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- ABSTRACT

- . s

A study was carried out on the operational and mass-transfer performance of
\° multistage Fluidizttd—bed continuous countercurrent ion-exchdnge contactor with

fluid-diode downcomers/ For the mass-transfer study, the ion-exchange system

Nc:+/H+ with Dowex~-B0W-x8B resin was used. The tokl solution concenfr&:l_t/i\on used

was 0.06 meq/ml . '

The fluid-diode downcomer designTignificantly reduces the bypassing of liquid
L ' .
up the dojwncomer. Eosy start-up and shut-down were observed and the resin was

evcn[y@stributed on each mass-transfer stage. The effects of fluid-diode lateral

disp[ccekm, weir height, weir shope and resin particle size on the operational

performcmc/c) {in terms of liquid—-bypc-ssing and resin fluidization) of the solid-liquid

contactor were investigated. _ )

A one-quarter replicate. of o factorial experimental design to 7 factors at 2
levels successfull y and efficiently revealed the main factors and interactions which
significantly affect the overall stoge efficiency of the ion-exchange column

operation. The significant main factors are resin feed-rate, process solution flow-

LR TN
)

rate, weir length and weir h;ight. The significant interactions are between regin feed-
rate and weir length, process solution flow-rate and weir fength, and weir height and
weir length,

The mass-transfer study has shown th:ﬁ the solid-liquid contact time in the

contactor determines the overal| stage efficiency., The composition dependence of

N



forthel devilopment of the present contactor’in the consideration for industrial /

scale applications, The present type of contactor is simple in design and requires

simple control strategy, providing operational stability, and large soitd and liquid

handling capacity. ‘ s /
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I, INTRODUCTION
/-

The study of ion-exchange is over a century old and the technology has been
applied tc industry for more than sixty years. For many years, ion-exchange was
commonly used for water softening. The introduction of synthetic resins of
reliable physical and chemical properties hc;§ greatly broadened the application of
ion-exchange. Various successful applications of the ion-exchange process are well
knou.vrr\ in demineralisation of boiler feed-water, in :e‘f%fuent treatment, in

demineralisation of sugar solution and in hydrometaltlurgy and in the purification of

pharmaceuticals. (

The fixed-bed ion-exchange technique has been used for more than fifty
yeors and is essentiolly unchongfad except for automation. The fixed-bed process
operates on a semi-batch basis and is easy to achieve on a large scale. The
odva-nce in this technology has been confined almost entirely to the chemistry of
the process, such as through the development of new-and better ion-exchange
resins. Some of these resins approach theoreﬁcol. limits with respect t;a their
chemical capacity, efficiency and stability (1). Further improvement on the
performance of ion-exchange technology will be in the development of mere \a
efficient solid-liquid contactors. In addition, there is stil! need to solve the
problem of a fixed-bed ion-exchange process economically for treatment of a
continuous !.iquid-Feed of high ‘conéenhrqtion where a short cycle-time is required.

The development of continuous countercurrent conructovr for ion-exchange processes

! : .



has been emphosinﬁd in recent years. Various contactor designs embloy solid resin
. flow countercurrent to process sol\ution flow in the form of @ moving packed-bed, a
flfjidizcd bed or a pulsed bed (3, 4, 5). Progress here has also been encourc;ged
by the developmen}t of synthetic ion-exchange resins. Continuous countercurrent
ion-exchainge processes have advantoges, including maximum utilization of the
ion-exchange resin inventory du.ring the exhaustion and the regeneration cycles.
Further, the resin inventory is low, and equipment size and floor space require-
ments are reduced. The regenerant and wash water requirements cre; also lowered,
indicating a reduction inl waste disposal expenditure. The continuous mode of
" operation requires no shutdown for regeneration, and automatic control can be
implemented to adjust the resi‘n and liquid flows in obtaining effluents of desire-d
compositions. Hence overall labour requirement may be red‘uccd. In general, the
continuous countercurrent ion-exchange processes can offer savings in copihalv and
operating costs per unit output, above some threshold capacity, when compared
to the conventional fixed-bed operoﬁon: For the treatment of dilute solutions
{0.0005 gm/cc), this threshold has been put bet‘ween 6000 ond 30,000 gal/hr (15)
which varied for different op_erol-ale contactor designs. A large number c;F contactors
have been developed but very few, have become commercially successful (2).

The présent research is on the development of a truly continuous counter-
current ion—exchange c8ntactor. This is @ multistage fluidized-bed contactor.
The resin flows under gravity from one stage to the next through a fluid—diode

downcomer. Unlike other countercurrent ion-exchange contoctors, this one handles

truly continuous solid and liquid flows within the optimal range of operation

bl
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conditions. The development of the present contactor originates from the research
of Souhrada (6) who hos applied the controlled cycling technique in the desigﬁ of
a multistage fluidized-bed ion-exchange column with downcomers similar to those
in a gas-liquid contactor. Egan (7) reported on the application of the fluid diode
in designing a downcomer to eliminate the problem of [iquid bypassing. Cha's (B)
investigation has extended toR”lemonstrating the ability of the contactor to perform
under g continuous liquid-flow. Although these intermittent and continuous liquid-
flow operations showed oppr;xim‘ctely the same mass-transfer performance, the

simplicity of the continuous liquid-flow operation appears ecanomically more

advantageous,

The purp.ose of the present study is to extend the investigation on the
operational and mass-transfer performance of the multistage fluidized-bed contactor
with fluid-diode downcomers when operated under continuous liquid-flow. A |
further aim is to compare the performance (in terms of the chemical efficiency and
the valumetric throughput) of this ion-exchange contactor with others, including

some which have been used industrially.



2. LITERATURE REVIEW

2.1 Fluid Diode
Consider;ble interest in fluidic {fluid lfogic) systems and devices has arisen,
largely from the work done at the i'lc':rry Diamond Laborat;)ries (14). These devices
are generally characterized by hc;fing no mechanical moving parts and rely on the
interaction of entering fluid streams with each other and with shaped walls to

produce the desired response in the output fluid stream (2, 10, II).

The fluid diode was invented by Telsa {12} in 1920. The device consisted of

a channel with many branching and returning loops which behaved like an electri~
cal diode in offering far more resistance to flow in one direction than to flow in the
reverse direction.

Ringleb (13) investigated the fiow patterns of an incompressible inviscid fluid
in various single cusp—cavity shapes. The general theory of standing vortices based
on potential-flow consideration was applied to the computation of velocity
distributions along the walls of various cusp-cavities. Ringleb also suggested the
gcne:rol form of @ mapping function to generate these cusp-cavity shapes.

Thompson (14) has utilized the principle of the fluid diode to develop an
intermittent-flow countercurrent liquid-liquid contactor. The contactor makes use
of the flow-interference effects of the designed fluid—diode structure tooconvert an
alternating applied pressure into a net countercurrent motion of the two liquid

phases.



Egan (7) implemented the idea of H-‘ne fluid diode in his design and
construction of o new downcomer structure to overcame the undesirable downcomer
liquid-bypassing in the intermittent-flow multistage fluidized-bed ion-exchange
column developed by Souhrada {6). Egan tested three c:;p shapes for the fl.‘uid-
diode downcomer design. The design is essentially similar to that used in

Thompson's fluid-diode contactor but each fluid-diode downcomer consisted only

of two or three pairs of cusp—cavities.

e

2.2 Continuous Countercurrent lon Exchange

A large number of continuous countercurrent ion-exchange (CCI1X) contactors
3 )
-have been proposed and tried in pilot-plant scale. However few of the designs

have met with any degree of commercial success (2). The main p;:oblem to over-
come in the designs is to achieve smooth, even and continuous counterflows of

solid resin and process solution where there is o small density difference between the
two phases. Various ingenious methods employed to avercome this problem include
solution downflow, resin agitation and various other mechanical and hydraulic
techniques.

Various mixer-settlers have been patented for CCiX processes. The
horizontal mixer-settler system patented by Morris (16) was tested as a continuous
countercurrent ion—exchange contactor. Hiester {I7) has developed o mixe‘{'-
settler deviée using air agitation in the mixer cells. Other mixer—settler systems
have been e'xomihed by lwasyk and Thodos (I18) who claoimed favourable results for

these confactor systems in the extraction of pheno! by ion-exchange.
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There are some unusual designs in the mechanical transport of the ion-
exchange material continuously and countercurrently through the liquid éhuse.
These are McCormack and Howard's (19) endless tube of cloth filled with resin,
Muende! and Selke's endless belt of phosphorylated ion~exchange <I:otron and -the
rotating helical tubes of Miles (21) and Schulman (22). These designs were only
for laboratory operations.

Weiss, McNeill and Swinton (23) have adopted the ore dressing operation
of jigging and developed multideck iig; for CC1X. The authors felt that the large
capacity, ruggedness, flexibility and ease of maintenance of the contactor more .
than balanced the lower eFFiciencf.'

Various contactor designs have émptoyed the moving fixed=bed technique in
the transfer of resin through ;};e exhaustion, regener(-:tion and washing stages. Some
of these designs have become very successful in industrial applications. These
systems use the principle of périodicclly removing a portion or slug of exhausted
resin from one end of o fixed bed, and replacing it with an equorl volume of
regenerated resin at the Of!”lEI" end. Such systems are usually not truly continuous
since the flow of process solution is momentarily stopped during the transfer of resin
in and out of the column. Peebles'and co-workers (24) have developed one such
system where a single column of resin is divided into zones fo;' treatment, rinsing
and regeneration, and resin is pumped from’ the bottom to the top of the column ‘
forming o complete loop. A serious difficulty with this design is the balancing of
differential pressures within the L;n'n.

One of the most successful moving fixed-bed designs is the Higgins contactor



(25) which is also a single-loop system. The resin is transferred around the lc;op by
regular hydraulic pulSes._ Further development of the process by Higgins and
Chopra (26) ot the Chemicol Separations Corporation results in the addition of the
"down flow" design to the single~loop system and has enhanced its versatility as a
process in both water and chemical process demineralisation applications. The
process is now marketed as the Chem=Seps CCIX contactor. The Chem=Seps process
is claimed to require aresin inventory as low as 15% and rarely over 30% of that
required for conventional fixed-bed systems. The countercurrent flow efficiency
of this continuous process h‘os also given a reduction of regenerant consumption by
one half and the rinse-water requirement by one-tenth. The Chem-Seps process

also has a lower equipment cost than the conventional leed bed process. The

comparison is bosed on the treatment of a feed flow of 380,000 U.S. gals/day and
a removal of TDS from 1800 ppm to 5 ppm.

The Asahi process and the Permuitt CCl): systems employing the moving fixed-
bed technique have also been successful in |crée scale industrial operations
throughout the world (27). Levendusky (3) recently described the Graver C.1.
process which also employed the moving-bed and intermittent-flow techniques. The
process has been successful in pilot-plant scale after eight years of résearch. The
design has the versatility in controlling the adsorption and desorption and washing
operations separately. Another version of the same design can handle o mixed~
resin bed. The new process is expected to challenge conventional fixed-bed and
existing CCIX processes.-.

\

Recent research has been in the development of multistage fluidized-bed



contactors for CCIX. The fluidized-bed ion—éxchcnge contactors may have a lower
chemical efficiency than that of fixed-bed and moving-bed contactors. However,
the reduction in capital and operational costs due to simpler design requirements

in fluidized-bed contactors may compensate Tor the slight loss in efficiency. The
movement of resin from one stage to another countercurrent to the solution flow has
been achieved in a variety of ways. The horizontal contactor design of Cloete and
Streat (4) uses a momentary reversal of liquid-flow. | Grimmett and Brown (5) used
the pulsing technique to assist the downward movement of resin through the tubular
downcomers in their vertical multistage fluidized-bed column. Slater (28) has
studied a similar pulse column. Church and Turner (29) aeveloped and studied a

16 plate fluidized-bed column with stage and downcomer structures similar to those

of a sieve-plote distillation column. Results indicated that the column was relatively
easy to operate at steady state but there were difficulties in starting up and
allocating equal amounts of resin in each stoge.

The principal difficulty in stagewise confactor columns with downcomers has
been the prevention of |i'q1FJVi_d bypassing up the downcomers. Externally controlled
fluidized sea! ‘pots under f;‘é, downcomers (30) or rubber flaps or valves in the down-
comers (31) to reduce liquid bypassing have been suggested. However, individual
seals of this nature cannot be regulated to give equal solid flow from each stage
without a complex control system. ‘

Souhrada (6) has applied the prlinf‘:iple of controlled cycling to achieve a

.. - . ya . .
stable operation in a CCIX column similar to that of Turner (29). The intemittent

flow of liquid through the multistage column did provide easy start-up and shut-
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down, and increased the stability of the steady state operation. However problems
were still encountered in liquid bypassing up the down;omers resulting in a lower
contacting efficiency.

Egan (7) applied the fluid dynamic properties of a fluid diode in designing
a new type of downcomer for the intermittent-flow multistage fluidized-bed column
of Souhrada. The fluid—diode downcomer succeeded in reducing the undesirable
liquid bypassing. Cha (8) has showed that the multistage fluid-bed column can be
operu?ted satisfactorily not only by an-intermittent but also by o continuous liquid-
flow. The mass-transfer performance of the two modes of operation was shown to be
approximately the same. However, the truly continuous operation should be able
to process resin and liquid Yeed streams of larger volumelric throughput. The
climination of the intermittent-flow control is a further economic advantage,

especially when the contactor is applied to large scale industrial operations.

———— 4 g



0 3. THEORY

3.1 Fluid Diode

‘Ringleb (I3) investigated the formation of standing vortices by a fwo-

T

dimensional incompressible inviscid fluid in single cﬁsp-—covities. He suggested a
general form of mapping function to generate the cusp—cavity shape in which a

. R
single standing vortex is gutomatically created when a parallel flow passes over it.

Wall profiles and flow streamlines for families of cusp-cavity shapes were obtained

by integrating equations of the form

dF (a) ) o(a—oz)

da T(c-o|)(°"°3) see

where F(a} is the mcppi;’lg function and a the Ct;mplex mapping variable; along each
streamline its imcg.incry part is constant. The complex parameters aj,9,, a3, efc.
determine the nature of the flow field.

Cusp-cavity of the simplest form rquir;z:s only one complex parameter in the
mapping function (3.1.1}). Ringleb (13) and Tl;zpmpson (14) have suggested expressions

of such mapping functions:

F(a)

1l

a+ar/la=a)) | 3.1.2)

Fla) = a+a log(a—a)) . 3.1.3)
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where aj =m| +in,. The two adjustable parameters are m, and n| which determine
the shape of the cusp—cavity. When m| is held constant to fix the scale, a family
of cusp shapes can be generated for different non-pasitive values of n| by plotting

y versus x in the following expression for the shape of a streamline,
z = x+iy = Fla) ‘ 3.1.4)

as a is moved along the real axis. The cusp point corresponds toa =0,
Ringleb's analysis is only helpful in designing the channel of T}.mmpson's
contactor {I4) for flow in the low pressure-drop.ldirection and serves 'moinly'ro
establish the kind of cusp—avity shape that will permit a stable vortex to be
established. When fluid flow is reversed, the invisci.d model would predict
unchanged sm.aom!ines‘.
The mathematical shape generated from the mapping function was modified ‘
by Thompson in or;ier to ob!'oin tu)'b;Jlence during reverse flow. The original ?/nd :
adapted shapes ore shown in Filgu}es A.land A.2 in Appendix A Thompson(hcs
found that',If the radius of curvature of the wall C is less than 4 inches, the flow
may separate and short-circuit to the cusp endpoint, causing less turbulence in the

flow pattern.

The fluid flow patterns in Thompson's fluid-diode contactor are shown in

| Figures A.3 oand A.4. The contactor is constructed of two identical horizontal

fluid-diode sections but oppositely oriented. In the low pressure-drop direction
(A to B), the main stream follows a direct path through the channel, and it separates

from the wall at each cusp point D and a standing vortex is formed in each cavity.
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While some turBylence may be gegeru_ted betweén.these twoflows, the general
appearance to thel flow poﬂém is very m@h. :W}"xen the direction is reversed and
the stream flows in the high pressure-drop direction (B to A), the stream follows a
highly tortuous path. The Fiéh ve!’o&ity portion of the stream becomes attached to
wall C and is diverted into the cavity, where it is forced to porhally reverse in.
direction and def[ect&{-lo the opposlta side of the channel .

Egan (7) tested fluid- diodes of three different }:usp—caviiy shapes which are -
shown in Flgure A.5. Results for water flow showed that the friction factor of the
Flutd diode in the-high pressure-drop direction ¢an be 20 times more than that in
the low pressure-drdp direction as the Reynolds number of the water flow in I,he

chcnnel is increased. The pressure drop for water flow in elther direction of the

_diode is hlgher than that for pipe Flow but the chamcterishcs of flow in the high

pressuré—drop direction is entirely different from that of p:p.e?f flow. Figure D.IF
shows that the pressure-drop ratio, 4 Phigh/A Plow: increases with the R_eyno‘l'ds
number. The ratio is independent of the fluid—dvi-oda lateral displacement in the
flow regiop' invesrig;:;ed by Eéon. Note that only the mﬁp is constant but the
pressure- drop in both directions de;:reoses in the same proéorﬁon as the diode lateral
displacement is incregsed.

