict bed
expansion. Yang and Renken (2003) for instanceldpgd a new liquid particle

interaction correlation that combinedCa-Reé model with the voidage function.

16



Their model chooses a force ratio similar to tlatstdered by Wen and Yu. They
observed that the ratio of the effective gravitagioforce on the particle to the
drag force is very sensitive to the paramet@f the Richardson-Zaki equation.
They argued that the forei for voidage function in Equation 2.8 is inapprapei

They developed an alternate functional relation&l@pveen the bed void fraction

& andAr.

Another approach of modeling bed expansion repdrtdderature is expressing
the bed expansioly/l in terms of individual variables such as partispdericity

¢, bed porosity, fluid viscosityu, superficial bed velocity, particle diameter
and the particle and fluid densitips and p;. Such a model was suggested by
Dharmarajah and Cleasby (1986) where the powead exdividual variable was
found by regressing with experimental data. Thegrswvn this least square model
were later found by fitting them with extensive ekmental data. This model
was found to have a 9.5% minimum deviation. A samlbut simpler backwash

expansion model was also suggested by Sholji (1987)
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CHAPTER IlI

MODEL DEVELOPMENT

The objective of this work is to develop a modeétt predicts the
expansion of an ion exchange bed. This goal ise&ehi by studying an isolated
single particle in the fluidized bed. The motion this particle needs to be
analyzed after the onset of fluidization. The dis&it travels can be calculated as
a function of time. By developing a velocity timgationship for the particle in
component directions the height or the distanceetesl by the particle can be
calculated. A cylindrical coordinate system desesilihis problem adequately
since the ion exchange bed used is a vertical aiytial column. However, a
simplifying assumption is made that the motion lo¢ tparticle is only in the
vertical z direction. Thus, the proposed model does not adcfauw radial or phi

displacement of the particle during its upward oiti

18



The patrticle of interest is assumed to be a rsgidere wetted completely
by the fluid. All the particles in the bed are assd to have the exact same
physical properties (density and mass) and dimen&itameter). . This is an
excellent assumption for uniform bead resins (tna@i®e Monosphere) that have
very low variation in diameter. Also, propertiestbé particles are not affected by
the fluid temperature. The average particle sizengdter) is assumed for
calculations in the current model. Wall effect:n a column are generally
considered to contribute to particle retardationthé ratio of the particle to
column diameted,/D is more than 0.05. In present work since thisoratiwell

below this value, the effects of the wall on thed flow profile are neglected.
MOMENTUM BALANCE ON A RISING SPHERICAL PARTICLE

A patrticle rising with the fluid will experience seral external forces.
These external forces will either decelerate oeksrate the particle depending on
the direction they are acting. The net force on ph#icle will be the result of
vector addition. By accounting for all forces amdvieg the momentum balance
on the particle, the distance travelled by theiglarcan be predicted as a function

of time.
The forces in the momentum balance equation (Ekmuat5) are:

. Gravitational Fg) - This force is due to the weight of the partiated acts in the

negativez direction. Equation 3.1 gives the expressiorHgr

Fe =myg (3.1)

19



2. Drag Fp) - This is the frictional force acting on the pelg due to its motion in
the surrounding fluid. The expression for the dfage (Equation 3.2) has a
modulus for the relative velocity to determine fttheection of the drag force.
When the fluid velocity is more than the particlelocity, Fp will act in the

positivez direction.
n
Fo :§CD(uf —upXuf —up‘d;,of (3.2)

3. Buoyant Eg) - As per Archimedes principle, the buoyant foreing on the
particle is equal to weight of the fluid displackey the particleFg acts in the

positivez direction.
UPE
Fs :mfggdppfg (3.3)

4. Accelerated bodyHa,) — This force is a function of the weight of theater
displaced by the particle and it acts in a directipposite to that of the buoyant

force (negative direction). It can be estimated using Equation 3.4

1 T du
F.==mg=—d3p, —> 3.4
A 2 ¢ 12 Pt dt (3.4)

Lapple and Shepherd (1940) developed an equatiamtbn for the one-
dimensional motion of a sphere moving in a statipriid. It was developed to
model particle movement in commercial applicatibke aerosols, spray towers
and drying. Ruckenstein (1964) modeled a partieldisg in an infinitely long
column. The directions of forces acting on a gsejtlparticle are exactly opposite
to those for a rising particle. The drag forég,, on the particle is the most

dominant. Thus, it contributes the most to the upwaovement of the particle.
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Additionally, the buoyant forcEg pushes the particle upwatég is accompanied
by a reaction of the fluid to the particle due t® motion. This is the forcEa

presented in the earlier list. Since it is a reacto the particle’s upward motion,
Fa will have an opposite direction that is the negatz direction. Figure 3.1

presents a schematic of all the forces acting erp#iticle.

Fs zdirection

A

Figure 3.1 Forces acting on a rising sphericaligart

Using Newton’s law of motion, force balance onsng particle is described in

Figure 3.1 gives

F=ma=F,+F,—-F, -F. (3.5)
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Equation 3.5 can be expanded as

du T T T du
M = mfggd;?pfg+—(uf ~u, Ju, -ul\d,fprD -mpgl—ﬁdﬁpf ld—t"
Fs Fo Fw Fa

In the above expressiam, and m represent the mass of the particle and fluid
respectively. They can be calculated by multiplythg volume of the spherical
particle with the density. Substituting,= (dy0p)/6 and my = (zd,pr)/6 and
rearranging,