The flﬁicgdiodes with cusp-cavity shapes A and B of Figure A .5 behave
almost identically. However, fluidic element C also has a pressure-drop
chumcférisﬁc comparable to shapes | and 2. This observation of Egdn indicates that,
the. i'n;:reosed number" of cusp-cavities per unit léngth_hos counteracted the short-

. 1. . B
circuiting expected since the radius of curvature ot point C of shape C is less than
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four inches. -

When the fluid diode is adopted as @ downcomer structure in the multistage
f[uidized-be;:l continuous countercurrent Ion—excha;-nge contactor developed by
Souhrada, the characteristics of fluid flow .through the fluid-diode downcomer in
the high pressure-drop direction created by the bypassing process solution during
startup still hold, and serve the purpose of discouraging liquid bypassing up the 2

downcomers. At steady state a continuous stream of solid resin particles flows

down the downcomer in the low pressure-drop direction. The flow pattern of the

solid particles with a density slightly higher than that of water is expected to be
different from that of an incompressible inviscid fluid. The characteristic of the

i
resin flow through the downcomer will be discussed in Section 8.1.1,

q

Ty

3.2 lon~Exchange Resin

lon-exchange resins are insoluble spherical solid particles, whose framework
is an elastic matrix consisting of an’irregular macromolecular, three-dimensional

network of hydrocarbon chains,‘corrying fixed ionic groups associated with

exchangeable cations or anions, These exchongeable ions can be exchanged for o

stoichiometrically equivalent amount of other jons of the same charge when the

e m———————

resin is in contact with an electrolytic solution. Carriers of exchangeable cations »

i . . . .
are called cation exchangers and carriers of exchangeable anions, anion exchangers.
N\

There are four main types of ion-exchange resins in commercial use, namely

strongly and weakly ocidic (cation) resins and strongly and weakly basic (anion)

resins.
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The Dowex~-50Wx8 resin us.ed in the present study is a strongly acidic cation
exchanger. ]t is prepared by the'nuclear sulphonation of styrene—diviny! benzene
beads and the fixed tonic group is -SO; . The resin is stable chemically and
physically. The di\finyl benzene is a cross-linking reagent, the percentage of
which determines the degree of crosslinkage in the resin matrix. The degree of
crosslinkage determines the physical and chemical properties of the resin. A

. ‘ .
decrease in crosslinkage increases the matrix porosity and hence its ability to swell
and takes up more ;.varer. The increase in porosity also increases the mobility of the

counter-ions in the resin and hence the rate of exchange.

A detailed discussion on ion-exchange resins can be found in Helfferich (32).
&

3.3 lon Exchange

lon~exchange is a mass~transfer process between two phases. lons are
/ - i i ‘ -
transferred from a solution (usually an aqueous phase) to an ion-exchange material
(usually a solid oand commonly o polymerized resin), while an equivalent number of
ions of the same charge, but of different species, are displaced ond transferred in
the opposite direction. An example of ion-exchange is the Nc:+/H+ exchange on

Dowex-50Wx8 resin. The equation of exchange is given by

(H+) resin+(Na™)aq+(Cl7) aq i (Nc") resin+ (H+) 0q+(Cl ) ag ‘ (3.3.1)
\

. - . . . . + -+ . -
This is an interdiffusion between counter-ions, H and Na . The co-ion, Ck,

does not participate in the ion-exchange process; however, there is still som¢ sort

of distribution of the chloride ion between the resin ond aqueous phases as can be



found in the work by Whitcombe et al (33).
For an ordincrﬂy ion-exchange system, the ion-exchange rate controlled by
chemical reaction has been ruled out (32). lon exchange, os a rule, is purely a
 diffusional phenomenon. Hence the rate of exchange is governed by the same
- general consideration as for uﬁy mass~transfer process. There are mass-transfer
. resistances in both phases, and the overall rate may be controlled by either {or by
bothj of these resistances. For either phase, the mass kransfer may be described by i

a rate equation of the form

dgq

— = K'A(c) | | (3.3.2)
dt

If the two exchanging ions have markedly different diffusion coefficients,

then an electric field will be set up in each phase and these fields will c;FFecf the

diffusion process. One of the consequences is that the rate of exchange can be
markedly composition dependent. This phenomenon in the resin phase can be
iliush‘ored by the present jon-exchange system, Equation 3.3.1. At the start of an
exchange, the hydrogen ions, which have a higher mobility, tend to move off more
rapidly than the sodium diffusing in the opposite direction. This leads to a charge
separation which proceeds only to a minute extent before an electric field is set up
in such direction and of such strength that the hydrogen ions are slowed down, and
the sodium ions are speeded up until their opposing fluxes are equal. The offects of
these electric fields are allowed for in the Nernst Planck model for diffusion in a

resin particle and the interdiffusion coefficient of two monovalent ions, as a function

4
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of resin compasition is given by the following expression

.
D = _ (3.3.3)

D
| {2 -
G,

Note that the model assumes the maobility of an ion to be independent of its

surroundings,’ which is a reasonable assumption for the exchange of ions of equal

charges (32).
Turner et al (34) has verified the Nernst Planck model for diffusion in

Zeo Karb-225 resin for the exchange of HY and Na% ions. The self-diffusion

coefficient of the hydrogen ions can be more than four times that of the sodium ions ¥
depending on their concentrations.

Turner and Snowdon (35) have also opplied the Nernst-Planck behaviour in
the study of the liquid-film mass-transfer coefficient in the exchange qf H' and Na™
tons between aqueous chloride solutions and Zeo Karb-225 ion-exchange resin. [t
has been shown that where the quuia film plays a significant role in ion-exchange .
kinetics, the variation of exchange rate with liquid qornposition should not be
ignored. The liquid side moss~transfer coefficient can vary by a factor of more than
three as the liquid composition changes.

For the present ibn-exchonge system, H+—Dowex—50W—x8-Nc+, Duncan and
Lister (36) have shown that the equilibriurﬁ constant, K, remains practically

p]
constant for a given tolal solution normality, Co, and is given by




y(l-x)

x(1-y)

-~
Il

(3.3.4)

where x and y are equilibrium mole-fraction compositions on sodium bases in the
' aqueous and resin phases respectively. The temperoture dependence of the
equilibrium co.nsh::nt is usually negligible.

Gilliland and Baddour (37) have determined the equilibrium constant for
sodium chloride solutions of various normality equilibrated with Dowex-50-x8 ion-
exchange resin. The plot of log (Cc;) vs. K in Figure D.2 gives the following
analytical expression

-log {Co) +17.75

K = (3.3.5)
12.5

Note that the present experimental study uses the Dowex-50W-x8 resin which
is claimed (38) to have stronger physical properties than the Dowex-50-x8 resin.
However, the correlation (3.3.5) is ossumed to be the same for Dowex-50W-x8

resin since the chemical properties of the two resins are identical (38).

3.4 Fluidized-Bed lon Exchange

Mass transfer in fluidized-bed jon-exchange is a volume process’ . With the

* Beek (42) has made a distinction between surface and volume processes in

fluidized-bed operations. Coating, wetting and agglomeration are surface processes,

and drying, cooling and freezing are volume processes,
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' small dependence on temparature, the physical factors which determine the rate of
- the process include inside and outside particle mass-transfer, the fluid and solids
mixing, and the probability of particles encounter.

The mc:ss—‘transfer rate in a shallow fluidized-bed of ion-exchange resin is
commonly controlled by both the solid- cnd'liquid—s-ides mass-transfer resistances.
Turner (39) has shown that _the solid-side resistance can account for 20% or more of
the total resis't-once depar_vding on the compositions. When the liquid flow was
increased, the liquid boundary loyer}oround the resin particle decreased, the liquid-
side mass-transfer resistance was reduced and consequently the overa!l mass-transfer
coefficient was increased. The ion~exchange resin is at a state oF.porﬁculare
fluidization when the incipieﬁt fluidization velocity is exceeded by the solution
f‘low_. For a shallow fluidized-bed, thé resins are perfectly mixed and the liquid
passes through the bed in plug flow. However, longitudinal dispersion of liquid
cannot be neglected in deep fluidized beds.

The mass transfer study of Petrovic and Thodos (40) on a gas-solid fluidized-
bed system contributed to understanding the mass~transfer process in a liquid fluidized-
bed system since they worked with an almost homogeneous bed with the fluidized-

bed voidage given by

\\;:b ) (e’e_b) - .. | @.4.1)

which is similar to that by Richardson and Zaki (4”' for liquid fluidized-beds. The

following mass~transfer relations were reported for the fluidized-bed system,

i
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G =—-= ) (3.4.2)
kp “E. Y Vb
and ] 0.44
G= ——) (3.4.3)
(<
. . . . -1 0.57 : '
Equation 3.4.2 shows that kL is proportional to € ond‘/\lo -+ In Equation 3.4.1

V,, is proportional to € 2.5, Hence kL is proportional to € 0.43  Within the

“ range of voidage (0.5 to 0.8) commonly used, the values of 60'43 varied by a
maximum of 18%. A consequence of this result is that the kL value is almaost
independent of the superficial fluid velocity.

The above conclusion coiﬁcides with the findings of Rowe and Claxton (46)
that the tendency of increasing Re tc; increase Sh with fluidized beds is largely
nullified by the resulting increase in voidages. For fluidized-bed ion-exchange,
the mass transfer between resin particles and the aqueous solution flow is complica-

_ted by the composition dependence of both the solid- and }iquid—sides mass-transfer
coefficients. 'Hov'vever, the experimental results of Turner and Snowdon (35) for
liquid fluidized-bed fon-exchange shows that the change in liquid-film mass-
transfer coefficient, k| , with bulk solution composition is identical et Reynolds
number 7.2 and 8.8 for o total solution normality of 0.01 N.

Snowdon and Turner (39) claimed that less mass-transfer occurred in fluidized
beds than in fixed beds when compared at the sgme R‘eynolds number, er d/p

(based on liquid superficial velocity). Thert’brrelated the mass-transfer results of
N

f

—r - o —
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both fluidized and fixed beds by

0.8l
Sh = T ReSc

73 (3.4..4)

where Sh =k d/D, Re = Uop d/| , Sc ={t/p D.

However, comparisons of the mass~transfer rate in fixed and fluidized beds on
different bases can give different conclusions in the relative effectiveness of the
two processes. Beek (42) shows that o correlation between Sr.Scz/3 and Uod/'\J

can bring the mass-transfer results for pocked and fluidized beds close together,

tu

—

2/3 _
5.5 < 0.81 * 0.05) U/ for 5 < Ud/Y < 50 (3.4.5)

where Re = Upd/(I-€), Sc =V /D, Sh=€k d/(I-€)D and St =€ k /U,.

The correlation is obtained from the experimentc:l/dcm of Snowdon and Turner (39}
for liquid-flyidized ion-exchange beds (100 << S¢ << 1000, 0.3 << € < 063) A
comparison bet.v‘-reen both beds gives for equal value of Uod/‘\) equal values of
(kL/Uo) € and consequently lower kL values in the fluidized bgd. Beek believes
that this expression is the mast accurate and reliable presentation of today's know-
ledge for the most important rangé of Reynolds number, for all Sc values met in
practice and for porosities up to 0.75.

- The study By Hanna (51) on the residgnce-’;ti__me distribution of solid particles
in a countercurrent Fluidizea-bed system shows that the mixing of solid particles can

be increased by increasing the liquid flow-rate (superficial liquid velocity), by

decreasing solid particle throughput and by decreasing the bed height.

|
|
|
|
|
|
E
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3.5 Continuous Countercurrent Multistage lon Exchange

The continuous countercurrent multistage fluidized-bed ion-exchange
contactor under present study operates on conﬁnuous'solid resin and liquid flows
with equal distribution of resin in each stage when steady state is reached. The
theory of continuous countercurrent ion-exchange is onalogous to that of solvent
extraction and the diffusional mass-transfer column operations. The performance is

r

governed by the equilibrium relationship, the mass balance, the rates of mass
transfer, and the cwg/efﬁciency of the contactor. /

The performance of the ion-exchange column can be analysed by the McCabe-
Thiele diagram. This method has been suggested by Moyle (43) and used by Turner
and Church (44). A material balance across a section of the column and the bottom
of the column (Figure D.3) gives the following component balance

LoCoXo * Ra#l Gyt Ynil = Lacpx, T Rqpy) (3.5.1)

4

The jon-exchange operation is a truly equi-molar counter-diffusion process. The
volume flow-rates of the solid and liquid flows in the present system are constant.

Hence, we have

LO‘L|=L2= ------- '—‘LN=L
RI:R2:R3:""‘_“""=RN+I*R
{3.5.2)
and c0=c|=c2=————---=cN—c
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Equation 3.5.1 can be reduced to
cho+qun+| =chn+qu| (3.5.3)
Le Rqy) - Lex,
or Y.y TT x t—————— (3.5.4)
" Rg " Rq

Equation 3.5.4 relates the compositions of the resin phase, Yt and the liquid
phase, x_, flowing pc;f each other between stages. The locus of (xn, yn+|) on the
equilibrium dicgram plot is a straight operating line as shown in Figure D.4, The
linearity of equation 3.5.4 is displayed much more vigorously for ion exchange than 8
the corresponding distillation or absorption, in which the usval simplifying assump-
tions (45) are usually not strictly true. |

The number of theoreﬁcgl stages (NTS) can be determined from this diagram
by a stepping off procedure involving alternate use of the operating line and the
equilibrium curve os shown in Figure D.4. The height equivalent to a theoretical
stage (HETS) is then obtained by dividing the actual contactor height by tha number
of theoretical stages.

However, the actual height of the present ion-exchange column useful for
mass transfer is that of the weir height in each stage. The calming zones between
stages and the stage seporation necessary for the installation of the fluid-dicde
downcomer is determined by the physical operational requirement and should not be
considered in the mass-transfer performance study.J Hence, it is oﬁly proper to

calculate the HETS using the total active height of the ion-exchange column; and .

HETS is thus given by ..




T

P

AT ——T T

HETS = Z/NTS = WH. N/NTS ~ (3.5.6)

In the actual countercurrent multistage contact, the solid and liquid phases
leaving a stage are not in thermodynamic equilibrium. An overall stage efficiency
may be defined to describe the degree of approach to equilibrium in the contocting
operation. The overall stage efficiency is defined as the ratio of the number of
equilibrium stages required for a given separation to the number of actual stages

required and can be expressed in percentage as
E = (NTS/N) - 100% 3.5.7

This stage efficiency is simple to use in calculations, although it does not allow for
the variations in efficiency which may occur from stoge to stage. The overall stoge
efficiency depends on many factors such as the time of contact and degree of -*

dispersion of the phases, the geometry of the stages, the rate of mass transfer, and

the physical @i\es and flow rates of the solid and liquid phases.

3.6 Factorial Experimental Design

Experimental design is the planning of dota collection from an experiment or

a series of experiments so that the desired information can be obtained with

* sufficient precision. The response of the dependent variable to the independent

4

v ] .
variables (factors) and to the levels of the factors are of interest to the experimenter.
For a given number of factors and levels of the factors, a complete factorial design
can evaluate jointly ond efficiently the effects of all the possible combinations of

factors and levels on the response. Standard works (47, 48) deal extensively with

5
;
i
%
!
:
i‘
!
i
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the theory of experimental design. The following is adapted from Peng (47).

For a design of three factors (A, B, C) at two levels, the eight (23) possible

combinations (treatments) are

I, a, b, ab, ¢, ac, be, abe.

. The "I" represents the treatment with all the factors ot thair low levels. In each of

the remaining treatment combinations, the high level of any factor is denoted by the
corresponding letter and the low level by the absence of the corresponding letter,
The effect of changing A when the other two factors are at their low levels is

a-~-| (3.6.1)

Similarly, the effect of changing A when B is at the high leve! and C at the low

level is ~
ab - b (3.6.2)
The effect of changing A when B is low'and C is high is -
ac - ¢ (363)

Finally, the effect of changing A when B and C are both at the high level is

abc - be (3.6.4)
The main effect-of A for the whole experiment is defined to be the mean of these

four cffects, namely
Y {a+ab+ac +abe ~ | -b-c-bc) K (3.6.5)
When C is at the low level, the interaction AB s defined to be one-half the

difference between the effects of A at the two levels of B, (3.6.1) and (3.6.2), i.e.

R L i

ot e T oy i e 4P

——
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3 ({ab - b) 1'(a -1) ' (3.6.6) i
Similarly for C-at the hiéh level, the interaction of AB is '

2 ((abc - bc) - (ac - ¢)) ' 3.6.7) .
Hence the AB interaction for the whole experiment (over both levels of C}) is the
average of (3.6.6) and (3.6.7) ‘-

AB =1} (ab+ | +aobc +c -b~a-bec-ac) T - (3.6.8)

The ABC interaction is defined to be one~half the difference between the AB
interactions for the Mo different levels of C, ) N

ABC =} (abc =bc —ac+c-ab+b+a-1) . (3.6.9)
Thus if AB is the same for both levels of C, ABC is zero.

For a two-level factorial design at higher levels, the equations for Formiﬁg
the main effects and interoctions can be generated systemotically by one of two
methods: effect matrix (47) and Y;:tes' method (48). The methods for generating -

the equations are illustrated in Tables E.l and E.2 in Appendix E.

In a complete factorial experimental design the required number of measure-
ments is often beyond the resources of the investigator, or it gives more precision
in the estimates of the effec}s than necessalZ/, or estimates of high-order interaction

effects are of less interest. For example, ina 28 complete.factorial design, 25

treatment combinations are required and each main factor is an average ove
comgincfions of the other factors. | In many practical situations, a certain degrée
of continuity ond. regularity can be expected with regard to the manner in which the
response varies and the higher-order interaction effects involving three or more

factors are often negligible. Then design requiring only a definite fraction of a

A g e iy e = o v b i
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complete factorial may be used to estimate the main effects and two—factor

interaction effects in such a way that only the information on the hiéher’-order
‘ : ' i

interactions is lost. ‘ ' o : . S~

" A fractional factorial experimental design can redqée the required treahignts 3
of c; ok complete factorial design by a factor of 277, wherer =1,2, 3 ---- and._
ris l‘ess than k. The inFonnrc_:ﬁoﬁ on one or more interaction effects is sacrificed
in order to split up the whole éxpéi‘imeﬁh:l design to 27 blocks of treatment
combinations. _These {ntera‘cﬁon efi‘ej-cts are called ‘the defirﬁng contrasts. The

block which éontoins the treatment combination "I" is called the principal block and

is normally used for experimental purpose. The other hlocks can be obtained from

A}

the principal block by multiplying (modulo 2) each of its effects with the defining

contrasts selected. Examination of the effect matrix generated for all the h'eqtmen't
combinations (2k) shows that the estimate of a factor or factor~interaction in a block
is idenhical to that of another factor or factor-interaction from each of the other

blocks. These factors gr factor-inferactions which have icjenticol estimates are

‘called aliases. The effect matrix will, also show that the defining contrasts have

estimates identical to..th(e general mean, and hence fheir informationis lost. The

idea of confounding {confusing) in the fractional factorial experimentul design is
. ] s ) ’ o

illustrated by the effect matrix generated for 4 1/2-replicate of a 23 factorial

des.ign in Table E.3 of Appendix E.

'
- A

The determination of the total effects from the experil:riénrol results for the
fractional experimental design can bé achieved by the effect matrix abave or by a
modified Yates' technique as demonstrated in the present |/4 x2’ fractional i‘\

P

e a
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factorial design.
The analysis of variance (ANOVA) is a systemmatic method for making a

. useful investigation even when there are rasidual variations. An analysis of

variance can be performed on the calculated total effacts obtained by the Yates®

analysis. The high-order interactions which are assumed to be zero are pooled
tegether to form the residual variation (random error), The statistical F-ratios can
. then be used to distinguish the significance of the offects at various confidence

levels. The detailed procedure of the analysis of variance can be found in Table E.8

for the present study of a | /4-replicate of a 27 factorial exparimental design.

The magnitude of the effects in an axperimental design can be oxamined by

s et ]

ancther statistical method. Daniel (49) proposes tha use of the half-normal plot and

standardized half-normal plot. This approach removes the question as to which

i effects can reasonably be assumed to be zero ond pooled together into the residual,

as required in the ANOVA. The method is discussed in Appendix F.

@
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4. EQL\JIPMEI;iT DESIGN AND APPARATUS

4. lon-Exchange Column System

4.1.1 General

The detail flow sheet of the ion-exchange column and ancillary equipment is
shown in Figure A.6. Every part of the system in contact with the sodium chloride
process solution, distilled water or ion-exchange resin is made of stainless steel,
PVC or Plexiglas materials. Process solution from the storage tanks (Tl, T2) is
pumped into the bottom stége of the multistage ion-exchange column (C}). The

liquid coming out from the top of the column flows through a cyelone for resin

removal before going to the drain, Fresh resin is fed to the top stage of the column
and the resin flows through the stages down the column by gravity. Before entering
into the exhausted-resin collector (B|) resin from the last stoge of the column can be

sampled by the sampler (S). - _—

4.1.2 lon-exchange column ~

The 4 inches (10.2 cm) |.D. ion-exchange column is 3 feet and 8.5 inches
(1.13 m} high. The material of construction is almost entirely Plexiglas. The
. column consists of 9 sections as shown in Figure A.7 ond are joined together at
the flanges by |/4-inch (6.4 mm) nuts and bolts. Sections | to & oreAtha stages for

fluidized-bed ion-exchange. Section 7 is a calming zone for the liquid feed.
e

Section 8 is the liquid feed stage which has three perforated Plexiglas plates to

28




~ fluidized-bed support, weir shape and fluid—-diode downcomer. In the present
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improve liquid distribution. The detailed structure of sections 7 and 8, and of the
liquid distribution plates, are shown in Figures A.8 and A.9. Section 9 is the last
section which connects the exit resin-stream to the exhausted-resin collector (B}).
The resin sampler is built into this section and the detailed design is shown in
Figures A.10and A.ll.

The stages (sections | to 6) of the column for mass transfer are identical in
structure except for section | which has a cylindrical trough to direct the liquid
effluent into the exit hose as shown in Figure A.6. The demiied structure of section

| is shown in Figure A.12. Each of these stages.bas identical tray structures:

study, the performance of three different weir shapes is studied, namely staight,

conical and cylindrical shape weirs. The performance of ‘the straight WES is also

studied at thre different weir lengths. The straight weir type also has four
different heights. The designs of these weirs and their con;esponding tray-~support
structures are shown in Figures A.13, A.14, A.I5, A.l6 and A.I7.

\The three flui\d—diode designs used for the downcomers in the preliminary
study are shown in Figure A.5. These fluid~diodes were prepared by Egan (1971).
The detailed design of the fluid-diode downcomers used in the present mass-transfer
study is shown in Figure A.l8 and these downcomers are identical in each’section
for mass transfer except that Qf section &, which is shown in Figﬁre A.19. The last
fluid—diode downcomer directs the resin flow into a 3/8-inch (9.5 mm) tygon

tubing which leads into the sampling section of the column.
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4.1.3 Liquid feed system
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- 2 . v +
Droin holes ond vent holes, cach I/ 4=inch (6.4 wm) diametor, are prewent ot
variows painls in the coluan for the removal of resin and of trapped air bubbles

vespectively . Sampling ports for liquid and solid are also mode on the walls of the

wate-hansior sections as thown in Figure ALY,

The fon=cxchange column set up is Jightly modifiod For.. the column operability
studies under vorious gco;m*lficol combinations on the stage structures.
The column is made up of sections 1, 2, '6, 7, 8und ¢ only. The (]LJLI“I(II]V('
interactions observed in sections 1, 2 and 6 are representative of the entire column

opuration. The water effluent from the top of the column is recycled to the feed

tanks (T}, T2) in the experimental runs.

The liquid feed system is includaed in Figure A6, The two 45~gallon (170 litre)
polycthylene tanks (T, TQ), connected in series by a I/2—-inch (3.8 cm) howe, oo
sodiurn chloride Fce(i-soltjri;n storage tanks. The solution is pumped through o
1otameter (RI) and into the ion-exchange column at section 8, Tho.liquid feed-rate
can be controlled by the stainless steel needle valves on the reayele ond feed lines
(V3. \’4) . The mixing line is used for preparing a homogeneous solution before an
experimental mass-transfer run is stnr%.d. The temperature of the feed solution can
be maintained above room lemperature by passing hot water through the stainless
steel coil in the storage lank. The temperature is monitored by 1he‘thermostol‘ in

the tank and the water flow by the on-off solenoid valve (VS} on the hot water line.

The purpose of heating is to displaca dissolved air from the solution so os to prevent
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the formation of aic bubbles in the ien~exchange column,

Contamioation of the feed salution s avoided by the use of u PVC puinp

LY

R
hoad, tyaon piping, staialess steel and PVC valves, stainless <deal and glass rota-

iieteis, and polyethylene doiage tanks.,

oo Resin Feed systom

The syotem iz included in Figure A6, The vesinis fed by volumnhickdispluc-j-
miont as sugaested by Slater (28). Distilled water from the 45-galion (170 litre)
palysthylene storage tank {T3) is pumped iato the 3-gatlan (11 .4 litre) Pyrox glass
resin-feed battlo (B9) and an equal volume of resin and water is displaced out of the
battie through rhv"rvr;in foed ine and into the first section of the ion-exchange

[ /‘\
column. During start-up, air bubbles trapped in the bsttle can ba released through

e toggle valve (\";). The distitled water flow entering the botte can be controlted
hy the hwo staindes steel needle valves (\’6 and Vo) and monitored by the Iuw-Flow
rotameloer (R?_). Pump (Pz\ is a Masterflex tubing pump. The piping consists o_f

1/

o =ineh (6.4 nen) tygon and stainless steel tubings to avoid ionic contamination of the

di-tilled water and hydrogen=form resin.  All other materials of construction in

contact with the resin or distilled water are inert to our chemical system,

The tesin feed system produces negligible resin attrition because no mechanical
parts are involved in the physical transport of the tesin. A solid screw feeder was
ariginally designed as the solid feed system. However, grinding of the resin

b tweon the serow threads and the screw housing was considerable,  Increasing the

clociance bohveen the screw and its housing reduced the grinding but the sensitivity
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of the resin flow-rate to the screw rohation was greatly reduced.

4.1.5 Resin sampling system
The detoiled design of the sampler is shown in Figure A.l10 and A.ll. The
sampler's teflon plunger has a cavity for the collection of resin coming down into
section 9 of the ion~exchange column. The sample cup is screwed onto the sample
collector and can be rcmwed . The oscillatory pump (P3) pumps distilled water into
~ the sample collector and displaces the qir from the sample collector and sample cup
through the outlet line. A bypass line is provided to adjust the water flow into the

sample collector. The piping is made up of [/4-inch (6.4 mm) tygon tubing.

4.1.6 Exhausted resin collecting system

The bottom end of the ion-exchange column is connected to a 3-gallon

(11.4 litres) Pyrex glass bottle (B)) by a I-inch (2.54 cm) ryg;)n‘rube. The downflow

of resin and solution can be cut off by closing the PVC gldba valve (Vg). From the

Ty

—

neck of the bottom through the rubber stopper is a |/4-inch (6..4 mm) bleeding line.
The water flow-rate through the bleeding line is odjusted by a stainless steel needle
valve (V|g). The purpose of the bleeding is to maintain a smooth flow of resin
down the 3/8-imh (9.5 mm) tygon tube in section 8 and also out of section ? of the
ion-exchong_e‘ column. When the bleeding of water is at the same volumetric flow-
rate as the resin feed-rate, resin will not back up or block the resin exit at the

L

bottom of the column.

e
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4.2 Resin Drying System

The resin drying system is shown in Figure A.20. The -Plexiglcs column
(C.Q), 39 inches (9.1 em) high, has an inner diameter gf 2 7/h‘.‘; inches (6.2 cm).
Laboratory ‘air supply is used for drying the resin before si?e screening. ;fhe oir
passes through a Filfelr before entering the column at the bottom. A 3/8-inch

(9.5 mm) tygon tubing connects the filter and the air inlet of the column. The top
3

K

opening of the column is covered by a 60-mesh screen to prevent the carry-over of

resin during the drying process.

4.3 Resin Regenerating and Washing System

The system is shown in Figure A.2l. The column (C3) is 4 feet and 2 inches
(1.27 m) high with a 4=inch (10.2 cm) |1.D. and the material of construction is
Plexiglas. The bottom of the column is connected to o Masterflex tubing pump (P
which pumps either acid or distilled water into the column for regeneration or
washing of the resin. . Neor the lower end of the column is an outlet valve (V50
(a stop~cock with @ 5-mm bo‘p}: teflon-plug) for resin removal . Bottle (B,) is the
storage for resin to be transferred into the column. Tmr.ufer of resin is by volumetric
displacement as for the resin feed system. Distilled water is pumped into the bottle
and an equal volume QF resin and water is forced out of the bottle and into the column
at the top. Air trapped in the bottle during start-up can be released through the
vent by opening valve Vog-

B5 and B¢ are S—gallon (18.9 litre) Pyrex glass bottles. Bottle Bg is for the

storage of recycled hydrochloric acid during the last quarter of the regeneration

r



cycle. Bottle B, is the storage for fresh 10% hydrochloric acid. Outlets of the two
bottles can be closed by the 5-mm bore teflon-plug stop—cocks (V23, V22) . The
two outlets are joined togéther before going through the Masterflex tubing .pump
(P4) and finally into the column at the bottom inlet. The suction of the pump is
also connected to the 45-gallon (170 litre) distilled woter storage-tank (T3). During
resin regeneration or washing, liquid effluent overfiows into the trough eround the;

[

top end of the column and flows either to drain or into recycle acid bottle (Bs).




5. FRACTIONAL FACTORIAL EXPERIMENTAL DESIGN

Seven operational and geometrical parameters for the continuous countercurrent
ion-exchange column were chosen as the factors for the factorial experimental

design. The response is the overall stage efficiency. The factors chosen are

G

-

) resin flow-rate,
(ii) solution flow-rate,
(ii1) resin particle size,

(iv} weir length,

(v) weir height,

(vi) fluid-dioc.ie lateral displacement, and

{vii) déﬁ?ncaner clearance.

| These factors showed significant effects {(at least visually) on the operational
behaviour of the column, including the efficiency of solid-liquid contact. Although
the solid and liquid flow-rates were shown to be significant by Egon (7) end Cha (8),
these two factors were included in the experimental design to reveal any possiblek
interactions among themselves and the other five main factors. The initial sodium
chloride concentration was not izﬁluded, since the emphasis desired was on
gcomeh‘iccl'cnd physical factors.

A level of two for the experimental design was chosen. Hence a complete

factorial design of seven factors at two levels required a total of [28 experiments.

Experience showed that only two experimental runs at most could be performed in

35
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one day. Thus a compléte factorial design was considered not practicatl for this
investigation and a quarter—replicate selected. | This required only 32 experimental
runs.

A quarter-replicate of a complete factorial design causes every effect to be
confounded with three other effects. The three defining contrasts which divide the
complete design into four blocks were carefully chosen such that the main effects
and 2-factor interactions were not confounded with each other. All possible
combinations of defining contrasts were tried and those which produced the least
undesirable confounding were selgcted. Table E.4 .is o list of all the possible
defining contrasts. The system of defining contrasts that seemed to suit best for. the
present study was ABCDE, ABCFG and DEFG. The effects of the complete Fact.oriol
design are split up into four blocks by these three defining contrasts. The principal .

block is generated by the modulo equations

x|+ Xy txgtxgtxg 0 (mod 2) (5.0.1)

x|+x2+x3+x6+x7=0(mod2) : ~ {5.0.2)

The principal block generated is shown in Table E.5a. The other three‘blocks
and their corresponding pair of modulo equations®re shown in Table E.5b. The four
uIio} groups are shown in Table E.6. The four effects in each row are confounded
with each other due to the blocking. The three Jeriaing contrasts (ABCDE, ABCFG
and DEFG) are confounded with the general mean, I, hence their information is i’ost.

The loss of information about interactions with more than two factors is of no concern
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because interactions involving more than two factors are often negligibie, and

hence can be assumed to be zero. All main factors, and fifteen of the twenty-one

2-factor interactions, are confounded with interactions of second order or higher.

Three pairs of 2-factor interactions are confounded with each other as indicated in

Table E.6. The pattern of confounding for the 2-factor interactions is shown in 4
Figure E.1. In order to overcome undesirable confounding of the 2-factor inter-

actions, the factors (sblid flow, liquid flow, etc.) were assigned to the letter

(A, B, C, eic.) in such a way that one of the 2-factor interactions in each of these

three pairs was very likely to be zero. Thus, the assignment of factors to the

letters are as follows

A = resin flow-rate -~
B = s;olution flow-rate '

C = resin particle size

D = weir height

E = fluid—diode lateral displacement

F = downcomer clearance

G = weir length

Referring to the 2-factor confounding pattern, it can be seen that DG (interaction
between weir height and weir length) which might be significant is confounded with
EF (interaction between fluid-diode laterod disp;locement and downcomer clearance)
which is very likely to be negligible in terms of its effect on the overall stage

efficiency of the ion-exchange column.
' (

-
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in normal practice, treatment combinations in the principal block are chosen
for experimental work, Experiments of different treatment combinations of an
experimental design should be ccrriéd out randomly. However, in order to save
time and labour, treatment combinations of the principolAblock were performed in
the order shown in Table E.7. Each day two experimental runs were performed.
These two runs involved the same interncl stage structures in the multistage column,
hence the column was dismantled after every two runs rather than ofter evéry run:
The two experimental runs in each day used a resin pcrlicie size different from the
day before because the exhausted resin required one day's time for regeneration and
w;zshing before it could be.used again. It is claimed that such practical planning is

not against the principle of randomization in statistical experimental designs.




6. EXPERIMENTAL PROCEDURE

6.1 Analytical Techniques

6.1.1 bisplacement of hydrogen ions from resin by sodium chloride solution
3 mi (bulk volume) samples of hydrogen-form resin (~30 +35 mesh) were
equilibroted with 100 ml of sodium chloride solution of concentrations = 0,25, 0.5,
1.0, 2.0 ond 4.0 N. Interparticle water content in the bulk volume of measured
resin was removed by suction in a Buchner fun'nel before the resin was added to the
sodium chloride solution. The calomel and glass electrodes connec'tgd *o the Orion

digital meter were used to follow the change in pH value of the resin and sodium

chloride solution mixture which was agitated by a :;wg;nelic stirrer. .The chur-tlge of
pH value, i.e. hydrogen ion liberated, as a fl)r_tctio_n ‘of time is shown in F.igure B.1.
It can be seen that equilibrium was obtained in 2.5 to 4.0 minutes. The more
-concentrated sodium chloride solutio;\ required less time for equilibfit;'% to be
reached. Hence five minutes of rﬁixing were enough before the mixture could be
titrated for the determination of resin copacity. )

Figure B.2 shows that the hydl;c.;gen ion liberated increases with the initial

sodium jon concentration. - : 7

6.1.2  Concentration of sodium chloride solution for resin sample titration
v - _
Ld

A measured bulk sample volume of -30 +35 mesh hydrogen-form resin was

mixed with a given volume of sodium chloride solution of various concentrations,
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and the chqnuo In p}'I‘vu|uu of .Il\‘ta selution mixture dur‘l.ng Ihn- Hiration with 0.IN
sadiom hydroxide solytion was fo!lowod uﬂnb -t!'m calomel and glass o\’lc’:ctrodmd
connected ;tw-ll\o Orlon digital pH/mV moter. AThn plotiing of the pH valun-m a
function of the volume of titrant midéd ylelds the titration curve. Tha end polnt
of tll.mtlon is at the point of Inflexion. Figure 8.3 shows the Htmrl'on curves for
5 ml (bulk volunn;-) of resln mixed with 100 ml of sodium cl\lorldp solutions of
concentratiom 0.25, 0,10 and 3,0N. Figure 0,4 shows the titration curyes for
3 ml of resin in 100 ml of 4.0 and 5.0 N sodium chlr;\rldn tolution, Tl\ow‘n'xporl-
mental tesults Indicate that the titration end polint ls Indapendent of the concontration _
of sodium chlorido solution-used., 4Q N sodium chlorlde solution wc-nlchot'nn to traat
resin somples in the analysis of roaln cop‘"c‘{clﬂolv.