T T du T T T
(Zaipar e | = Zaip - Zaim, Jar ol -u,Ju, ~ufiin o

Now, dividing both sides by the volume of the s;ixtuzlrparticle,(yrdp3)/6 and

rearranging,

d 3
[Iop +p_2fj%: (pf _lop)g+ 4§f (uf _up)uf _up‘CD

p

Dividing both sides of the equation py,

d 3
1+& 9 _ &—1 g+ P (uf —upXuf —up‘CD
2p, ) dt Py 4d, 0,

Substitutingp = p, / p,and rearranging,

p

du, _ 1 [(77‘1)9 +j;7'5(uf —upXuf —up‘CDj (3.6)
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Collecting terms and rewriting Equation 3.6

d—t"=z+x(uf —upXuf —up‘CD (3.7)
dh
E = Up (38)

Where,

PREDICTING BED EXPANSION

Equation 3.7 is the equation of motion of an isadasingle spherical
particle in a flowing stream. The velocity and ttistance travelled or height of
the particle can be calculated as a function oéting solving Equations 3.7 and
3.8. In order to predict the expansion of a fluedizbed, this model must be
reconciled with a multiparticle system. While madgl expansion of a
multiparticle packed bed, it is important to undansl the effect of bed voidage
on the fluid velocity. Prior to expansion, the rituidized bed will be highly
dense depending on its static bed voidage. At tisetoof fluidization when the
bed starts expanding, the particles slowly moveyafn@m each other causing an
increase the overall bed porosity and a decreageibed density. This results in

23



an increase in the fluid velocity due to reduceavflesistance. Yang and Renken
(2003) developed a model for a fluidized bed. Thhgse to model the steady
state condition of infinite expansiom €1) for an isolated particle. At such a
condition,F is absent and the remaining three forcesHe Fg andFp balance
each other. Yang and Renken included the voidagetifun in their expression.
They combined the voidage function with the steathte force balance of a

single particle and developed a model for the egjoanof the entire bed.

Similarly, for the system of interest, the voiddgaction can be included
in Equation 3.7 to describe the expansion of alih@d bed. This modification
has two advantages. Firstly, it accounts for ttendient behavior of the bed
during expansion, that is, the continuous increagke bed porosity. Secondly, it
accounts for the change in the buoyant force viighahange in bed porosity. The
density of the bed decreases as the bed expandsdddreases the cohesive force

between neighboring particles and increases tleetedf the buoyant force.

The voidage function accounts for the transientaber of the bed
through its dependence in the particle ReynoldsbmrmThe particle Reynolds
number is a function of time and is calculateddach time value. In this work,
the Richardson-Zaki correlation was used as thdaga function. This would

change Equation 3.7 to

du, _B C
b — - —
A f(e)+ A(uf upXuf up‘CD (3.9)

where, for the range 1Re< 200 (Richardson and Zaki 1954)
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d
f(e)=&" and n= ( 445+ 18%} Re** (3.10)

Equations 3.8 and 3.9 form an initial boundary gatwoblem, where boundary
conditions depend on the bed geometry (initial hieed bed). Height of the bed at
a particular time instant can be calculated by isglMEquations 3.9 and 3.8
simultaneously using a numerical method. In presemtk, Euler method was

used.
CHOICE OFCp-ReCORRELATION FOR THIS SYSTEM

While choosing the “bestCp-Re correlation for a system one must be
aware of the origins of the correlation. Most o¢ ttorrelations in the literature
were derived by fitting constants to experimenttiad Not all investigators have
provided a theoretical evidence or proof to justityeir agreement with
experimental data. Also, this agreement with expental data should be
reproducible at different experimental conditioigble 2.1 in Chapter Il lists

some of theCp-Recorrelations reported.

For the current work, the correlation suggestedCbycha and Almendra
(1979) is selected for predicting the drag coeéinti This expression is based on a
formula suggested by Abraham (1970) as a “heursstitment.” The expression

suggested has the following form:

5 2
C,=C,|1+-%
{ Re}/z} (3.11)
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In equation 3.11C, is a parameter derived from Stokes law aigdis the
boundary layer thickness parameter such #ha(Re}' =20/d, whereo is the
boundary layer thickness of a sphere. In Stokesomeghat is for Re<<1,
Equation 3.11 reduces to Stokes la®p$¥24/Re due to the functional
dependenc€, d,°=24 as per Abraham’s expression. A value of 9.06 igestpd
for o (Abraham 1970). However, the author himself comsidreating’p as an
adjustable parameter to fit the experimental daeh Concha and Almendra

(1979) used this formula and suggested Equatica 3.1

2
C, = oze{u 9'06} (3.12)

Re”

In their expression, Concha and Almendra derivevélee of 9.06 from
theory and was originally suggested by McDonald54)9 In their theoretical
derivation, Concha and Almendra assume that thdeaofy boundary layer
separation for a sphere to be°87Zhis value forés is constant for 10,000Re

<150,000 and is calculated from Equation 3.13 ssiggeby K. Lee (1968).
6, =214Re™ (3.13)

In the present work, th& value of has been regressed to fit experimental
data while the value d, is fixed at 0.28. This made the model a one-patame
model. This avoided regressing both the paramétefis the experimental data-
which would not show how individual operational iedtes affected the model.
Looking at Equation 3.12, it is obvious tha§ has a direct proportion with the

drag coefficient. The sensitivity of the boundaaydr thickness parameteip) is
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checked by running the experiments at multipledfii@mperatures, velocities and
different particle sizes. The subsequent chapteludes a detailed discussion

about this issue.
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CHAPTER IV