» 6.1.3  Dotemmination of tosin cupqcily

Thé capacity of rt;’sln Lcm be obtained from the end-point of a ttration curve

as shown 1n Section 6.1.2. A faster way to ablain the resin capacity Is by the
Fishor Altomatic Thirimoter. About 3.0 ml of rasin was tromférmod wl‘th a |0‘ml
pipot into'a |0 mt moasuring cylinder. The packo;i bed VOll;tnio%l rocorded. ‘The -
rosin wos thon rinsed with distl!lod-watorr in a Buchnor fum;nl, and Interparticlo
n_mistu-m contont removed by suction. After the dddltlon of tha rosin to 100 m‘ of
4.0 N sodium chlorido-solution {n a 250 ml beaker, the beaker was placed on a |

. Flexa-Mix and the mixture agitated by o ma'gnoll'c stirror for about five minutoes,

The mixturo was then titrated with 0.1 N sodium hydroxide solution prepared from

concontrated volumetric solution. Thoféhango in pH valuo was followoed by the
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3
calomel/glass electrodes connected to the calibrated automatic titrimeter. The -
titrimeter automatically stopped the titrant flow when the end point was reached.

. . . - A
The resin capacity in meq/ml wet volume wos then calculated as

VchO_H NNQ OH =

resin capacity = (5.1.3.hH

VResin (1-€) _

The accuracy of the analytical results using the Fisher Automatic Titrimeter
. - ) ' ‘ . . *
and the Orion pH/mV digital meter were compatible as had been confirmed

experimentally. In fact, the main source of error in the resin capacity analysis is

] 4
in the measurement of resin sample volume and in reading the titrant volume. “The
. )
accuracy can be improved by measuring the resin sample on a weight basis.

However, the drying of resin sample in an oven is time consuming and this siight

|
|

gain in accuracy is likely to‘be masked by the random errors in other parts 05 the

- /
’
!

mass-transfer experiment. y

a—

é;.l 4 Determination of chloride t;-.oncentration in solution
Chlori;le concenh'o'ﬁpn in a sample so!uﬁ?n was measyred dir;acfly by the
Orion 'digital.pI-I/mV meter with chloride specific ion and double junction reference
electrodes. A relative mV reading was obtained from the digital met;r, and the
chleride concentration read from the calibration curve prepared with standard
sodium chloride solutions.gBefore a series of measurements, the Orion meter was
re-calibrated against the existing calibration curve wir.h a slondcra solution.

It was later discovered that the mV measurement by the electrodes was a

function of the.acidity of the soluion. Figures 8.5 and B.6 show the chonge in



mV reading vith changing hydrogaen=-ion concentration and pH values respectively .,
Each duta point was obtained by pipatting 130 ml of acid salution of the desired
1 B .
hydrogen-ion concentration into a welighed saumple of sodium chloride (10.35 gm for
a 0,046 M solution) and the relative mV reading was taken after thorough mixing .
Sulphuric acid and nitric acid solutions were used fo prepare the solutions. Results
showed Ihat the relative mV measurements were independent of the sulphate and
nifrate anions. Figure B.6 shows that the relative mV reading s constant from a
pH value of 3.5 to at least 7.0. Hence the chloride concentrations in solutions

»

with pH values between 3.5 and 7.0 can still be correctly estimated by direct

T
measurement using the Orion digital pH/mV meter calibrated egeinst @ standard

sodium chloride solution having o pH value in the same range.

6.1.5  Determination of hydrogen-ion concentration in solution
The pH value of an aqueous -so|uﬁon was determined by dircct measurement
. with the Orion digital pH/mV meter using calomel and glcxss-clucfrod.es. The meter
was culibrated cgainst buffer solutions of pH values 7.0 and 4.0 with adjustment /
for sulultion temperature different from 25°C, \\
[t was experimentally confirmed that the pH value measurement by the cclomfl
and glass elec Irod_cs was independentof ihe sodium and=chloride ion concentrations

in the solution.,
\ .
6.1.6  Determination of packed resin bed voidage

The voidages of packed resin beds were found experimentally. The result for
-

all particle-size distributions (-20-+30, -30 +35 and =35 +50 mesh) is 0.33. About



10 ml of resin with interparticle moisture removed by suction were added to gbout

I5 ml of distilled water in a measuring cylinder. The measuring cylinder was
vibrated until the volume of the packed resin bed became constant and the volume
was recorded. The actual volume of resin added was obtained by ;he difference
between the volumes indicated by the first and second water levels in the measuring
cylinder. With the resin bulk volume and och;ul volume, the resin voidage can be

calculated.

6.2 Calibrations

The necessary calibration curves were obtained as discussed below.

6.2.1 Process solution feed rotameter

[y

[}
The calibration curve of the volumetric flow of liquid against the rotameter

reading is shown in Figure B.7. The calibration was performed with tap water at

room temperature.

6.2.2 Resin feed rotameter
The volumetric calibration curve of the resin feed rotameter is shown in

Figure B.8. Water was used for the calibration,

6.2.3 \.Voriuble speed Masterflex tubing pump
The calibration of water volume=flow against the pump-controller's speed
setting is shown in Figuré B.9. The calibration was only a guide to the approximate
pumping rate. The liquid flow-rate changed with the aging of the I/4-ir1ch

(6 .4 mm) tygon tubing in the pump head, and it also.depended on the liquid-head



pressure.,

6.2.4 Resin feed
The _colibrotion curves of the resin volume flow-rate versus the resin-feed
rotameter reading for the three different resin particle-size distributions (-20 +30,
-30+35 and -35+50 mesh).are shown in Figure B.10. The actual resin volume-~
flow was considered in the calibration curves . The volume ffow of resin at each
rotameter reading is higher for smaller particles, i.e. fraction of water in the resin
feed is less, F'igurf; B.Il. shows the change in the volume fraction of the resin jn the

total flow as a function of the rotameter reading. The curves indicate that ot high

tolal flow-rates the volume fraction of resin in the feed becomes constant.

6.2.5 Water in resin feed

.
N

The calibration curves of water flow in the resin feed for the three different
resin particle-size distributions are shown in Figure B.12. For the same total
volume-flow (water and resin) the volume fraction of water is higher in the resin

1lfcéd of larger particle-size distribution.
..\ ‘.\‘l N

6 :2\.\.6 ! C\hloride-ion concenlration
The calibration of chloride-ion concentration versus the electrode potential
reading (mV) of the Orion digital pH/mV meter with chloride specific ion and
double junction reference electrodes is shown in Figure B.13. Sodium chloride
solutions of concentrations 0.1, 0.08, 0.06, 0.04 and 0.02 N were prepared with

distilled water. The electrode potentials were then measured with the digital meter.

B



The logarithmic value of the chloride-ion concentration was plotted against the
corresponding mV reading as shown. Subsequent measurement of chloride~ion

concentration was obtained by reference to the calibration curve, justified only

for solutions having a pH value between 3.5 and 7.0.
A

6.3 Resin Drying

The resin drying column is shown in Figure A.20. About | litre of resin was
poured into the column at the top and then air was turned on at a moderate flow-rate
r‘lto dry the resin, Each batch of resin .required about twenty hours to becon@ fres

flowing. The free flowing resin was removed at the bottom outlet after disconnecting

the air hose.

6.4 Resin Size Screening

The Dowex-50W-x8 hydrogen-form resin had a wet size-distribution of
-20+50 mesh. Batches of 500 ml air~dried resin was placed on a column of sieves
with 20, 30, 35 and 50 mesh screens and was vibrated by an electric sieve—shaker.
Each batch of resin required about three hours for a reasonable separation into
size-distributions: -20+30, -30+35 and -35+50 mesh,

After screening the resin was re-hydrated with concentrated hydrochloric acid
as a precaution against resin-cracking during hydmric;n. The resin and acid mixture
was then diluted gradually with distilled water so that the resin could swell slowly

without cracking up.



6.5  Resin Regeneration

Figure B.14 shows the change in resin capacity during regeneration by 10%
(by weight) h}drochloric acid. The resin bed was about 40 inches (1.0 m) deep.
This regeneration represanted the elution by three bottles of 6 Ib. hydrochloric
acid {37%) diluted to 10%. The acid flow-rate was 10.0 mi/sec. The elution
curve indicates that 12 Ib. of concentrated acid can odequately regenerate the
col‘umn of resin completely when a lower elution flé;w-mte is used, A; a precaution,
2.5 gallons (9.5 litre) of spent acid at the end of one regeneration run were used
before the 5 gullo—ns (18.9 litre) of fresh 10% ocid. . ' ' ’
The resin-regeneration system is shown in Figure A.2l. Distilled water was
pumped into the exhausted-resin bottle (B,), at an initial rate of about 4.0 ml/sec

!

and gradually increased to 10.0 ml/sec when a smooth resin flow was obtained from

the bottle, through the l/4-in<:h (6.4 mm) tubing and into the regeneration column.
While the column was being Filled,rq. slow flow of distilled water was pumped
through the column to keep tHe resin bed loose for the regeneration acid flow later.
When all the resin was transferred to the column, the pump (P2) was turned off and
the pressure in the bottle released. Recycled o‘c‘id in bottle B5 was pumped through
the column of res!in at about 4.0 ml/éec . Then the 5 gallons (18.9 litre) of fresh
109 hydrochloric acid was pumped through the resin at the same flow rate. When
approximately 2.5 gallons (9.5 litre) of fres_H acid was left in bottle 86' the liquid
effluent from the regeneration column was switched over from the drcin to the

recycle-acid bottle. The 2.5 gallons (9.5 litre) of acid collected was used for the

next regeneration run.
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During the regeneration cycle, the acid feed was occasionally increased to
Q
about 11 .0 ml/sec to mix the resin bed in.order to obtain a homogeneous

regeneration.

6.6 Resin Washing

4

Resin washing was performed in the regeneration column as shown.in Figure
A2l
- A resin bed, 40 inches (1.0 m) deep, required a wash time in the order of
12 hox;rs at a distilled water flow-rate of 10 ml/sec as shown in Figure B.!5. About
two hours were required to wosH out the acid in the bed void and then ten hours
to remove the acid inside the resin particles. An increase in water flow satisfactorily
reduced the time of displacing the acid from Ihf? bed void but did not help much in
reducing the woshir;g time in the diffusion stage.
During the washing cycle, the acid bottles were isolated by clos.ing valves
V22 and V23. Then valve V3| was opened ond distilled water in the storage tank
(T3} was pumpe.d through the bed of resin. Washing was stopped when the liquid
effluent had o pH value of about 5.2 |
To obtain an effluent pH value of 7.0 was not Found possible. This may be
duc to the fact that Dowex-50W-x8 ion-exchange resin is strongly acidic and whose

dissociation thus causes the wash effluent to remain slightly acidic.

6.7 Factors' Levels for the Fractional Factorial Experimental Design

The two levels for each factor {dimensions of geometrical structures on each

tray and the resin particle-size distribution) for the fractional factorial experimental



design are listed below .
resin particle size: =20430, and ~35+50 mesh
weir length: 3.380 and 3.970 inches (8.59 and 10.08 cm)
weir height: 1.0 and 2.0 inches (2.54 and 5.08 cm)
fluid-diode lateral displacement: 1/20 and 3/20 inche '(I .27 and 3.8 mm)

downcomer clearance: 1.0 and 1.50 inches (2.54 and 3.8l cm).

The two levels for the solid and liquid flows had to be ;hosen such that the
continuous countercurrent ion-exchange column was operable under the various
treatment com{bina Hons.

To observe the operability of the column under various treatment combinations,
the modified ion-exchange column system, discuss;:d in Section 4.1.2, was used,
Observations of the solid and liquid interaction in Sections |, 2 and 6 were enough
for the preser;t study .

It was believed that the downcomer clearance would not affect the solid-
liquid interaction extensively. Hence, the present study used only one level of
downcamer cleclmnce,l .0 inch (2.54 em),so as to reduce the number of experimental
runs by one-half.

Various combinations of the two levels of the factors (weir height, weir length
and fluid-diode lateral displacement) were installed on the trays of the column.

For each structural combination, the ion-exchange column operation was started as
discussed in Section 6‘:9, with disti!led water as the feed liquid. The "perfeéﬂy"

operable ranges of liquid flow-rate were observed at resin flow-rates of 0.6 ond
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2.25 ml/sec. The column is considered "ﬁerfectly" operable when the resin bed i
evenly fluidized and the resin flow through the downcomer is not cyclic. These
observations were made for both resin particle-size distributions (-26+30 and
-35+50 mesh), gn’d the results are tabulated in Tables B.] and Bi2. The operable
ranges of the liquid flow-rates for the two tabulations are clearly displayed in
Figure B.17. An extremely narrow range of liquid flow=rate around 53.0 ml/sec is
operable for all the treatment combinations with the resin flow=rates at either 0.6
or 2.25 ml/sec.

A study of Figure B.17 s;hows that the operable range of quuid flow can be
increased by trying to reduce the lower limit of operability of the runs with lorge
resin' size~distribution (~20+30 mesh) and to raise the upper limit of 0perqbilirf of
the runs with small resin size~distribution (~35+50 mesh).

The upper limit of operable liquid flow-rate for the runs with the small size

resin can be raised by using resin of ~30 +50 mesh size—diirribufiop instead. A
decrease in solid feed-rate also helps. Hence overfluidization for operations with
the 1ow size-level of resin will occur only at a higher iiquid flow-rate. The
decrease in resin flow-rate also reduces the lower limit of the liquid flow-rate
below which flooding of downcomer will occur. Hence for the two level experi~
mental design the levels of particles size were chosen at ~20+30 and -30+35 mesh
and solid flow-rates at 0.84 and 1.6 m!/sec. The operable range of liquid flow-
rate was bro;dened and its levels for the experimental design were chosen to be
40.0 and 79.2 mI/s-ec. The difference between these two levels of liquid flow-rate

/,

was sufficient for the factorial experimental design.
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6.8 Operational Performance of the lon-Exchange Column

The equipment set up for the operational performance study was similar to
that for Section 6.7. Various weir sgapes (straight, eylindrical and cor;ical), weir
heights and fluid-diode lateral displacements were installed in the three sections
(I, 2 and 6) of the ion-exchange column. The column was started as discussed in
Section 6.9, but di:ﬂled water was used os the feed liquid. At a given resin flow-
rate, the operot‘ional behaviour in terms of fluidization, flooding and the continujty
of resin downflow in each stage was noted as the liquid flow-rate was gradually
decreased such that the resin bed changed from the state of over-fluidization to the
state of flooding of the feed stage through sluggish resin movement. Near incipient
fiuidization, the column operation became unstoble and a quick decrease in |i_ciuid

flow would cause premature flooding of the feed stage.

6.9 Mass-Transfer Experiment

The mass~transfer experiment to determine the overall stage efficiency of o
particular column operation was performed by the equipment as shown in Figure A.6.

A weighed quantity of sodium chloride was added to the two storage tanks
(Ty, T2) of distilled water. Val ?y\ﬁ and V7 were opened while V3 and V4 were
closed. The solution was then mixed by pumping in a closed toop. After two hours
of mixing, the chloride concentration in the two tanks was measured with the Orion
digital pH/mV meter using the chloride specific ion and double iunction- reference
electrodes. Exira sodium chloride was added when required. Four or five hours of

mixing were nommally required before the 90 gallons (340 litre) of sodium chloride
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solution became homogeneous.

The temperature of the feed solution was raised above room temperature by
the heating coil so as to liberate some of the dissolved oir. The thermostat was set
at the desired temperature, and the on-off control was turned on. The hot water
coil raised the solution in the tanks to the desired temperature, and maintained it
at the set temperature. The heating ensured the avoidance of air bubbles being
liberated when the solution was rising through the column. Bubbles krapped under
the screen of each stage would have affected the liquid distribution. |

During start-up all the I/4-inch ({).4 mﬁ) drain holes and vent holes except
V1 were closed by spring clamps on the connecting I/«4-inch (6.4 mm) tygon

tubing. Valve V2 was closed and valves V3 and V4 opened, and feed solution was

pumped into the column at about 3.0 ml/sec. A slow liquid flow wos needed to
avoid trapping air bubbles under the liquid distributors and screens. When the
column was filled to section 6, the solution overflowed into the downcomer area
and into section 9. Valves Vg and V|g were opened so that the resin bottle 8
was also filled. When the bottle was filled, valve V|g was closed. When section 9
was filled, valve Vg wos closed. While section 9 was being filled, the ccvfty at
the end of the sampler’s plunger was turned upward so that air bubbles would not be
trapped in the cavity. Gradually the entiré col"umn was filled and the solution
overflowed into the trough and to the cyclone. Since there was no air vent in the
resin collector, B3, the cyclone and the bottle were d-isconnected to release the air
- while the bottle was being filled. Then solution feed to the column was shut off -

until the resin-feed system was ready. Valve V4 was closed and valve V3 opened
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to recycle the feed solution.

The resin-feed system was started up by opening valves Vgr V7, Vg and Vi2
while closing valves V||, Vi3 and V4. The Masterflex tubing pump, Py, was
activated and distilled water was pumped from storage tank, 'I:3, to the resinfeed
bottle {(Bo). When all the air was displaced through the air vent, valve Vg was
closed and valve V|j wos\Opened. The resin feed-rate to the column was then
adjusted by the needle vﬁlves Vg and V7.

Before the sampler could be used, the sample CO“ECl.’Of was filled with
distilled water by activating pump P3. When all the air wos displaced and the

pump was turned off, valves V|7, Vig and Vg were closed. This procedure

prevented the introduction of air into section 9 of the column during sampling.

The mass-transfer experiment was then ready to be started. The desired resin
and process solution feed-rates were set and the continuous countercurrent operation
usually would start automatically. When a run involved a low liqgid-FI;w (e.g.

40 ml/sec) and a high solid-feed (e.g. 1.6 m!/sec) floo'ding‘ of the feed stage would
occur during start-up. Hence a higher liquid flow-rate had to be used and gradually
reduced to the desired flow after a continuous and smooth resin flow was obtained
down the whale column.