EXPERIMENTAL METHODS

DESCRIPTION OF EXPERIMENTAL EQUIPMENT

The fundamental aim of this study was to modellibd expansion in an
ion exchange unit. The experimental setup and proes were designed so as to
record the bed height as a function of time. Atmicale mixed bed ion exchange
plant was used for this purpose. The unit con$tthree transparent plastic
columns one each for cation regeneration, anioemegtion and resin storage.
Each column has an inner diameter of 0.3048 m an8.5 m tall. A 440V
centrifugal pump supplies water to the beds frolarge feed tank. A thermostat
heater controls the temperature of the water irfébd tank. Transfer of water to
the column can be done either from the top or bottepending on the desired
flowpath. Introducing water from the bottom of thed is called ‘backwashing’
the resin bed. Each column can be operated iatisal using the valves on the
inlet and outlet lines. The cation regeneratioruowl has six ports to transfer
resin after separation. Air supply is availableptessurize the columns to drain
the water out of the column. Vent valves are predidt the top of each column

for depressurization. The cation resin used was B&V850C while the anion
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resin was DOWEX 550A. Figure 4.1 is a schemati¢hef ion exchange plant

unit.
AIR SUPPLY X
CATION
RESIN
REGENERATION ANION STORAGE
DI WATER VESSEL REGENERATION ORAC
STORAGE TANK VESSEL
= \/
X 2 g
= <
£ —><—(")> e

)

Figure 4.1. Schematic of ion exchange unit
EXPERIMENTAL PROCEDURE

Preliminary tasks of the unit included checking t&eel of water in the
reservoir, inspecting piping and fittings for leakbecking the temperature of the
reservoir water and checking the pressure gaugdhemir supply for adequate
pressure. The cation and anion resins were sepamater to the backwash
operation. This was done by separating the resimgylconsecutive backwashes.

In a single backwash, the bed was allowed to exparitie desired height and
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allowed to settle by shutting off the pump. Theirrgzarticles settled under the
effect of gravity. Once the bed settled, the waised for backwash had to be
transferred back to the storage tank. The waterdsaimed from the column by
opening the drain valve. By closing the vent vale column was pressurized
with air which pushed the water in the bed throtigh drain valve back to the
storage tank. After consecutive backwashes, thenagmnd cation resins separate
due to the density difference. Once a clear seiparaf resins was achieved, the
bed was fluidized at a low flow rate (to keep tbsim layers intact) and the lighter
anion resin layer was transferred to the anionag®wessel through the transfer

ports.

Once the resins were separated, the flow rate Herexperiment was
adjusted manually by the supply valve at the inolethe flow meter. Once the
desired flow rate was achieved, three backwashes dene for that particular
flow rate at the set temperature. The flow rateistiijent for the cation and anion
columns was similar. Note that while draining wabet of the column prior to
each run, the water level was kept slightly abdwe hed surface. This ensured
that the bed was completely submerged and ensorefant bed porosity at start

up. A partially submerged bed did not expand unilgr

Three flow rates were chosen by visual inspectibrthe cation bed
expansion. At a flow rate higher than 17 gpm, tbkimn overflowed from the
top before the bed expanded to a steady fluidizate.sSince this state was
important from the modeling perspective, three flaes were chosen so that the

cation bed would achieve the steady fluidized comadls. The flow rates chosen
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were 17 gpm (high flow condition), 13 gpm (mediumaf condition) and 5 gpm
(low flow condition). The experiments were batchergiion rather than
continuous. This was because, for a continuousatiper at lower flow rate
condition (5 gpm) the head offered by the watethm entire bed was too much
for the pump to operate against. This resultechimirzsteady flow at the low flow

rate.

Backwash cycles for the anion column proved chgllen This was
because, unlike the cation column (which has gipluat the top and bottom),
the anion column has air supply only at the bottdiis prolonged the draining
of the column. Another difficulty was obtaining &tfbed surface in the anion
column due to agitation during draining. Additidgalat the onset of backwash,
there was considerable turbulence which made thmliled height readings

difficult to record.

Assuming the bed surface as a datum, markings made on the outside
surface of the column to record the bed height. itke-fluidized height of the
cation bed was 0.45m and that of the anion bed Gvasm. A digital video
recorder was used to record the backwash expamsiogvery run. The video
was later replayed on a computer for data acqomsitburing playback, the time
at which the pump was turned on was set as time. Z&ach experiment was
repeated three times to allow for calculation opemmental errors. The time
required for the bed to reach each distinct maitkaidht was recorded as a data
point. In data regression, the model parameterregiessed to minimize squared

deviations of the model with data from all threasu
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Using the thermostat heater in the storage tarkteémperature of water
was adjusted. Changing the temperature requiregtliag the water through the
piping while the heating element was turned on.sTénsured uniform heating
inside the tank. The temperature of water at amldenditions was found to be
23°C. Additional temperature set points used wer@C3@%C, 40C and 48C.
This change in temperature allowed change in fluidperties of density and
dynamic viscosity to be variables for analysis efl lexpansion phenomena. The
values for density and viscosity of water at tine¢ temperatures were obtained

from literature (Wakeham 1978).

Experiments for the anion bed were done at 5 andgph7 (low and high
flow rates) and 2% and 40C (low and high temperatures). These conditions
were chosen because the purpose of using anioitlpanvas to investigate the

effect of particle size (diameter) on the modefq@nance.

From the column geometry, the superficial veloaoitfy water u was
calculated by diving the flow rate by the crosstieeal are of the column. Table

4.1 shows the calculated superficial velocitiethatthree flow rates.