When steady state was reached, four 100 m! samples of process feed solution
were taken at the recycle outlet. Four samples of liquid effluent were collected
at the outlet of the cyclone. The assurance of steady state could be obtained by
checking the pH value of the liquid effluent from the column. Figure 8.16 shows

the change in pH value of the liquid effluent for a typical run. Steady state was
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obtained in about 10 minutes from start-up. Resin elFFIuent was sampled at section 9.
Resin was drawn into the sample collector for two or three times. The plunger was
moved slowly to avoid disturbances to the resin downflow. The sampler cup was
unscrewed and resin transferred to 1000 ml of distilled water. The resin sample

was washed, by two litres of distilled water in a Buchner funnel. The sample was
then stored in 200 m! of distilled water. About 20 ml of resin from the feed bottle
was also collected at the feed line forathe analysis of initial resin capacity. Ench

fresh and exhausted resin sample was enough for four chemical analyses.




7. DATA REDUCTION

/0 Mass=Transfer Experimeont -

For cach mass=transfer experimental run, the results from the chumical .

~analysas were used to ovaluate the mass-trapsfor porformance of the fon-exchange

’

operation. A computer program was written in Fortran IV to perform the computa-
tion. The program was procussed by the CDC 6400 Computer at McMastar

Univorsity ..

~— The overall stage officiency, the volumetric officloncy a3 wall as ather

T -

\

oxporimoental ¢ i wore calculated, a3 ancos on rogon
[ tal conditions and results lculated. Mass bal hydrog

ion and chloride basus wero chocked. The socond half of the computer program

P

pe oq-rqmnmci the Benson=Lehner plottor to,.[-)“Jot the o‘quilib;ism diagram for oach
experimental run~., The equilibrium diagram showed the anu!ysis operating line and
also the flow operating lina if the difforenco betwoen the slopes of the two operating
IiJm:s was greator than the tolerance set in the computer program. The stepping off of
the thearetical stages was Included. ©

The general flow chart of the Emputer program is shown in Figure G.l. A

sample computer output and the p“n"Ogrom listing are shown in Appendix G.

7.2 Fractional Factorial Ekpnrimonm! Design

S

- A goneral computer program was written in Fortran 1V to porform the analysis

54
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of variance for fro;:rional factorial experimentql designs. The program wa‘é\divic\ied
into three functional parts. The pass number in the data deck controlled the section
of the program to be used. ‘The following fesults were obfained in the computer
output when appropriate pass number and data were supplied in the data deck
Pass I+ . Yates* Analysis, ond obsolute average effects listed in
" ascending order '

Pass 2:  Those of Pass | and standardized absolute average offects
listed in ascending order '

Pass 3:  Those of Pass 2 and cmclys.is of variance table.

The general flow chart of tha computer program is shown in Figure H.l1. A

sample computer output and the computer program listing arc shown in Appendix H.



8. RESULTS AND DISCUSSION

8.l Fluid Diodes as Downcomers

8.1.1 Effects of the fluid-diode designs on resin flow

-Thc three fluid-diode shapes shown in Figure A.5 were installod as separate
downcomers in the multistage ic;n-exchcnge column. The qualitative operational
offccts of the three different fluid-diode shapes (A, B and C) on the resin flow were
observed. The comparisons were performed at zero fluid-diode lateral displacement
for the downcomer in each stage and avith the 3.78-inch (9.6 cm).srr'oighr weirs.

In the present study the fluid-diode lateral displacement was defined as the distance
between the cusp end poinks of the two opposing fluidic elements when observed
lengthwise.

A qualitative comparison shows that fluid-diode types A and B give less
resistance to resin flow than type C and hence resin flows fostesthrough thes.e down-
comers, The smaller resistance to resin flow enables a column to handle a higher
resin feed-rate before the flooding of the feed stoge occurs.

However, at o lpw resin flow-rate, operations with these Fluid—diode shapes
(A and B) are more si/s’ceprible to cyclic flow of resin, i.e. alternating solid-flow
down and liquid-bypass up the downcomers. This is because the resin goes down
the downcomer so fost that there is nrot enough resin to mointain an equilibrium

" resin-head in the downcomer ares against the upward flow of liquid. Hence liquid

- bypasses up the downcomer, The resin then occumulates in the downcomer area to

56
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such a height that the resin downflow can be initiated again.

The downcomers with fluid-diode shape C offer higher resistance to the
liquid flow and hence require a lower solid-head to initiate resin flow and also a
lower equilibrium resin-head to maintain a continuous downflow of resin. A higher
resistance o resin flow in the downcomer also means a slower rosponse of the ¢olumn
to any chunge_ in resin or liquid flows ir; re-establishing steady state operation.

A cohﬂpc:rison between types A and B also i@icates'thct_ the extended cusp
ends of the former offer higher resistance to liquid flow and hence require o lower
resin—hcad to initiate '\r}sin flow c;nd to maintain a continuous downflow of resin.

Downcomers of different fluid—-diode shapes have different ranges of

operability in terms of ;ho resin and liquid flow—fotes. A change in liquid flow-
rate changes the voidage of the fluidized bed, the pressu.ra-drop.ocross the fluidized
bed and hence the pressure drop across the fluid—diocie'downcomer. | The operable
rongc“;)F the column would be smaller if the Fluid-diode downcomers installed in

- .. i
the column are more pressure sensitive,

8.1.2 Effects of fluid-diode lateral displacement on resin flow
Experimental runs were performed with the 3.78-inch (9.6 cm} straight welrs
and using type B fluid—diode downcomer. The quid-aiode lateral displacement was
varied between /32 and 3/32 inch (0.79 and 2.38 mm).
| For a given liquid flow-rate, a decrease in fluid—diode lateral displacement
reduces !hé resin-head required to initiate the downflow of resin-in the downcomer,

and also the equilibrium resin-head required to maintain a continuous flow of resin.
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A larger fluid-diode lateral displacement such as 3/32 inch (2.38 mm) not only
increases the resin-head requirement. but also causes cyclic flow of resin from
stage to stage. Increasing the resin feed-rate will reduce the frequency of intar-
mittent resin flow until the maximum solid handling capacity is mochﬁ?

The effect of fluid—diode lateral displacement on the resin flow can be
qualitatively explained by considering the balance of forces acting on the bulk of
resin in ond immediotely above the downcomer. When the resin flow in the fivid-
diode is fully developed, the forces acting on the resin are the weight of the solid

resin (mg), the buoyancy force {f,): pressure force across‘ the fluid-diode downcomer

{{pp=P)A), ond the fluid-diode's force of resistance to the downward flow of resin

(Rl) . Hence,

Fzmg..fb..((Pz.pl)A)_Rl | (8.1.2.1)
where pl- ond p, are the hydraulic pressures ot the entrance and exit of the fluid-
diode downcomer respectively, and A is the crea of the opsnings at the ends of the
 downcomer. An increase in fluid—diode lateral displocement increases the hydraulic
pressure force ((pz—pl) A} across the fluid-diode downcomer but decreases the fluid-
diode's resistance (R)) to resin flc;w. Apparently, the increase in pressure force Is
higher than :he reduction in fluid—diode resi‘s.tonce ond hence, os observed, a higher

i :
resin~head (mg) is required to maintain a continuous resin flow.
Similarly, a force balance can be written at the moment of impendipg resin

downflow
(mg - ) = (py=p)) A-Ry (8.1.2.2)
~ where Ry is the fluid-diode's force of resistance to the bypassing flow of liquid and mg

the resin-head required to initiote resin flow. An increcse in fluid-diode lateral displace-
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ment increases the pressure force but reduces Ry, sresulting in a higher resin-head

for the initiation of rosin flow.

.2 Opecrational Performance of the lon-Exchange Column
2.1 Effects of resin and liquid flow-rates |

Figure C.| shows the performance of the cddumn under various combinations of-
resin and liquid .flow-rqtc;s. Each sgt:ge has a straight weir and the dimensions of the
stage structures are included in the diagram.

The performance diagram can be divided into six rcgior”ms. in all the regions,
except the one to the left of the dotted line and labelled "liquid bypassing", resin

flows through the downcomers are continuous and the rates are constant, .at least

visually. At the centre is the region of "perfect” operation. In this.rcgion the
resin bed in cach stage is fluidized completely and smoothly (i.e. homogeneous).
In the fluidization area the height of the fluidized resin-bed is slightly higher than
the weir height and the resin in the fluidization area overflows smoothly into the
downcomer area. In this region above {labelled "over-fluidization of fines"), the
cesin particles experience a high superficial liquid velocity. The terminal velocity
is rcached for the smaller resin particles at one end of the size distribution and also
for the cracked resin picces. The fine particles float above the ;iuidizcd bed and
even stay on the lower surface of the screen above. In -ihis region, the column is
perfectly operable. A further increase in liquid superficial velocity over-fluidizes
the majority of the rcsir; particles. The fluidized-bed height becomes equal to the

stage spacing and flooding occurs. The bdundcries, AB and CD, curve down as

Fs- 0

the vesin flow-rate is increased since, at the high resin flow-rates, the fluidized
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bed is churned up by the strong transverse flow of resin. The momentum transfer
causes the resin bed to become over-fluidized at o lower superficial liquid velocity.

Whgﬁ the superficial liquid velocity is lowered bel%w the region of "perfect”
operation, the resin bed in each stage becomes partly fluidized due to channeling.
Further reduction in liquid flow-rate causes sluggish resin movement across the
fluidization area and also down the fluid-diode downcomer which has become filled
wit~h resin by then. Finally the feed stage is flooded because the resin feed-rate is
higher than the flow-rate of resin down the column. The boundary for flooding (EF)

goes up as the resin feed-rate is increased, because tha higher the resin feed-rate

the sooner the resin downfiow fails to cope with the input feed.

Cyclic Flow of resin in the fluid-diode downcomers occurs left of the dotted
line. The resin flow is still continuous and some liquid-bypassing is obvious. For
a given resin feed-rate (e.g. 0.4 ml/scc), liquid-bypassing occurs ct some
intermediate range of superficial liquid velocity (0.7 to 1.6 cm/sec). This must be
the region that the fluid-diode downcomer experiences the highest pressure drop, as
the superficiol velci:ity is in;_rc;ased the fluidized-bed's \..roidoge increases and hence
the resin hold-up dccrcoscs,;resulﬁng in a decrease in the pressure drop across the
fluidized bed. Near the in;:ipieni fluidization velocity channeling occurs in the
resin bed, causing a decrease in the pressure drop across the bed. " Channeling
frequently occurs at incipient fluidization when screens are used as liquid
distributors (50). Liquid-bypassing does not occur at higher resin flow-rates
because the plentiful supply of resin i; sufficient to maintain cm equilibrium resin-

head in the downcomer area to c0unieroct the unfavourably high pressure drop.
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8.2.2 Effects of resin particle-size distribution
‘Thc performanco of the ion-exchange column with the same stage sat-up as
discussed in Section 8.2.1, but operated with =20 +30 mosh resin, ‘is shown in -
Figure C.2. The basic porformance pattern is the same as in Figure C.1. -
The region for over-fluidization is missing because the terminal velocity of
these larger resin particles is higher. The large particlo-size and hence the
* reluctanco to mobilize increases the arcas of the partial mobilization and flooding
regions. The larger particle-size distribution also gilvos a smaller fluidized-bed
voidage and o larger resin holdup resulting in a higher pressure drop across the

resin bed. The increase in pressure drop is the reason for the larger region of

liquid-bypassing in tho performance diagram.

8.2.3 Effects of fluid-diode lateral displacement .

The performance diagram for the column operation in Section 8.2.1 with the
fluid-diode lateral displacemant increased to 3/20 inch (3.8] mm) is shown iﬁ
Figure C.3. The result is an increase in the regime of liquid-bypassing up the
downcomers and can be exploined by the some principles discussed in Section 8.1.2.
The region of partial mobilization is extonded to the right and its boundary meets

- the flosding line otghigher resin feed-rate. The increcsc' in fluid-di.ode lateral
disélaccmcnt lowers the flll:id-diode rosistance to resin flow. Hence the resin flow
in the downcomer is less sluggish even at a low superficial liquid velocity and the
column can cope with a higher resin flow-rate before the flooding of feed stage

~ takes place.,
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8.2.4 Effects of weir height

The performance diagram of the column operation of Section 8.2.] but with

I-inch (2.54 cm) height for the weirs is shown in Figure C.4. The basic pattern is
the same as in Figure C.l. This shallower fluidized-bed means a lower pressurc -
drop across tho tray and hence no apparent liquid-bypassing in the downcomer.

The region of partial mobilization is more dominant due to the poor liquid distribu-
tion in a shallow bed and hence serious channeling. A lower weir height also
means a shorter downcomer seal, Hence the resin flow out of the downcomer is less
resiricted and flooding becomes inda;endent of the resin feed-rate, Flooding of
the feed stage occurs at a very low superficiol velocity which is close to the

minimum fluidization velocity. .

Figure C.5 shows the performance diagram of the column when the fluid-diode
lateral displacement is also changed. The fluid-diode lateral displacement is
increased to 3720 inch (3.8] mm). The performance dioglrc:m is the same as that in
Figure Cf.d except for the extra region of intermittent 'rosin flow (in the downcomers).

The intermittent rosin flow is partly due to liquid-bypassing, and partly due to some

stagnant resin particles, blocking the downcomer's exit.

8.2.5 Effects of conical weir
The performance of the column with conical weirs of diameters 1,28 inches

(3.25 cm) and heights 2 inches (5.08 cm) is shown in Figure C.6. The other

structural parameters of the tray are os shown in the diagram.

e

The performance diagram can-be divided into six regions similar to those for



“straight weir operations. However, the arca of the region for "7pcrfect" column
opecration is reduced due to excessive fluidization at a lower, and partial
mobilization at a higher, superficial liquid velocity, The lowering of. the upper
boundary may be caused by the interaction between the diverging shape of the
conical weir and the vpward liquid flow. The liquid go}ng up the side of the
conical weir deflects resin particlos away from the downcomer area. Hence flooding
(i.e. fluidized-bed height equals stoge spacing) occurs at a slightly lower super-
ficial liquid vc‘locity when compared to the operation with straight weirs. The
interaction between the conical weir and the inside column wall may also have
caused the occurrence of partial mobilization of the resin bed at o higher super-

ficial liquid velocity. The conical weir is situated neor the column wall as shown

in Figure A.16. The transverse flow of resin from the downcomer side to the wair
sidé of the tray results in some stagnant !-ésin areas on the sides of the weir away
from the downcomer (orccs-lobelléd‘"'A" in Figuro A.16). These stagnant resin areas
become do.-ni.ncmt os the superficial liquid velocity is lowered.

The patterns of liquid-bypassing and the flooding of tho feed stage are
similar to column operations with straight weirs.,

Figure C.7 is the performance diagram of the column with o conical weir of
smaller diameter, [.03 inches {2.62 cm), but of the same weir heiglhf. Figures C.6
and C.7 are s.imilc:r: The upper limit of superf.icial liquid velocity for "perfect”
operation is about the same for both sizes of conical weirs. The larger orea of
partial mobilization for the operation with smaller conical weir moy be due to

larger stognant areas at the weir and due to the lower effective fluidization super~
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ficial velocity experienced by the resin as can be understood from the difference
in srcepncss\ of the side walls of the two sizes of conical weirs.

The effecks of resin particle size, fluid-diode l\crfero| displacement and weir
height on the performance of the column operating with conical weirs are shown in
Figures C.8, C.9, C.10 and C.Il in Appendix C. The performance patterns of
these operations can be explained as in the corresponding straight weir opcrc.:Iion: .
The regions of liquid=bypassing for the conical weir operations occur at a lower
resin fced-rate than those for the straight weir operations. This is certainly due to
the elimination of dead downcomer arecas inside the conical weirs. Hence the

solid head of resin can by more efficiently maintained by the fluidized resin particles

overflowing over the weir and into the downcomers.

.2.6 Effects of cylindrical weir

The. performance diagram of the column operation with cylir}dfic‘ol welrs is
shown in Figure C.12. The basic pattern of the performance is similar to that for
straight and conical weir operations. The upper boundary of "perfect” operation
is slightly higher than that for the corresponding conical weir operation. This is
due to the smoother pattern of\liquid—ﬂow around the vertical outside wall of the
cylindrical weir. The existence of large deod resin area between the cylindrical
weir and the inside column wall (areos labelled "A" in Figure A.17) is the reason
for the large region of partial mobilization at lower superficial liquid velocity.

The inner sloping wall of the cylindrical weir eliminates dead downcomer

arcas and hence liquid-bypassing occurs only ot a very low resin flow-rate.

.
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Figure C.13 is the performance diagram for the column operation with the

cylindrical weirs using -20 +30 mesh resin,

8.3 Fractional Factorial Experimental Design
~ N

—

The 32 treatment combinations were performed for the l/4-rcp|icute factorial
‘cxpcrimcntul design for 7 factors at 2 levels. The experimentc! runs which had
moss—-balance discrepancies in hydrogen ion greater than 6.5% or an initial
sodium ion concentration deviation greater than 0.0035 N were repeated, A positive
mass-balance discrepancy was likely due to errors in the sampling of resin ond

liquid effluents before the steady state was reached. The level of the initial

sodium ion concentration in all treatment combinations was chosen to be 0,06 N.
The results of the mass-transfer experiments were processed by the computer
program discussed in Section 7.2. The yield of the experimental design is the

overall stage efficiency ‘oF the countercurrent ion-exchange operation. The ong|<s|s
of variance on the average effects shows that out of the seven main factors and
twenty~-one 2-factor interactions the following are significant:
Main effects: resin flow-rate
liquid flow-rate
weir length
weir height
interactions:. liquid flow-rate and weir length

]
solid flow-rate and weir length . j

weir height and weir length.
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The onalysis of variance toable in Table E.8 of Appendix E shows that thesé_moin
effects ond interactions are significant at the 95.0% and 99.0% levels of
‘confidence . The other main fcctors (resin particle size, fluid-diode lateral
displacement and downcomer clearance) and other interactions are not considered
to be significant in affecting the overall stage efficiency of the Ion-éxchonge
column becoﬁse their effects are not as large as those due to raridom experimental
errors,

The use of half-normal and standardized half-normal plots confirmed the

above results as shown in Figures E.2 and E.3.
ki

A Effects of the Main Factors and the Significant Interactions on the Mass- -

Transfer Performance

4.1 Resin feed-rate

The resin flow-rate is sigriifi‘cant in determining the overall stoge efficiency
of the ion-exchange operation. As shown in Figure B.ch-:, the increase in resin
flow-rate normpllfr reduces the overall stage efficieni:y. Figure B.19 shows the
cquilibrium diagram (with operating lines) of the experimental runs.