Table 4.1. Calculated superficial velocities afatint flow rates

Flow Rate, Calculated superficial
gpm velocity, u, m/s
5 0.00431
13 0.011
17 0.014
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CHAPTER V

RESULTS AND DISCUSSION

Figure 5.1 illustrates the experimental data ctdiédor cation resin bed
expansion at Z& (ambient temperature) for the three flow ratésis a plot of
the bed height recorded at different time instanédstime t = O the particle
velocity, up, is zero. At this time instant, the relative vélpof the particle (-
Up) is very high. Since the drag force is proportiaiwathe square of the relative
velocity, Fp on the patrticle is also high. At the onset of fim&dion due to a high
drag force the bed expands rapidly as the partielecity approaches the fluid
velocity. As the particle velocity comes close b tfluid velocity, the relative
velocity reduces causing the drag force on thegéartio diminish and it reaches a
minimum. After this point, the particle steadily cé¢erates causing a slow
increase in its relative velocity and thus the dfagce. The bed as a result
approaches a steady fluidized condition and stgpareling. This phenomenon is
graphically represented in Figure 5.1. The slopthefexpansion profile reduces
progressively and levels off towards the end reprsg a steady state fluidized

condition. The error bars for the data points irgufé 5.1 are horizontal
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representing the standard deviation in the experiaheaneasurement of the tir

values at the respective heig

1.2
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Figure 5.1 Expansion of cation resin bed ai°C

As discussed in Chapter Ill, Equation 3.11 was ehoss the dra
correlation for this work, whereCy value was 0.28 and the paramed, was
regressed to fit the experimental data. The date wegressed to reduche sum
of squared deviation of the model. The data caldor the medium flow rat
condition (13 gpm) for the cation resid, = 0.00065 m) at Z& were used an

the regressed value dp was found to be 5.5.

2
CD:C0[1+ % } (3.11)

Re?

Figure 5.2 compares the model prediction with tkgeemental data afte

regression. In this figure, the solid line is auscof instantaneous heigl
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calculated from Equations 3.8 and 3.9 which isiratial value problem with
boundary conditions af, = 0,h = 0.45 at = O for cation bed and, = 0,h =0.4
att = 0 for the anion bed. The solution also gaveamsineous values f@p, Re,
duy/dt ande. The Reynolds number is calculated from the irtategous relative
velocity of the particle. Due to the porosity fuoct f(¢) described in Equation
3.10, the model accounts for the change in thepeedsity during expansion. The
bed porosity for each time instant was calculatechfthe height prediction of the
previous time instant. The porosity of the bed e tpacked condition was
assumed to be 0.35. The measure of the model aeviftr a particular set of
data points is reported as percent average absdem@ation (%AAD). The
%AAD values reported henceforth are based on alldata collected for that
particular case. Equations 5.1a and 5.1b were fas€@dAAD calculation whera
was the number of data points for that case.

Estimated- Experimerdl
Experimerdl

%Deviation=

x100 (5.1a)

%AAD= %Z|%Deviati0|1| (5.1b)

The model showed excellent agreement with the éxjgetal data with an
AAD of 2.78%. The model tends to over predict thes height at lower time

values (on set of fluidization).
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Figure 5.2. Model performance at 13 gpm an°C

For the low flow rate ondition (5 gpm), the model over predicts the
height with an AAD of 4.86% for the sand, value of 5.5 and at 17 gpm, t
model under predicts the expanded bed height withAD of 3.82%. Such
behavior of the model can be expected for the twtoemes as the value ¢
used for these cases was regressed for the melbwnnate. Since boundary lay
thickness is a function of Reynolds number, thestbealue ofdy, (a function of
boundary layer) will change with velocitAbraham (1970presented a relatic
(Equation 5.2) between the boundary layd, radius of the particler, the
boundary layer thickness paramed, and the Reynolds numbéRe Figures 5.3
and 5.4 illustrate the model performance at 5 ahddm respectively witthe dy

value of 5.5.

%
I (5.2)

AN
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Figure 5.4. Model performance at 17 gpm &€C (0o = 5.5)

Figures 5.2 through 5.4 compare the model perfocaat the three floy

rates. The model follows a linear path at loweretirralues i.e. at the onset

fluidization. The trend of ov-prediction of height at lower time values
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observed in all three flow rates. This can belaitad to the fact that the flow rate
att = 0 was not the set flow rate. There was a deldhe system to reach the set
flow rate. Thus at the lower time values, the actiugd flow rate is much lower
than the set flow rate. The model however assumasthe fluid flow rate and

thus the velocity are constant from the onsetwtlitation.

EFFECT OF SUPERFICIAL VELOCITY ON MODEL PERFORMANCE

To check for the effect of superficial flow velocifflow rate) of water on
oo, the regressed, values were found for the experimental data atdBhgpm

backwash flow rates. Rearranging Equation 5.2,

Separating and rearranging,

5 | U0
3 =20 |[£ (5.3)
0 dp,u

Equation 5.3 suggests a direct proportionality treha betweendy and the
superficial velocityu. Table 5.1 shows that the regressgtialues increase with
the velocity and confirms this relation. This redaship betweeny, and u is
helpful in terms of understanding the model sewigjtito a flow rate change. By
understanding this dependencedpbn u, the model can predict bed expansion
more accurately. Additionally, this also explaihe deviation at the higher and
lower flow rates for @&, value found at the medium flow condition. A povawr

fit of the data reveals the power ofto be 0.39, which is different from the
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theoretical power number of 0.5 as in Equation 9Be deviation from the
theoretical power number (0.5) can be attributedht® fact that the boundary
layer thicknessg, is inversely proportional to the Reynolds numbed #éhus the
velocity. Additionally, the theoretical relation Equation 5.3 assumes a constant
velocity (flow rate). In reality, the flow rate dag operation fluctuated around
the set flow rate. These fluctuations can be aiteith to a variable head offered by
the water column in the bed. Furthermore, on stgithe pump, it took some time
to achieve the set flow rate. For instance, it $akeelve seconds for the backwash
flow rate to reach 13 gpm. While regressifigthese non-idealities were not

accounted for.

Table 5.1. Comparison of regressgdalues for different flow rates at 23

%AAD in bed

Flow Rate, Calculated Regressed .
gpm Velocity, m/s value ofdy he'.gh.t
' prediction
5 0.00431 4 1.18
13 0.011 55 2.78
17 0.014 6.5 2.67

EFFECT OF WATER TEMPERATURE ON MODEL PERFORMANCE

To check for the effect of water temperature on plaeameterd,, the
model was tested with the experimental data cateébr the cation bed with 13
gpm backwash flow rate at 30, 35, 40 anéiCl5The change in density of water at

these temperatures was negligible when comparethetachange in viscosity.
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Initially, the value usd for o9 was 5.5 for this comparison. At °C and 13 gpm
for the cation resin, the model had an AAD valu€ af8%. Figures 5.5 throu
5.8 illustrate the model performance for the catiesin (13 gpm) at °C and

40°C respectively

0 20 40 60 80 100 120 140
Time(sec)

Model (Fquation 3.11)

O Experiment

Figure 5.5. Modeperformance at 13 gpm at%8D (0o = 5.5)
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Figure 5.6. Model performance at 13 gpm &€C (0o = 5.5)
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Figure 5.8. Model performance at 13 gpm £C (0o = 5.5)

In Figures 5.2 and 5.5 througl.8 it should be noted that the steady s
expansion heights from the experiments varied tathperatures. The expanc

bed height changed from 0.95 cm a”°C to 0.825 cm at ©C. This can be
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explained by the decrease in fluid viscosity resglin a decrease in the viscous
drag force on the particles. As a result the begaesed to a lower height at

elevated temperatures.

At 30°C, the model predicts the bed expansion profilén it AAD value
of 3.08%. The regressed, values were found to be close to 5.5 at all
temperatures. Table 5.2 shows the AAD values fer niodel prediction for
different temperatures witha@ value of 5.5. Although there is a 40% decrease in
water viscosity at 4% there was a small change in the AAD values ftiedint
temperatures using the samde This shows that viscosity of the fluid has very
little effect ondy till 45°C. Such a relation betweeig andp can be explained
from Equation 5.3. In the equation, the boundaygidhicknes9 of the sphere is
proportional to the square root of the kinematgxuwosity of the fluid (Schlichting
1979). This would cancel out the viscosity and dgrierms from the Reynolds
number makingpindependent ofi. Although theoreticallyyisindependent off,
experiments suggest a slight change o values with temperature. This
observation is important as it eliminates tempeei@s an major contributing

factor in choosing the ‘bestpvalue.
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Table 5.2. Comparison of model performance valoed3 gpm at different

temperaturesif = 5.5)

Temperature, Viscosity of %AAD in bed

°C water, Ns/m height prediction
23 0.00102 2.78
30 0.000798 3.08
35 0.000719 3.08
40 0.000653 6.06
45 0.000596 3.71

EFFECT OF PARTICLE SIZE ON MODEL PERFORMANCE

In order to investigate the effect of particle sira)y and ultimately on the
model performance, similar experiments were peréafrasing the anion resins
(d, = 0.00059 m). Data for 5, 13 and 17 gpm was resmbfdr the anion resin at
23°C and 40C. It should be noted that at 13 and 17 gpm flows,athe anion bed
did not reach a steady fluidized condition duevertiow of water from the top.
For all three flow conditions there was turbuleaté¢he onset of fluidization due
to which there was no clear interface. This madanpossible to take time
readings at lower time values. Experiments showatl the anion particles rose
much higher and faster due to their smaller diamsedad lesser densities. Figure
5.9 shows the experimental data collected for thieraexperiments for the two

flow rates at 2%C.
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Figure 5.10. Model performance for anion 13 gpra3°C (dp = 9.2)

The regressedg values for 13 gpm experiments af€3or both the typ

of resins were compared. Figure 5.8 shows the mpeldbrmance for the anic
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resin with a regressed} value of 9.2. Although the anion bed did not reach
steady fluidized condition like the cations, the dab predicts the expansion
profile vey accurately with an AAD value of 2.47%able 5.3 shows a
comparison of regressei) values for the two resin types. Change in particle
diameter increases the valuedfto achieve an accurate model prediction. The
inverse relation betweem, and d, in Equation 5.3 is confirmed by the
experiments. Since difference in particle sizene of the contributing factors in
resin separation mixed bed ion exchange (other agicte density), this
dependence ofy on d, will account for the change in particle size fbe tto

resins.

Table 5.3. Effect of particle size on the valuegoat 13 gpm backwash

%AAD in
Tvpe of resin Particle Regressed  bed
yp diameterd,, m value ofdy  height
prediction
Cation 0.00065 5.5 2.78
Anion 0.00059 9.2 2.47

COMPARISON OF MODEL PERFORMANCE WITH DIFFERENJp-Re

CORRELATIONS

For the present study, a formula suggested initir@iure (Equation 3.11)
was used to fit the model to the experimental daktee effect of the operational

variables (velocity, temperature and particle sip@)dp, was studied. It is,
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however, important to compare these ‘best fit' atipnents in the model with the
correlations reported in the literature. Figure St&®ws a comparison of the
performance of the model with two correlations tioe cation resin at 28 and
13 gpm backwash flow rate. The figure shows thatrtitodel with a value of 5.5
for the parameted, in Equation 3.11gives the most accurate predictibived
expansion at this condition due to regression thth experimental data. Stokes
law and the correlation by Concha and Almendra 91®ased on Equation 3.11

over predict the expanded bed.