The faster the resin travels through-a stage of the column, the shorter is its
" contact time with the flow of process solutien. Hence the degree of approach
towards thermodynamic equilibrium is less. The decrease in solid mixing in'each
stage as the solid feed-rate is increased also accounts for some decrease in the /./f

overall stage efficiency. The decrease in contoct time decreases the transfer of

sodium ion to each resin particle. The mole fraction of sodium in the exit resin is
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thus reduced as shown in Figure B.|_8b. However, the increose}mrrésin feed-rate
increases the ov%oll rate of counter-ions (N0‘+ and H") exchanged in the contactor
between the solution and resin phases as shown irn Figure B.18d. Heﬁce the mole
fraction of sodium ion in the liquid phase decreases as shown in Figure B.18¢c.
Under the present experimental conditions (Rep =10.0), both ‘b‘e solid and
liquid sides play a significant role in the ion-exchange kinetics. In the multistage
ion-exchange column, the steod/y state compositions of the resin and solution
phases in each stage vary as the resin feed-rate is increased. Examination of
Figures B.18b and B.18 ¢ shows that the hydrogen-ion content both in the resin and

the liquid phases increases with the increase in resin feed-rate. Hence mass-

I

transfer coefficients in both the solid and liquid sides decrease as the resin feed-

rate incréascs. This increase in overall mass-transfer resistance also causes the
decrease in overall stage efficiency as the resin fe;ed-rcte is increosed .

When the ion—exch'cnge operation is conceirqed with the extraction’of ions
(No+) from a solution (NaCl), Figur.e B.I8 e shows that it is not economical to
increase the extraction yield beyc.;nd 65% by increasing the resin feed-rate. When
the opercvtion is concerned with.the extraction of material (H+) from the resin
particles, Figure B.I8F shows that the fraction of ions extracted from th(i resin

decreases as the resin feed-rate is increased. Figure B.18¢ is equivalent to

Figure 8.18d and Figure B.I8f to Figure B.18b.
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8.4.2 Process solution flow-rate .
. The process solution flow-rate is significcnt.in determining the overall stage
efficiency. Flgure -B.200 shows that the overall stage efficiency decreases as the
process solution feed-rate increases. Figure B.2l shows the equilibrium diagram
(with operating lines) of these experimental runs.

It has been shown-lhut the: inclreose in mass~transfer rate by increasing the
liquid flow in fluidized-bed mass-transfer is nullified by the increase in bed voiduge.
{46). However, in the present operation of a multistage fluidized-bed column the

#

increase in voidage also results in a decrease in resin holdup in each stage and
. o

‘hence a decrease in rasin residence time in the column. For a givep resin feed-
9 n .

" fate, the increase in liquid flow-rate also decreases the contact time of o given

volume of process solution with the resin. On the other hand, the incredse in liquid
- _ .
flow improves the resin mixing in each stage. Apparently the degree of approach

to chemical equilibrium is reduced due to the more significant effect of decreasing

the resin and liquid contact time.

e

. The increase in solution flow-rate results in an increase in the mole fraction
of sodium in the resin phase, as.shown in Figure B.20b, because each volume of

resin is exposed to more sodium-ion contact. Hence the higher flow-rate of sodium

L

ion compensates for more than the decrease in the residence time of the resin.

For the soluﬁo#ﬁhase, the decrease in residence time of the solutionreduces

the' transfer of sodium ion from the solution per unit volume as shown in Figure B.20c. .

~

However, the overall rate of ion-exchange is increased as the solution flow is

‘:.‘-"‘

increased as shown in'Figure ‘Bt‘éOd. The mass-transfer coefficients in the solid



and liquid sides increase when the liquid flow-rate increases because of the
corresponding decrease in hydrogen—~ion mole fractions in both phases.

When the ion-exchange process is designed for the extraction of ion (Na'F)

from solution, Figure B.20 ¢ shows that the increase in solution flow only reduces

the fraction of ions romoved. Howaever, when the extraction of ion (H'+) from the

resin is of concern, the increase in solution flow does increase the fraction of ions

removed from the resin as shown in Figure B.20F,

8.4.3 Woir height -

The weir height is a significant factor in affecting the overall stage efficioncy.

Figure B.22a shows that the overall srcée efficiency increases as the weir height is
increased from 0.5 to 2.0 inches {I.27 to 5.08 em). The equilibrium diagram
showing the changes in the o;‘)erqring line with the chcmg;as in weir height is shown
in Figure B.23. | -

For given resin and process solution flowerates, the increase in wgir hcig_l;ﬂ
in;c.r.c;'c'is'es the restr-holdup in each stage. Thus 'the resin residence time in the column

A Y

i increased. Thehmole froction‘Q\F so_diu-rn ion in the resin effluent is increased and
consequently the mole fraction of s;zndium ion in the |iqui§ pfFl_uent is decreased us
shown in Figures B.22b and B.22¢, respectively. With the increase in weir height,
the compositions in the resin and liquid phases change in the direction of incrcqsing\
the solid-side muss-—transfgsr coefficient and dcc':rlelcsing the liquid-film mass-tran;fcr

coefficient, respectively.

) [ . ! i
The increasing lack of ideal solid mixing with the increase in weir height
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apparently does not seem to override the other factors in reducing the overall stagoe
cfficiency.

Figure B.22d sh;)ws that as the woir height is increased the ovorall rate of
ion-exchange increases and again can be explained by the longer residenco time of
the resin in the _contoctbr. Figuro B.22d also indicates that the increase in the
overall rate of ion~axchange approaches a constant value as tho wair hoight is
increased, Hence thore is a maximum weir height beyond which the overall rate
of ion-¢xchange doos not increase significantly.

- The Fr?chion of sodium Ton .udsorbcd F'%ogl. the solution by the resin flow and

the fraction of hydrogen ion extracted from the resin by the liquid flow follow the

same trend as the overall rate of ion-exchange when the weir height is-increased.

~

These are shown in Figures B,22 e and B,22f.

8.4.4 Weir length a . '

The straight weir length is a significant factor in affecting the overall stage -
_cfficiency. Figures B.24a, B.25a, and B.26a show that for a given resin foed-
rate, liquid flow-rate and weir height, re'specﬁve_iy, the overcll_stqge officiency
of the ion-exchange column increases with a decroase in the length of the straight
weir.  In the present tray design, the decrease in the length of tho straight weir
corresponds to an increase in fluidization crcla.. Thc.: increase in fluidization orea
corresponds to an increase’in resin holAd‘up cna hence an increase in resin residence

time. For a given liquid flow-rate, the increase in fluidization orea olso decreases

the fluidization superficial velocity and hence a further increase in resin holdup due

-~ 3 ' \
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to a decrease in fluidized=bod voldage. On the othor hand, the decroase in
superficial liquid volocity causes an incroase In the Hauid=fllm mass-transfor
resistanco,  Apparontly, tho oxporimental results of the proscn;‘sludy'Indlccfu that
the effect on the ovorall stago officiuﬁcy dué to rasin holdup Is daniﬁcnt ovur that
due to increasing liquid=film mass=transfer rosistanco.

Since the changa in woir longth affects the procoss officlancy malnly through
the resin holdup, tho change in compositions of the rosin and solution offluonts and

the overall rato of ion-oxchango will fallow the samo tronds as thoso discussed for

weir height changes in Soction 8.4.3,

-

4.5 Fluid-diedo lateral displacemont

' The chango of fluid-diodo latera! displacemont botwoen /20 and 3/20 Tr;ch

(1.27 and 3.8l mm) (a 3—fold chango) doos not show a significant effoct on the mass—

- tamsfer performance of the fon-exchange column. Tho absonco of significant

interactions betwoen the fluid-diode lateral displacomont and lHo o?hor six main
factors also indicates its negligible cffect under any operating conditions,

Hence the increase in liquid-bypassing up the downcomers when the fluid-
diede lateral displacement is increased from 1/20 to 3/20 inch (1,27 and 3.8l mm)

docs not affect the mass transfer to a significant oxtent. The bypassing ropresents

-
r

only u very small fraction of the total solution flow, and the bulk of mass transfer

still takes place in tho fluidization arca on cach stage.

™




8.4.6 Downcomer clcarance/’
The downcomer clearance as well as its interactions with thu'-o!h.er six factors
are not significant in determining the overall mass-transfer stage efficiency. The
levels of the downcomer cleorance were 1.0 and 1.5 inches (2.54 and 3.8! cm) and

so the downcomer scal varies from =0.5 to 1.0 inch (1,27 to 2.54 cm) (a three fold

Es v
-~

=

change). Hence, the cffect of the downcomer seal on the resin's residence fime in
cach stage is not large enough to cause any significant differenco in mass-transfor

performance.

8.4.7 Resin particle size ‘ 1

The change in resin particle=size distribution from -30+35 mash to -20 +30

mesh is not significant in affecting the mass-transfer efficiency.

The mean particle diameter is varied from 0.507 t0 0.718 mm and is o 40%
increase in diameter. However, the r‘csult oF- the experimental design shows that
this change in resin particle-size is not significant lin offecting the overall stage
cfficiency. A smaller resin particle has a larger surfoce orea to volume ratio and
also a lower mass~transfer effect due to solid-side resistance (when compared to

that of the liquid-side). However, for o given weir height and o given superficial ;

tiquid velocity the resin holdup in the fluidization area is lower for the smaller " .
particle=size distribution. The decrease in mass transfer due to a lower resin hold-
up may possibly just cancel out the net increose in mass transfer due to a lorger

surface area to volume ratio and a lower mass-transfer effect due to solid=-side

resistonce.  Hence the overall stage efficiency is indifferent to the change in

i’



particle size.

8.4.8 Rosin foed rate = wair longth interaction
The interaction between tho resin foed-rate and the longth of the :trdight

wuir (i.e. fluidization arca) on the ovorall stage efficiency i{shown in Figuroe B.24 4.

The term “interaction” means that the effoct of tho resin fecd-rate on tho ove

stage cfficiency is difforont for difforont wair longths. Tho offects on the OV\Q
stage efficiency due to tho chango in resin foed-rate and weir length ware
discussed in Scctions 8.4.1 and 8.4.4 rospectively. Figure B.24a shows that tho
‘response of the overall stage efficioncy to the rosin feed-rate is vory significant ot

the shortest weir length especially in the region of low resin feed-rates.

At a weir longth of 3.38 inches (8.59 cm), the decrease in resin residence
time and overall mass-transfer coefficiant due to increasing resin fecd-rate can
account for the cortesponding decrease in overall stage efficioncy. However, ata

wuit length of 3,97 inchos (10.08 cm) (smaller fluidization arca) the overall stage -

] -

officiency is indifferent to the chonge in resin residence time and overall mass-
transfer coefficient. One possible explanation for this behaviour at the weir length

of 3.97 inches (10.08 cm) is that the initial part of the ion-exchange takes place in

e
Pl SN
S

a very short time as can be understood by the graphs in Figure B.1. The resin
residence time provided by the holdup in each stage is more than enough for the

completion of this part of the reaction. The decrease in resin residence time by

s

' intreasing the resin feed is not significant enough to affect the completion of this

-

. . - . . " L
reaction, As can be seen from Figure B.24b and B.24 ¢, the change in resin qnd‘-//

-~

- "

(9=



74

solution compositions is r‘ola.tivoly small as the resin food-roté is increased. Hence
the ov\groll stage cfficiency remains practically unchanged.

The same concept may be useci'_to explain the approach toward a constant
value of overall stage efficiency with increosing resin feed-rate for the operations

with straight weirs of lengths 3.38 and 3.78 inches (8.59 and 9.60 cm).

8.4.9 Process solution flow rate - weir length intoraction
Figure B.25a shows the decrease in the overall stage efficiency as the process -
solution flow is increased for the three woir lengths. The effects of the change in
solution flow-rate and weir length on the overall stoge efficiency wero discussed k
in Sections 8.4.2 c;nd 8.4.4 .respccri\(cly.

Figure B.25a shows that the effect of the change in process solution flow-

rate on the overall stage efficiency is slightly more significant for greater weir *
’ .

lengths (i.e. for smaller fluidization arcas). The decrease in resin holdup is the
moin cause for the lowering of the overall stage efficiency when the weir tength is
increased,
\ At a weir length of 3.38 inches (8.59 cm), the change in solution flow from

“\40.0 to 94.2 ml/sec corresponds to a change in particle Reynolds nuiber from 7.2
\1b 16.8. Both the solid and liquid sides are significant in determining the overall

f

\—\'s-tronsfcr cocfficient which is increasing with the increase ip salution flow-rate
dugito the fayourable compoéilio;w changes as shown in Figures B.25b and 8.25¢.
é

uid-film resistance also is decreasing with the increase in superficial liquid
‘ . R s

The change in liquid flow-rate corresponds to o change in the super~ /

"rf L . | . . /'5



ficial liquid volocity from 0.6l to 1,44 ecm/soc which would significantly increase
the mixing of the rasin particles In cach stage. These increases in overall mus:;-
transfer coefficient and inrosin mixing countaract part of the affect of the decrease
in so|id-|fquid contact as the solution flow-rate is increased.

Howover, at a greater welr length, e.g. 3.97 inches (10.08 cm), the same
change in solution flow-rate carresponds to a change of particle Reynolds number
from 11.7 to 26 4 and the superficial vclocit-y from 1.0 to 2.3 cm/sec. Th;: solid-

side mass transfer becomes the controlling stop, espocially ot the high range of

liquid flow-rates. The increase in superficial liquid valocity no fonger has a

significant effect in increasing the overall mass-transfor rato by reducing the liquid- %\
. . . ,;
film mass-transfer resistance. The cffect of Increasing the solid mixing by increasing '

the solution flow=rate is less significant becauso of the high supcrficiol liquid

velocity already experienced by the resin bed at the low rango of liquid flow-rate.

-

Hence, the increase in tho overall mass-transfer coofficient and the resin mixing

with increasing solution flow-rato is less significant at greater weir lengths (smaller
.l

fluidization arcas). The decrease in solid-liquid contact due to increasing salution
flow-rate becomas more dominant for operations with smaller fluidization area.

Hence the solution flow-rate has a morw significant effoct on the overall stage

4

efficiency as the weir length is increased. * ' , .

410 Weir height - weir lcﬁgth interaction

- %1 Figure B.26a shows thg responsc of the overall“stage cfficiency ot three

L3
!

different weir bengths as the weir height is increased. The increase in the overall.
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stage officiency as the weir height and fluidization area are increased was
discussod in Sections 8.4.3 and 8.4. 4 raspoctively.

Figuro B.26a shows that tho.response of tho overall stage cfficioncy to the
waeir height is more significant ot a smaller woir l;:ngth, i.0, largor fluidizotic;n
arca. For the operations with differant welr longths, Figures B.26b and B.26¢
show the same pattern of composition change (in the solid and liquid phcsesi"with
different weir lengths, Hence the composition dependence of the overall mass-
transfer coefficiont is not the reason for the interaction botween the woir haight
and the weir length. Besidos, the solid-side mass transfor may be controlling at the
woir length of 3.97 inchos ([0.06 cm) (Rop == 33.2), and the change in resin
composition due to increasing weir hoight is increasing the solid~side mass-transfer
cacfficient.

One roason for tho interaction betwaen tha weir height ond weir langth is that
the residence time distribution of the resin.is more significantly increased by the
increase in weir hoight when the fluidizetion area is large (short wair length).
Hence the more significant increaso In resin residonca timo causes a more siénificont

increase in overall stage efficiency,

5 . Effects of the Initital Sodiu(n-lon Concentration in the Procoss Feed Solution

e

on Mass~Transfer Performance

Figure B.27 a shows the increase in overall stage cfficiency as tha initial
sodium-ion concentration is increased. “Experiments wore performed at two process

solution feed-rates: 40.0 and 79.2 mi/sec. The mean resin particle-size is 0.735
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mm (=30 135 mesh). The equilibrium dlagrams showing the opearating |1nes aro
shown in Figuros 8.27b and B.27¢c. The oquilibrium constant for the lon-
" exchango systom romains practically constant when tho Inltial concentrations of
the sodium fon vary betwoen 0.02 and 0.1 N,
The particla Roynolds. numbers for the experimantal run range from 5.98 1o .\\\ 5
t}.9, indicating that the mass transfor is é:ontrollpd by both the solid- and quuic;: :f
side resistancos.  As tho Initial sodium-lc:n concontration Is Increased, the in;:roaso

in sodium=-ion molo fraction In both the r/nsin and liquld phases (as shown In

Figures B.27d and B.270) tends to incrf'qso the solid-side and liquid-side mass-

tramsfer coofficients. This is ono roasén for the incroase in'the degroe of approach

towards thermod:

.

by the resin from the solution docreases as shown in Figure B.27gl. If the objective

Figuro B.27 f shows that tho incregse in initial sodium=ion concentration -
eases the ove

&ru’é fon-oxchange but the fracton of sodium lon oxtracted |

of the operation is % clute ions from the rosin phaso, the increase In oluant

concenhation will siynificantly increase tho fraction of jon extracted from the resi

phawe ‘as shown in Figdee B.27h,

H.6 Effects of Weir Shages on Mcn.ss - Transfor Performanco

Experiments on mass—~t

: \
nsfer porformance were performed on the multistag

4})29 cm)

weir has a weir height of 2 inchos¥g .08 em) and a diamoter-of 1,69 inchas (
- , - . " . Q



3.38-inch (8.59 cm) straight weir.