The 0o value assumed by Concha and Almendra is based @amgle of
separation of boundary layeés( value of 84. This 65 value is constant for
10,000<Re<150,000 and can be calculated from Equation 3rilBresent work,
calculated particlé&Re values are considerably lowdl<{ Re < 19. This range is
much close to Stokes rangBg(< 1) and this explains better performance of
Stokes Law. Table 5.4 shows the comparison of AAOhe model from the

experimental data using differe@b-Recorrelations.
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Table 5.4 Comparison of model performance usinigidihtCp-Re

correlations for cation resin (13 gpm,°23

Cp-ReCorrelation  %AAD in bed
used height prediction

Present work

2.614
(5025.5)
Stokes law 7.322
Concha and
10.01
Almendra 0.0
1.2
! ____ -------- -
--------- A — ..'....D
........ A ";;"-::B,...c- Doouo-.o.-..
g 08 e e e
E ..--*ﬁ"-‘-':"‘ﬂ- A
g 06 w58
= -
% o4 =gl
& 0
0.2
0
0 20 40 60 80 100 120
Time ()
D Experiment — - - Stokeslaw
"""" Present work (60=5.5) weenees Concha and Almendra

Figure 5.:1. Comparison of model performance using differeD-Re

correlations (13 gpm, 28)
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CONCLUSIONS AND RECOMMENDATIONS

This work investigated the phenomenon of bed expansy studying the
phenomenon of particle rise. A model was develofegredict the height of
expanded bed. This model accounted for the phypicaderties of the particle as
well as the fluid. By choosing a reported semi-etopl Cp-Re relation, it was
adjusted for the experimental data. To check fgrfanctional dependence of the
adjustable parametep on the operational variables (velocity, tempemtand
particle size), experiments were repeated at @ifferconditions. Experiments
revealed that backwashing at different conditiorsulted in varied bed
expansion. The suggested model predicted the bigththees a function of time
accurately. It was observed that the paraméjevas independently related to
each of these variables. A theoretically basedesgion (Equation 5.3) represents
the theoretical relationship of these operatioraiables withdy. Equation 5.4
shows the functional relationship betwegnand the operational variables. The
parametepy had a direct proportion with fluid velocity, viscositypu (although

very slight) and an inverse relation with partidiameterd,.

d

p

& = (u,i,ﬂJ (5.4)

Possible future work includes finding exact powaations ofd, with all
the operational variables. This will need more expental data. By running
experiments at higher flow rates the dependenc® @fith u can be studied in

detail. Similarly, using cation and anion resins different sizes (diameters),
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effect ofd, ondpcan be studied. By combining the proposed beadwwgel with
a bead fall model such as the one suggested byl&kpganan (2011), separation
of two resins in backwash can be predicted. Addéily, running experiments at
more temperatures, viscosity effects can be redordehe recommended
maximum operating temperature for anion resindiénimdustry is 60C (Elmiger
1989). Also, running with the two resins mixed iffetent proportions can reveal
valuable information about cross contamination dfeeent flow rates and

temperatures.

Furthermore, additional experiments will help inkimg the model more
robust for different ion exchange systems. A rolmestiel can help an equipment
designer avoid over designing of the unit. But eotly predicting the bed
expansion height and known flow rates and for knowantities of resin, optimal
transfer port locations can be found for a colurhgiwen height. Additionally, an
operator can predict the accurate height of thalilad bed for a fixed bed

expansion.

49



REFERENCES

Abraham, F. F. (1970). "Functional Dependence @&goCoefficient of a Sphere
on Reynolds Number." Phys. Flui#i3(2194).

Schlichting, H. (1979). "Boundary Layer Theory.'812

Wakeham, J. K. M. S. W. A. (1978). "Viscosity afdid water in the range -8
Deg. C to 150 Deg. C." J. Phys. Chem. Ref. D&y 941.

Abraham, F. F. (1970). "Functional Dependence raigBCoefficient of a Sphere
on Reynolds Number." Phys. Flui#i3(2194).

Concha, F. and E. R. Almendra (1979). "Settlinguiies of particulate systems,
1. Settling velocities of individual spherical pelds." International Journal of
Mineral Processin§(4): 349-367.

K. Lee, H. B. (1968). "Transport process in flovoand a sphere with particular
reference to the transfer of mass." Int. J. HeaddMiransfed1: 1020.

Lapple, C. E. and C. B. Shepherd (1940). "Calcoiatof particle trajectories.”
Industrial & Engineering ChemistB2(5): 605-617.

McDonald, J. E. (1954). "THE SHAPE AND AERODYNAMICSF LARGE
RAINDROPS." Journal of Meteorologh (6): 478-494.

Richardson, J. F. and W. N. Zaki (1954). "Sedimgoraand fluidization. I."
Trans. Inst. Chem. Endg32(Copyright (C) 2012 American Chemical Society
(ACS). All Rights Reserved.): 35-53.

Ruckenstein, E. (1964). "Homogeneous Fluidizatidndustrial & Engineering
Chemistry FundamentaB$3): 260-268.

Yang, J. and A. Renken (2003). "A generalized datien for equilibrium of
forces in liquid—solid fluidized beds." Chemicaldimeering Journa®2(1-3): 7-
14.

50



Brodkey, R. S. (1967). The phenomena of fluid muioReading, Mass.,
Addison-Wesley Pub. Coxiv, 737 p.

Concha, F. and E. R. Almendra (1979). "Settlingoeitles of particulate systems,
1. Settling velocities of individual spherical pelds.” International Journal of
Mineral Processin§(4): 349-367.

Courdec, J. P. (1985). Incipient fluidization aradtwulate systems. Fluidization
R. C. J.F Davidson, D. Harrison. London, Academ&sB 1-46.

Dharmarajah, A. H. and J. L. Cleasby (1986). "Rutaaj the expansion behavior
of filter media.” J. - Am. Water Works Assof8(Copyright (C) 2012 American
Chemical Society (ACS). All Rights Reserved.): @B-7

Didwania, A. K. and G. M. Homsy (1981). "Flow regmand flow transitions in
liquid fluidized beds." International Journal of Mphase Flow7(6): 563-580.

Flemmer, R. L. C. and C. L. Banks (1986). "On thagdcoefficient of a sphere.”
Powder Technolog#8(3): 217-221.

Haider, A. and O. Levenspiel (1988). "Drag Coeéiti and Terminal Velocity of
Spherical and Nonspherical Particles." Powder Teldngy 58: 64.

J. B. Romero, L. N. J. (1962). "Factors affectihgdized bed quality.” Chemical
Engineering Progress; Symposium Sebi&s28-37.