The overall stage cfficiency of the experimental runs with different resin
feed-rates are shown in Figure B.28. Tho ov'croll stago cfficiency decreasos with
increasing resin feed-rate as oxpoctolc?. Figue B.28 olso indicatas that the overall
stage cfficiency for an oporation with cylihdricol weir is always lowor than that for
an operalion with-3.38-inch (8.59 cm) straight weir. Under the same oper;nfing
conditions of resin and liquid flows, the resin holdup in both tray-designs are the
same because the downcomer arcas and wolr hoights are the same. Difference in
resin mixing may not be the main reason lfor the difference in ovorell stoge
elficiency because small resin particle-zizo (=30 + 35 mesh) and high superficial
liquid velocity (1.2 cm/sec) were used. A comparison of the two designs indicates

that the distance batween the fluid-diode downcomer (from the tray abovo) and the

downcomer arca is much shorter for the tray-design with cylindrical wair. Henco

. ¢ .
the resin residence time is smaller in the tray-design with cylindrical weir, resulting
in a lower overall stage efficiency.

Figure B.28 also shows the experimental results for jon-exchange column

operations with 2-inch (5.08 em) high conical weirs, The overall sta

ginr efficiency
for these runs is higher than that for the runs with straight weirs and cylindrical
weirs. This is because the fluidization area and hence the resin holdup aro
slightly larger for the tray-design with conical weir. .

Among the various weir-shape designs, the resin residonce time (determined
by the resin holdup and the distonclg,/bcfwcen the downcomer of one stage and the

- -

weir of the next) in cach tray determines the overall stage efficiency of the ion- L
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exchange column operation. The design of weir shopes mainly affects the
operational pcrformancé of the column in terms of the flooding and cyclic resin-

flow characteristics as discussed in Sections 8.2.5and 8.2.6.

T

8.7 Mass-Transfer Performance Factor

The overall stage efficiency has been used in assessing the mass-transfer
performance of the ion-exchange column under various operating conditions. This
performance factor indicates t'he lack of thermodynamic equilibrium. However, it
does not account for the volumetric throughput rate of the operation. With the

resin feed-rate approaching zero, we can have an overall stage efficiency

approaching 100% but with little or no output at all. The response of the overall
stage cfficiency to the resin feed-rate at 3.97~inch (10.08 cm) weir length in

Figure B.24 a does not indicate thot the ion-exchange operation at point A is

actually handling nearly three times the resin feed-rate ot point B, although the

overal! stage efficiency is unchanged.
L} . i
In Egan's optimization study on the operation of the ion-exchange column

!
the volumetric efficiency

8.7.1)

was vsed as’ the mdss—=transfer performance facto?. The HETS is calculated from the
physical héigh of the contactor and A is the cross-sectional area of the column. In

the COHI’I(\U Us countercurrent ion-exchange operation using the present contactor and

™

ontactors, the solid feed-rate is much smaller than the flow of process v

&

the other

/ =
i

S




solution. The vo}m‘ne flow-rate of the solution can be more than one hundred
times that of the |r\clsin. Hence the response of the volumetric efficiency to a
change in resin throughput is extremely sluggish when compared to that for @ change
in solution flow. This factor accounts for the total volumetric throughput but
neglects the chemical compositions of the solution cn;i resin feed-streams.
Hence a modified volumetric moss-transfer performance factar can be proposed
Fay * Fico Y
(Ev)m = (8.7.2)
(HETS)f.(A)f
" As discussed in Section 3.5, only the active height of the column should be
cbn;_;idere'd in calculating the HETS. Hence the (HETS)f in Equation 8.7.2 is
colcp_lcfcd from the total of the weir heights or more 6ccurofe|y fluidized-bed “

heights of the-multistage column. By the same argument, -the fluidization area

(A)F, rather than the cross-sectional area, A, of the colunm is used in Equation

8.7.2. Similar to the volumetric cfficiency, the modified volumetric efficiency
may be interpreted c;s the mass-transfer volume of the ion-exchange column required
to handle the ion flows for the necessary separation. For any separation, a large
wvalue of the volumetric efficiency is desircbl‘e. For a given column (fixed weir
lengths and weir heights) and Fl(]nd“ng feed streams of constont compositions
(constant g, and ¢ ), the moc!iif‘icd volumetrl{}c efficiency (E, ), is equivalent to the

Y &

original volumetric efficiency, E, with the response to resin flow magnified.

3.8 Comparison of the Performance of Different lon-Exchange Contactors -

Slater (2) has used the spéCiFIc volume in comparing existing ion-exchange
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contactors on the basis of their chemical performance and total volumetric through-

—

put capacity. For stogewise processes, th\ specific volume is given by

HETS | |
Vo= (8.8.1)
utv ;
where u + v is given by _ : 2
Fs+FL
utv = ) ' (8.8.2)

X-sectional area of column
The specific volume, for which a smalt value is desirable, may be interpreted as
the volume of a theareticol stage for unit tétal volumetric throughput. This -
. c o
performance index is actually the reciprocal of the volumetric efficiency in
Equationl 8.7.1.

The specific volume index also serves to compare the performance between

fixed bed and continuous countercurrent contactors without solving for the

concenlration profile in the fixed bed. For sedium/hydrogen ion exchange, |

" Moison's data (52) for fixed bed ond Tu-rner's (29) for fluidized bed are shown in
Figure B.29. Data from the present study are also included. The Egésent CCIX
operations appear to be much more efficient than a similar column é;veloped by
Turner (29)." The reason is that the p\;esent'contcctor design using Fluid-diode down~-

comers makes s;ob!e column operation possible at h.igh resin and process solution -

throughput rates. Our experimental data have much hiéher (v + v) values. The

HETS values calculated from the dctive heig}lr of the .column are csseﬁﬁo”y the

same because both are mult‘istogc F|uiaized-bed opéroiions having the same chemiébl .

. 1

system,. solution concentration, ond resin particle=size distribution,

3




_If it may be uss;med‘?hqt the comparison of spéé:ffic volumes of different

. ;bnfoctorrs for a given totai‘fiow velocity ond.éhemicol syster.n will hold ;or other
chemical systems, -then oll contactdrs‘r;:y be compared wfth'each other and with a
fi;(ed bed oF‘Speciflic volume, V- This has been done by Slat:ar (2) . '-fhe standing
of the multistage fluidized-bed iop—exc.;,hange contactor with fluid-diode down-

comers among other existing ion-exchange contactors js shown below:

Relative Specific

Contactor Volume (V¢/V)
Fixedbed . e
' Fluidized moving bed (Selke) T o
Pulsed stages (Grimmett) ‘ | o..a t0 0.3
Moving bed (Force) (Higgins) . 0.5
'Moving bed (gravity) (Setke) 05
Present study ',': . 0.36100.13
Jigged bed (McNeill) 0.25
_ Fiuidized' stoge.(Turner) | . , 0.06 :
Coil (Schulman) - 0.06

Thé relative specific volume’ F;:x' the pres;nt operoriém ranges from 0.36 to 0.13
with a mean at c.18. Bf;fore the calculation of the relativé' specific VOlum?, the
specific volume data from the presént study have been approxihahly adjusted to

A _
account for the difference in solution concentrations between Moison's data and our

data. The perforraance of the prt?nt contactor is much better than that of
i . .

Turner's fluidized—stdge confactor. The performance is in the same ranga as the



~

other éommer'cially"sui:cesfﬁl moving_-bed contactors.

Slater (2) believes that the above comparison is very opp‘roximafe and relates
to capital cost principally. The lower the relative specific volﬁme the Iowe‘r must
be the total coniqtﬁfor ;ost_t§ be i:ompeﬁtiﬁe with a fixed bed. The spécl:iﬁc
volume of g fixed bed concerns only the height of one transfer unit. The actual . .
volume of a fixed-bed contactor is-in'fact several times greater than that of a
continuous counter'chrenf contoctor with the same duty becouse m§sr of the resin
inventory in a fixed bed is not active. However, the relative specific volume
would serve well in the comparison emong .other CC IX processes. |

The specific volume of a fluidized-bed contactor would likely be olways

larger than that for moving fixed~bed contactors due to the larger bed voidoge.- | o
Howe\;er., the simplic‘i;y. in Vcontactor design, the large .';:Jlid and liquid handling

capacity, and the excellent operational stdbilfty of the present design may

compensate for the slight loss in chemical ;sfficiency . The required confrol on the

\
resin and process solution flow is much simpler than that for the moving fixed-bed

¢ : ' . .
operations, The continuous use of the resin for about two hundred experimental runs
has shown that resin attrition in this continuous countercurrent operation is negligible

because no mechanica! parts are involved in the resin transport cmd‘the entire i

operation involves only moderate pressure changes.

]



9. CONCLUSION

T

~——

—me T

The multistage fluidizedj!)ed’CCIX column with Flu‘id,-diode downcomers from
the work of Cho was modified and lmproved The entire :on-exchange column
system and the regenemhon and washing systems were redesigned clnd rebuilt: The

system of resin feed by volumqtric displacement proved to be controllable ond_

produced no noﬁceoble resin affvition. The modifiéd ion-exchange column had ¢

llmproved liquid dnsmbuhon. The effluent resin no Ionger backed up at the exit.

L4

The resin sompling system proved to be very effncnonr

The study has shown thot H\e lmplemontuhon of flu:d diodes in the desngn of

-

downcomers is successful in mlmmlzmg Ilqund-bypassmg up the downcomers
Y

ensuring a smooath and conhnuét!s flow of resin From stoge to stage down the column.
)

P

Easy stort—up and \xhut-adqwn were observed and the resin was evenly distributed on

s

o

each mass-transfer stoge . !:-Iuid-dioéle downcomers are prassure sensitive devices,
the performance ol:*‘l which can be predicuted by o prelssure-drop g:onsidero.tion'. The :
more pressure sensitive is o ﬂuid—d;ode design, the more unstable will be the column
opera Iiog\owords any sudden change in resinfo_nd process solut'ion flows.
The tray structures and resin particle-size distribution can significantly offect
the contactor's operational performance in terms of.re_sin fluidization in the
fluidization area and liquid-bypassing in the downcomers. The increase in fl;;id- ' | {
diode lateral displocement increases the possibility of quuid;byﬁossing. A large \
resin pdrti;le—size distribution increases the éres;:re drop across the Fluid-didd§

u

o :



The conical and cylindrica ir design has shown that the.elim#mtion of dead

be the best design for the present solid-liquid contoctor..

" os well as the interactions among these parameters which are significant in

downcomers resulting in significant liquid-bypoassing. The increase in weir height

improves liquid distributich in the fluidized bed and hence reduces channeling.

area in the downcomer aroc‘:-"jgs the effect of minimgzing Iiéuid;BYpo:sing up-l."he
downcomer because the equilibrium resin-head is more effectively mintuir-\ed in the
downcomer area. Heme'the operation of the column at very low resin but
moderately high quuid flow-rates becul:{me.s‘feasible. The interaction of the conical
and cylindrical weirs' wall with the inner wall of the co]umn reduces resin mobility

in the fluidization area. Hence the ;lruight weir with sloping inside walls would -

The | /4-replicate of a factorial experimental dalsign to 7 foc.tors at 2 levels

has efficiently and successft;lly revealed the operational oand structural parometers

determining the overall stage efficiency of the present jon-exchange operation. The

experimental design showed that the resin feed-rate, process solution flow-rate,

weir length and weir heid\.f are significant main factors, The interactions between

~

resin feed-rate and weir length, pfo.cess solution flow-rate and wsir length, and

!

weir height ond weir length are significant interactions. The re‘vsi.n pdrﬂc.le size,

‘fluid-diode loteral displacement, ond downcomer clearance {or seal) are not

significant in affecting the overall stage efficiency between the levels investigated.

*

Further mass—transfer stuldy has shown that resin residence time is the main
factor in determining the overall stage efficiency of an operation. The dependency

of the solid~ and liquid=side mass-transfer coefficients on the chemical compositions
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. }

of the solid and liquid phases also plu;s arole in uffojcting the oyerall stage

efficiency ) . y . . .

4

; - ¥
Experlmantal results from the present shidy hove,demonstrated thot the

-

mulhstcge Fluuc‘lzod-bod CCIX contacior with fluld—diode downcomers has a

N

favourable chemical/efficiency qndvolumelric_capoclry when compared to other

jon-exchange ¢ ctors on the basis of reloti\;fe specific volume, -The fluidizad-

bed operation hds a slightly lower chemical efF}clen'&y than the moving HXOdTbodl
operalion; “ However, the slmpllclt)bin contactor design ond In confrol require-
mants together with the operational stability, und large solid arld |lquid hondling

cgpocmas, may compenstate for. the slightly Iowor chemical efflc!oncy in large

industrial applications.

i



NOTATIONS

complex mapping variable

cross-sectional arec of jon-exchange column; opening area™§f fluid-
diode downcomer (cmz) ) ‘

AF o ‘Fluidization ﬁrea (cmz) ' |
c coﬁceﬁtmfion (meq/ml) K.
c. ;‘ interFo.cial cor;ncentrafion (meq/m')
C, ~ inijjal sodium-ion concentration (meq/ml)
d pc;rﬁcle diameter (crr;l)
D interdiffusion coefficient in resin (crhz/sec)
DA l\\_ “self-diffusion coefficient of speéies Ain re;in (c;nz/se;:)
Dp self~diffusion coefficient of species B in resin (cmz/sec) |
DC dow;\cdmelr clearance (cm)- . |
DLD | -‘ fluid-diode lateral displacement (fnm)
DP: N resfn particle size (mm)
Eos o overal| stage eF?I’c:ien;y n
-..EV _ ~ volumetric efficiency (I/hr)
(Ev)m m-odifie‘d volumetric efficiéncy- (meq/sec,—cma) L
. F ‘5_ force (dyne) - : A
i | Eouyoncy force on resin (dyne)
FiE frcc‘.ﬁon of hydrogen ion extracted | ' e

4

b2 - 87 7

" : T



HETS

{HETS)

NT3
p’f p?

4

NP R

)

TOX

e

"a

fraction of sodium ion adsorbed

process solytion flow-rate (ml/sec.)

rcsirl1 feed-rate '(m]/s;c)

acceleration due to gravity (cm/secz).
heighl‘»equ}valeﬁr to a theoretical stage {feet, crn_)

height equivalent to a theoretical stage based on active
contactor height (feet, cm)

liquid=side mcss-hjor.lsfer coefficient {cm/sec)

liquid-side moss-hcnsfer.coefficienr ot bubble péint (cm/sec)
mass=transfer rate 'conslan (cm3/meq-sec)

process solution f.low-rcre (ml/;ec) : -
number of sfcges

number of theoretical stages

pressure (dyne/cmz)
resin capacity (meg/ml) , . e
resin flow-rate (ml/sec)

resistances of fluid-diode downcomer to flows (dyne)

- » -

rate of ion exchanged (meq/sec)
time (sec) _ Tt
resin flow velocity in terms of fluidization area (ft/hr) -

superficial velocity {cm/sec)

velocity of process solution flow in terms of fluidization area

-{ft/hr)



\ | specific ‘volume (hr) ‘

‘J:‘ - specific volume of o Fixed bed -(hr)‘ .
v, sbpurficial. velocity (cm/seci

Vo superficiol velocity at bubble point

Vit ~ weir height (cm)

VL weir length {cm)

x, X&, XT  mole fraction,of sodium=-ion in liquid phase, B = botom inlet
stream, T = top outlet stream . -

y, Y&, YT mole fraction of sodium idn in resin phase, B = bottle outlet .
. stream, T = top infet stream

L

z active height of contactor (cm)
BDimansionless groups . _ / )
)
Re Reynolds number
5- * Schmidt number
_ -
K Sherwood number
5 : Stanton number ' '
\

Grock Leters

e voidage | ‘ ) 1

€y voidoge at bubblg point

I dynamic viscosity (gm/sec)

v . kinematic viscosity (cmz/sec) |

¢ density .(gm/cma) . ' : | ' -

9 STCTE . ' I !
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FIGURE A.l_Theoretical contour of cusp-cavity shape
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l'&cl

FIGURE A.2 Modified contour of cusp-cavity shape
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FIGURE A.4 Flow pattern - high pressure~drop direction
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'SHAPE A

SHAPE B

SHAPE C
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FIGURE A,5 Cusp-cavity de'signs —
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FIGURE A.I0 Resin sampler
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FIGURE A.ll  Resin sampler's plunger
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<18-stagn. | <18-stagn. | <12 stagn. | <18-stagn
FS 1< 26 pmob. | <26 pmob] <24 pmoh, | <24.p.mob.