Karamanev, D. G. (1996). "Equations for calculatodrihe terminal velocity and
drag coefficient of solid spheres and gas bubbl€itmical Engineering
Communication447: 75-84.

Kelbaliyev, G. I. (2011). "Drag coefficients of wausly shaped solid particles,
drops, and bubbles.” Theoretical Foundations ofn@b& Engineeringd5(3):
248-266.

Khan, A. R. and J. F. Richardson (1987). "THE REHRISCE TO MOTION OF
A SOLID SPHERE IN A FLUID." Chemical Engineering @munication$2(1-
6): 135-150.

51



Kwauk, R. H. W. a. M. (1948). "Fluidization of SaliParticles.”_Chemical
Engineering Progre<si(3).

Lapple, C. E. (1951). Particle Dynamid&/ilmington, Delaware, E.I Dupont de
Nemours and co.

Lewis, E. W. and E. W. Bowerman (1952). "Fluidieat of solid particles in
liquids.” Chem. Eng. Progi8(Copyright (C) 2012 American Chemical Society
(ACS). All Rights Reserved.): 603-610.

Mabrouk, R., J. Chaouki, et al. (2007). "Effectirag coefficient investigation in
the acceleration zone of an upward gas—solid flo@hemical Engineering
Sciences2(1-2): 318-327.

Massey, B. S. (1968). Mechanics of fluilendon, Van Nostrand.

Oseen, C. W. (1911). Arkiv. Mat. Astron. Fy€ii29).

Richardson, J. F. and W. N. Zaki (1954). "Sedimgonaand fluidization. I."
Trans. Inst. Chem. Endg32(Copyright (C) 2012 American Chemical Society
(ACS). All Rights Reserved.): 35-53.

Schiller, L. and A. Naumann (1933). "Uber die greggnden berechungen bei
der schwerkraftaufbereitung." Vereines Deutschgetieurer7: 318.

Sholji, I. (1987). "Expansion of granular filtersurthg backwash."” Journal of
Environmental Engineerint13(3): 516-531.

Stokes, G. G. (1851). Trans. Cambridge Phil. $&:

Wen, C. Y. and Y. H. Yu (1966). "Mechanics of flizdtion." Chem. Eng. Prog.,
Symp. Ser62(Copyright (C) 2012 American Chemical Society (ACS Rights
Reserved.): 100-111.

Yang, J. and A. Renken (2003). "A generalized dati@n for equilibrium of
forces in liquid—solid fluidized beds." Chemical dameering Journa®2(1-3): 7-
14.

Helfferich, F. (1995). lon Exchange, Dover Publicas.

52



Kunin, R. and F. X. McGarvey (1951). "Monobed Deration with Ion
Exchange Resins." Industrial & Engineering Chemid8(3): 734-740.

Owens, D. L. (1995). Practical Principles of loncBange Water Treatmentall
Oaks Publishing Inc.

53



APPENDIX A

EXPERIMENTAL RESULTS

Table A.1. Cation bed with 5 gpm backwash flow 282

Bed Height,
m Time, s

Run 1 Run 2 Run 3
0.45 0 0 0
0.47 10 11 12
0.49 20 22 19
0.51 34 32 29
0.53 44 47 44
0.55 64 64 64
0.57 110 107 108

Table A.2. Cation bed with 13 gpm backwash flo\2ZC

Bed Height, m Time, s

Run 1 Run 2 Run 3
0.45 0 0 0
0.5 9 10 8
0.55 15 16 16
0.6 21 21 21
0.65 27 29 27
0.7 35 38 35
0.75 44 45 44
0.8 56 57 55
0.85 70 73 70
0.9 85 86 85
0.95 111 116 117
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Table A.3. Cation bed with 17 gpm backwash flo\2ZC

Bed Height,
m Time, s
Run 1l Run 2 Run 3

0.45 0 0 0
0.5 7 7 7
0.55 10 11 12
0.6 15 16 16
0.65 20 20 20
0.7 24 25 24
0.75 30 31 30
0.8 37 36 35
0.85 44 41 43
0.9 50 47 50
0.95 55 55 56

1 65 66 64
1.05 77 79 76
1.1 87 90 86
1.15 102 105 105

Table A.4. Cation bed with 5 gpm backwash flow GC3

Bed Height,
m Time, s
Run 1 Run 2 Run 3
0.45 0 0 0
0.47 8 9 10
0.49 13 20 16
0.51 18 34 22
0.53 31 54 34
0.53 52 85 55
0.53 62 98 79
0.53 72 114 98
0.53 95 124 110
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Table A.5. Cation bed with 13 gpm backwash flo\@@(C

Bed Height,
m Time, s
Run 1l Run 2 Run 3

0.45 0 0 0
0.475 6 7 7
0.5 10 10 10
0.525 12 13 12
0.55 15 16 16
0.575 18 18 19
0.6 22 22 23
0.625 26 28 29
0.65 29 30 31
0.675 33 32 34
0.7 36 38 38
0.725 39 41 42
0.75 45 45 46
0.775 51 54 50
0.8 59 61 57
0.825 71 71 69
0.85 86 88 82
0.875 103 108 95
0.875 111 117 110
0.875 126 127 118
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Table A.6. Cation bed with 17 gpm backwash flo\@@(C

Bed
Height,
m Time, s
Run 1 Run 2 Run 3
0.45 0 0 0
0.475 6 6 6
0.5 8 8 7
0.525 10 11 10
0.55 12 13 12
0.575 14 15 14
0.6 16 17 16
0.625 18 19 18
0.65 21 22 19
0.675 24 24 22
0.7 25 26 26
0.725 27 29 27
0.75 30 31 30
0.775 33 33 32
0.8 36 36 34
0.825 40 39 37
0.85 44 43 38
0.875 48 48 44
0.925 58 61 52
1.05 94 89 82
1.075 104 100 90
1.1 110 108 96
1.125 129 123 110
1.125 135 125 116
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Table A.7. Cation bed with 13 gpm backwash flo@%C

Bed anelght, Time, s
Run 1 Run 2 Run 3
0.45 0 0 0
0.475 6 7 6
0.5 9 10 9
0.525 12 13 11
0.55 15 15 12
0.575 18 19 15
0.6 21 22 18
0.625 25 25 21
0.65 29 30 25
0.675 31 33 29
0.7 34 37 32
0.725 40 42 38
0.75 43 46 43
0.775 52 51 51
0.8 56 60 59
0.825 65 70 68
0.85 78 86 87
0.875 86 107 104
0.875 96 115 115
0.875 108 120 120
0.9 111 123 126
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Table A.8. Cation bed with 13 gpm backwash flowtZC

Bed anelght, Time. s
Run 1 Run 2 Run 3
0.45 0 0 0
0.475 6 7 7
0.5 9 10 10
0.525 12 12 14
0.55 14 16 18
0.575 17 20 21
0.6 20 24 24
0.625 23 27 27
0.65 27 30 30
0.675 30 33 33
0.7 37 39 40
0.725 44 46 46
0.75 49 52 55
0.775 57 58 62
0.8 66 66 67
0.825 79 88 91
0.825 88 95 101
0.825 96 102 122

Table A.9. Cation bed with 5 gpm backwash flow @4

Bed Height,
m Time, s
Run 1 Run 2 Run 3
0.45 0 0 0
0.47 21 26 28
0.49 55 42 45
0.51 104 82 85
0.51 119 98 102
0.51 128 104 107
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Table A.10. Cation bed with 13 gpm backwash flow@&tC

Bed
Height,
m Time, s
Run 1 Run 2 Run 3
0.45 0 0 0
0.475 10 9 7
0.5 12 12 11
0.525 15 15 15
0.55 19 17 17
0.575 22 21 20
0.6 25 26 23
0.625 28 29 26
0.65 35 33 31
0.675 42 45 41
0.7 50 49 44
0.75 62 54 53
0.775 78 60 63
0.8 82 80 81
0.8 98 99 90
0.8 111 108 103
0.8 121 121 111
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Table A.11. Cation bed with 17 gpm backwash flow@&tC

Bed Height,
m Time, s
Run 1l Run 2 Run 3

0.45 0 0 0
0.025 2 6 6
0.05 4 7 8
0.075 7 9 11
0.1 9 11 13
0.125 11 13 14
0.15 13 16 16
0.175 16 18 19
0.2 19 20 21
0.25 25 22 25
0.275 29 24 29
0.3 34 28 33
0.35 40 36 39
0.375 43 43 45
0.4 48 49 51
0.45 60 58 64
0.475 67 69 68
0.5 74 76 76
0.525 83 85 84
0.55 96 97 94
0.55 102 106 98
0.55 107 111 106
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Table A.12. Anion bed with 5 gpm backwash flow a8t

Bed Height,
m Time, s
Run 1l Run 2 Run 3

0.4 0 0 0
0.54 39 43 44
0.56 47 52 53
0.58 55 58.5 59
0.6 64 66.5 66
0.62 68 72.5 73
0.64 75 79 81
0.66 87 90 90
0.68 94 101.5 98
0.7 109 114.5 109
0.725 119 119 134
0.75 132 142.5 152
0.75 140 149 158
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Table A.13. Anion bed with 13 gpm backwash flow228C

Bed Height,
m Time, s
Run 1 Run 2 Run 3

0.4 0 0 0
0.54 11 16 12
0.56 13 17 14
0.58 15 20 17
0.6 19 22 22
0.62 20 24 25
0.64 22 28 28
0.69 26 32 31
0.715 31 34 35
0.765 38 38 39
0.79 41 43 47
0.89 51 51 51
0.99 58 58 57
1.04 65 67 64
1.09 72 72 73
1.14 78 79 78
1.19 85 84 85
1.24 92 92 93
1.265 97 97 97
1.29 100 100 101
1.315 104 103 104
1.34 108 106 107
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Table A.14. Anion bed with 17 gpm backwash flow22iC

Bed
Height,
m Time, s
Run 1 Run 2 Run 3
0.62 14 15 17
0.64 15 16 18
0.66 17 17 21
0.68 19 20 22
0.7 20 21 23
0.725 23 23 25
0.75 24 25 27
0.775 26 26 28
0.8 29 29 30
0.85 31 34 35
1 41 43 46
1.05 47 49 51
1.1 49 51 54
1.15 55 55 62
1.25 65 65 67
1.3 69 67 71
1.35 75 75 75
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Table A.15. Anion bed with 5 gpm backwash flow &t@

Bed
Height,
m Time, s
Run 1 Run 2 Run 3
0.4 0 0 0
0.54 38 46 33
0.56 47 50 39
0.58 58 55 60
0.6 66 65 69
0.62 72 73 79
0.64 82 84 96
0.66 86 91 109
0.68 101 104 113
0.7 113 121 129
0.725 126 166 166
0.75 153 219 195
0.775 173 240 260
0.775 217 250 272
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Table A.16. Anion bed with 17 gpm backwash flowd@&C

Bed
Height, Time, s
m
Run 1 Run 2 Run 3
0.4 0 0 0
0.5 8 10 9
0.54 13 11 11
0.56 15 12 12
0.58 16 14 13
0.6 17 16 15
0.62 18 17 17
0.64 19 19 19
0.66 21 21 21
0.7 27 25 24
0.8 32 30 30
0.85 34 34 37
0.925 43 43 46
0.95 46 45 48
1 51 47 51
1.05 55 51 54
1.1 58 55 56
1.15 60 57 59
1.2 63 67 65
1.25 72 71 70
1.3 77 77 75
1.35 83 82 79
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