06 |FLZ5-% [26-8k [Fidimgy | 2473 ber

\/sec| >4 ofluid] > azcove, | 263 6ye | X73-ove.. |
mifsec| >94- o-fluid) > groye. | SR TIE | Z78NE
< 34-d.flood.| < 18-stagn.
ggs | <18_P:mob. | <18-p.mob.| <44 pmob } <44-P-mob.}
mi/sec|FL=18=84 | 18.-94 |FL-44-83 |44-83 -rP°%
f

— e — ey b

>83- ofluid “> g3 ofluid:,

/-

yd

f— —m —— s — —

>94- o-fluid.} >94-

-3 E 3.1 Operational behaviour of the ion-exchange column'qt different liquid flow=
rates (~20+3) mesh resin used). In each.tray setup, the range of liquid
flow-rate which gave “perfact” operational behaviour was determi ned. FL
is in ml/sec, stogn. = stognant resin bed, p.mob. = partial mobilization,
d. fiood. = downcomer flooding, cyc. = cyclic resin flow, o. fluid; = over-
fluidization : R : '
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WEIR LENGTH= 3-38"
WH=1" | WH=2."
| Dub=1/20"|pLD=3/20" | pLD-1/20" | DLD-3/26F
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FS | <34 pmob. | <3:pmob.| <o5.cycr | <23 P,
06 |FL=36-73" | 3473 _ JFL-25-63 |25-63 fper]
ml/sect>73 o.fine | >73-0.fine [ >63 0-fine |63 ofine &
283 ofluid. | 88- ofluid|l 73 0fluid| >73 o fluid
<10-stagn. | f <18-cyc <10 stagn.
995 |S26P.mob. | < b.g =T ] <18:p.mob.
mi/sec [FL=26—63 JFL=18--53- | 18--53
>63-0.fine { 563 o?.Ee >530fine | >53-0fine |
273 ofluid.] 373 ofluid | 273 ofjujd. | »73-0luid. | .
-35+50 7
mesh
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WEIR LENGTH=397"
- WH=1" WH=2""
| bLD=1/20" |DLD=3/20" {DLD=1/20" {DLD=3/20"
o | <10-stagn. | <10-stagn.] < 5-stagn. | <5-stagn. |
FS_|<18-p.mob.| <18-pt =10-pmob <1Q-e.r§gb__,
06 |FL=18--73 10--53  —{PeH
ml/sec |73~ 0 ¥ine | ine | >53-0.fine |
= 83- 0.fluid. '.; -0fluid. |
<10- stagn. <€ {0-stagn.
2.25 |<18-Pp.-mob. . <18-p.mob. } -
mi/sec [F| =18~ 53 18--53- FL-18 ey 18--53- -f‘:’;ﬂ
>53.0.fine | >53-04ine § S cn oftrd| =5 o flo
>73.0fluid| =73-0fluld >53- o.fluid.{ >53- o. fluid

L g

"AYE 4,2 Operational behavlour of the ionrexchonge column at different liquid flow-

rates {~35 +50 mesh resin used).

in each fray setup, the range of liquid

flow-rate which gave "perfect" operaﬁoml behaviour was datermined. FL
is in ml/sec, stogn. = stagnant resin bed, p.mob, = partial mobilization,
-d.flood, =downcomer flooding, cyc. = cyclic resin flow, .0, fine =
overfluidization of fines, o. fluid, = overfluldlmﬂon
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- FIGURE B.17 Roanges of liquid flow-rate which gave "perfect" operational
behaviour in the jon-exchange column
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FIGURE B.21 E.ﬁei:ts of process solution flow-rate on the operating line
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FIGURE B.22 Effects of weir height
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FIGURE B.23 Effccts of weir height on the opcrating line
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FIGURE B.24b Effects of resin feed-rate on the composition of resin effluent.
YB is the mole fraction in sodium-ion basis
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FIGURE B.2%c Effects of resin feed-rafe on the composition of liquid effluent.
XT is the mole froction in sodium-ion bosis
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FIGURE B.26a Effects of weir height on the overall

stage efficiency ot different weir
lengths

T | S 1

L FL=79-2ml/sec - -
FS=1-6 mi/sec | ’

. DC=10"

r l'.

1 .-
05 10 15 20
‘ WEIR HEIGHT(inch) :

FIGURE B.26b Effects of weir height on the composition
of resin effluent. YB Is the rnple fraction
in sodium~ion basis
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FIGURE B.26c Effects of weir height on the composition

of liquid effluent. XT is the mole fraction
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FIGURE 8.27-b‘ Effect of initial sodium=ion concentration on ihe,oper&ting
line with solution flow-rote at 40.0 ml/sec.
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FIGURE B.27¢ Effects of initiol sodium-ion concentration on the operating
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APPENDIX C

-

Operational Performance Diagrams
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' Representation '
Treé.rmetjt by signs : Effect matrix .
combination
A B C Mean A~ B AB C AC BC ABC

| - = - + - = + - + + -

a + - - + + = - - -+ %

b - o+ - + - 4+ -~ - + - ¥

ab + o+ - + S

c - - % + - - o+ o+ - - %

ac + - + I+ L + - -

be -+ 0+ + - + - + - + -

abc + + + + + + o+ o+ + + o+

TABLE E.! Effect matrix generated for a 23 foctorial design with factors: A, B and
C. Inany treatment combination, the low levels are denoted by "-"
signs and the high levels by "+" signs, "An interaction effect column is
obtained by multiplying the columns of those factors appearing in the
interactidn. To compute any effect, the particular effect column is
ussociutet:ITwith the treatments and the algebraic sum multiplied by
(17231,
Treatment

combination

0) @) ) @

! l+a { |4a+btab ‘Hathiab+ctactbetube = Totol

a b+ab ctactbctabe a-l+ab-btac—c+abe-bc = 4A

b ctac | a-lHub-b « btab-l-at+bctabc’c=uoc = 4B

ob bc+abe ac—ctabc-bc ob—b-u+l+ubc-§-a?:: = 4AB

c a-l . b+ab-!-a ctactbectabe-lva~b-ab = 4C

ac ab-b bctabe-c-ac ac-ctabc-be-o+ -abtb = 4AC

be ac-c ab-b-a+l be+abe=c-ac-b-ab+l+a = 4BC

abc abe-be abc-bec-acte - abe-bc-ac+c~abtbta-l = 4ABC
TABLE E.2 Yates' technique for generating the total effects for a 23 factorial

design with factors: A, Band C. The order of treatment
combinations in the column must be maintoined. The first half of
cofumn (}) is obtained by adding the responses of the treatment
combinations in adjacent pairs and the second half by subtrocting
the responses in pairs (first from second of the pair). Column {2)
is obtained in the same manner. The process is carried out 3 times
for a 23 experiment.
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Treatment Effect matrix
comz:)li‘}ﬂion
Mean A B AB C AC BC ABC

a + - - - - +
b + - + - - + - +
¢ + - - + + - - +
abc “+ + + + + .+ + +

TABLE £.3 Effect malvix generoted for o 1/2 x 23 factorial design with
A,B and C as the factors and ABC the defining contrast. The
estimate of ABC interaction effect is identical to that of the

general mean. The estimates of the pairs A and BC, B and AC,
and AB ond C are also identical. , :

N

-




Sa
~ .
“ .

YN

,—'/_’

s
Defining contrasts baginning with main effects

167* -

156" 145* 134+ 123+
165 154 143 132 121
beginring with 2-facior_uinterc¥ction effects
266 257 246* 235 224+
264 255 1244 - 233 222
253 242 231*
baginning with 3-factor interaction effects
365 356* 347> 336* 325+
363 - 354 345* 334 323~
352* 343 332* 321+
341
* beginning with 4~factor interaction effects
A64 455 444> 437* 426*
4624 453* 444 435 . 424+
451+ 442* 433 422+
43 1*
bzginning with 5-factor in;emction effects
563¢  554* 545* 536* 527+
561" 552+ 543+ - 534 525+
' 541* 532* 523+
beginning with é-factor interaction effects
662 653" 644* 635% 626
65 |* 642* 633* 624+
beginning with 7-factor interaction effects
761" 752* 743* 734* 725*

H12*

213"

314+
312t

4 15*

413*

516*
514*

617

615*

716*

PARLL E.4 Al the possible sets of defining contrasts for splitting the 27 fact

-

™

fio

design (with factors A,8,C,D,E,F, and G) into four equal blocks.
The number 176 represents the set of defining contrasts: A, ABCDEFG,

and (BCDEFG), and 167 represents A, BCDEFG and (ABCDEFG). The
indicates that the associated numbers appeared before in the list.

LR )}
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© o

()]
ab
de
abde
fg
abfg
def
abdefg
cdf
abcdf
cef
abcef
cdg
abecdg
ceg ' N
abceg
adf .
bdf-
aef
bef
adg |
bdg
aeg
Peg
~  ac
be
acde
becde
acfg
befg
acdefg
bcdefg

(= = =
* *

Y N

. H ¢ .. )
»

a

i

8
AN

———— 0000000~ ——=0QP00——=———=—==—=0000 =

-

———— 000 T OO0 T 0000 — — —

OC—0—0—~0—0—~0—0D—0——0—0—0—0—0—0—0~0 »
—T0OTO0OTQTOTO0O—TO0TO—T 0~ 0T 00 —0 T 0O~ 0~ 0 —0Q (.-;cu

— 00~ -O00O00-"T00—~—00——0O0O~————-0O0—=00 O
—— 00 —-—"0O0—T—0O0O——DO0O——0O0——00—~—0O0——00 m

TABLE E.5a Treatment combinations of the principal ;\!o_g:k for the 1/4-
replicate of a 27 factorial design. The factors are A,8,C,D,E,F,
and G and’the defining contrasts are ABCDE , ABCFG and
(DEFG). The freatment combinations are represented by the
numbers 0 and.} (mod 2) and clso equivalently by the lower case
fetters. "1 represents the letter which exists in the treatment
combinations and "0" otherwise. The above trealtment combina-
tions satisfy the following modulo equations (mod 2) for the

principal block: X| g txatrytxg =0 apd Xy tagix gy = 0
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" Biock | ‘ Block 2 Block3 . Block 4 -

(principal) ' . »
AB .. ABF ABD B
DE ' - DEF. - : E " - ADE
ABDE ABDEF - ABE ‘. " BDE
FG G ' - DFG « AFG
ABFG - . ABG ABDFG BFG
DEFG . DEG: " EFG ' ADFG
ABDEFG . ABDEG \ ABEFG . BDEFG

- CDF- & cD .CF ACDF

ABCDF - ABCD ¢, ABCF - BCDF
CEF . CE "+ CDEF ACEF L
ABCEF . - ABCE ABCDEF BCEF -
G . CDFG €6 ACDG
ABCDG - ABCDFG “‘ABCG. s BCDG
CEG | -CEFG.~ CPEG : ACEG ,
ABCEG- ABCEFG ABGDEG BCEG |
ADF . AD : AF , DF
BDF < BD .. BE ... " ABDF
AFF " AE ADEF EF. -
BEF - BE . - BDEF . * ABEF -

. ADG " ADFG - - AG ' DG
BDG 'BDFG =~ ~v BG =~ ~ - 'ABDG
AEG - "AEFG ‘ADEG = EG
‘BEG - BEFG . - BDEG - ABEG
AC , ACF . - ACDO . c
BC . BCF BCD - "~ ABC

© ACDE ' ACDEF ACE ' CDE

- BCDE {- BCDEF BCE ABCDE
ACFG . +ACG- ACDFG . . ', ' CFG
BCFG  ~ BCG # BCDFG ABCFG
ACDEFG . ACDEG \, ACEFG : CDEFG. .

. BCOEFG . . "BCDEG =~ - { BCEFG . =  ABCDEF6|

TABLE E.5b The four blocks of effects for the\l/4 x 27 factorial design with factors 2 :
- +A,B,C,D,E,F and G and defining contrasts ABCDE, ABCFG ond .
(DEFG) . Treatment combinations bf blocks 2,. 3 and 4 satisfy the
. three pairs of modulo equations: 3 oo ; .
C Xyt tgtxe =0 (mod 2)
and K hxptxghagtxy = 1 {nlod 2),
' X xgtxatxtxg = ! (mod 2)
and x|+x2+x3+x6+x7= 1) (mod2), . : R
X rotratigtng = I (mod2) }. - «

-

@ X) Fxy txgtx gty =1 ("_'“.f’?)'.'. ‘pecﬁfefyi; | D
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, N~
/ ' .
Effect , . Aliases
[ ABCDE ABCFG DEFG !
A BCDE BCFG ADEFG
B ACDE ACFG BDEFG
C ABDE ABFG CDEFG
D ABCE ABCDFG . FFG
E ABCD . ABCEFG- DFG
F ~ ~ABCDEF ~ ABCG DEG o
G ' ABCDEG ABCF DEF - i
] A8 - CDE . . CFG ABDEFG N
AC i " BDE . /. BFG . /ACDEFG
AD BCE BCDEG " AEFG
AE ! BCD BCEFG - ADFG
AF ‘ BCDEF BCG ADEG
- AG BCF ADEF
BC AFG BCDEFG
BD . ACDFG BEFG -
BE- BDFG
BF BDEG
BG BDEF
CD CEFG
CE CDFG
CF . CDEG
CG CDEE
DE FG -
DF EG
DG EF -
ADF . AEG
‘.ADG AEF ’
BDF BEG .
BDG BEF -
.'CDE CEG .
ch ,CEF

and defmmg contrasts ABCDE, ABCFG and (DEFG) The ohuses
are obtained by multiplying {mod 2) each effecr by the defining ‘
contrasts, . .
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I
12

13

14

16

ACDE
BCOE

ABDE
DE

AC
BC

I
AB

CDG
ABCDG

ADG
BDG

CEG
ABCEG

AEG
BEG

i7
18

19
20

21
22

23
24

25

26

27
28

29
30

3
32

COF

. ABCDF

ADF
BDF

CEF
ABCEF

AEF -
BEF

ACDEFG
BCDEFG.

DEFG

' ABDEFG

- ACFG

8CFG
FG

' ABFG

[ |

TABLE E.7 Order of performing the 32 exparimentol runs for the
|/4~roplicate factorial design. -
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e\

aLysTs 7F VARTANCE TAALE (ANOV)
R SUM OF MEAN SUM  MEAN SQUARE
STUARE OF SQUARE RATIO :
iy  120.543 100.543 9.804 **FL - }
(" 5.831 5.831 "t 4569 '
- _ 2.838 2.8384 277
(n* 29.236 29,234 2.851
(117 2 .051 051 005
MTMF 2.393 2.393 233
ACLE 17,640 17,440 1,701 :
Tk 3.696 3.696 360" |
IAME 28.876 28.876 2.816
SUMF «013 . »013 ‘ .001 :
(4136 (N F 133.353 . 138.353 13,491 **+(FSX(WL)
() FF 3,728 83,728 B.164 *H{WH)X(WL)
IFF 22.4L38
TFF 2.523 ¢
(AVACEF 9.777
(MG 1026.294 1025.29% 100.072 »=sWL |
MG 198.02% 198.625 19,309 *+~(WLIX(FL)
HRIT : 7.310 7.310 o713 .. g
(AYacIN G 2holi16 24.416 2.381
(h=n Lo 12.550 12.560 1.225
L . 6.292
nEG 1,043
19,459 o
' 17.093 17,003 1.658
1.315 1, 315 .128
2,761 2,761 267
182,435 1824405 17.786.
1276.8%893 1276.893 124508
. 656 656 060
3,200 3.200 J312
<490 4 B9C <087

..:.-Conr'dp.i70 1
o . \ .\—l"
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_‘-’".I'”]*\L %1.533 6.5 15-?56 -

MITTAL JALUES T ‘
“".-,’Q.(]J': 3.7A F‘i'&’ﬂoqg,= 5.39 F(1’6,0.9%=13.75

TABLE E.8  Analysis of variance table

1 -
-
B 8
e
‘\'
-
‘ -
“~
M -
L
- K » - .
5\ 8
t . -
»
. .
.
- .. Lo
~ & . .
\ ‘_ﬂ\ P
e b - . L \ p/x
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APPENDIX

Hal Fenormal piop -




.The following discussion on half=normal plot is adapted from the work by
Daniel (49) and also from the text by Johnson and L’eone (48) .

The sesults from a completelfactorial 2P) ot a fractional factorlal (2P™9
cxperimen'h:.ll design con ba studied using the onull)rsis of variaqce (ANOVA) table,
Sometimes there is a questio‘n as to which effects can reasonably be pooleci together
into the residual sum of squares, i.e. assumed to b’e'zaro. The half-normal plot
proposed by Daniel (49) is helpful fn solving this probleml. The plotting can al.so
be used to detect such defects as the existence of wild vqlua's in a set of observations
(cffccts); the error variance baing not the same for ail oBservgﬁons., or the plannéd )

randomization being inadvertantly modified (e.g. by‘plot splming)_.
- \ )

|

The halF-—_nérma'I plottingiis based on the fact tlhat the theoretical cumulative

distribution of the absolute valdes of the average effects (u' = lu], where u has

a normal distribution) is a. aight line throufh the origin on a half-normal probabi-

lity paper. The stope of the stralght.line isidetermined by the pdpulalfon standard

deviation.
r

in the'hclf"normcl pl‘ot', the\averagd effects are arranged in the order of

estimated absolute magnitude. ‘The\effecss are then plotted on holf‘-n’dr.mai"'_

probability paper. .The half-normal gro bilit).; gaper is obiained by modifying the

vertical scale of the normal_probabili per. The fange of P less than 50% is
deleted and the range of P greater than 30% is modified to
~ :

“p'=2p-100 B D o -

‘ . ‘ ' - - - ' : . . - ‘
where P is the cumulative probability of e normal distribution and P' the cumulative

[ . L . -
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-t

distribution used in the half~normal paper. Instead of a cumulative probability
for the vertical scale, an ordered rank of i =1, 2, 3, ..., n for the emperical

data is used. A general conversion formula for the vertical scale is

Pl=(i-Y2/n  i=1,2, ...0)
“where n is the number of orthogonal contrasts and n+| is then the number of
observations (effects) in the experimental design. The-abscissae are the absolute

;
values of the average effects,

In a standardized holf—non-ricl plot, the average effects are standardized and
significance limits can be placed ‘'on the chart. The standardization is performed

by using u, as an approximation to the standard deviation (g). u, is the

obsolb\ : value of the rank order statistic from the n overage effects that is nearest
v C

to (0.é£‘3'3n + 6.5). Vc{ues of u, for different values of n are given below
/ o o d '
n T rank of u .o =0,05 0.20. 0.40

o ‘

15" 2.09 I 0.94 - 0.26 -0. 14
31 2.42 22 0.94 . - 0.33 -0.05
63 2.69 ‘ 44 0.6  0.23 -0.04 .
127 2.88 88 0.66 ©0.25 0.00

where] n =rumber of orthogonal contrasts .

/observed values to the corresponding g-estimator, y,
™ .

= Fre\quen‘cy of false positives per experiment

" d = deviations to right of centre line.
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The "centre line" and "significance limits” for the-standard plot are determined
using the constants in the above table,
Centre line: . Through points {0,0) and ( T ,n)

Significance limit: Through points (¢ +d,n) and (I, rank (Uu))'
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APPENDIX G

Computer Progrom for Moss=Transfer Experiments




/READ OPERATING CONDITIONS,”

[CALC. OTHER EXPT. CONDITIONS]

/READ BED-HEIGHT RESULTS /

CALC. RESIN HOLDUP & BED VOIDAGE.

[READ ANALITIQAL RESUTS/

CALC. CHEMICAL COMPOSITIONS
1
CALC. NTS, HETS,PLATE |

EFF. & VOLUMETRIC EFF. |

' .
MASS BAL ANCES

/READ COMMENTS /.

- /PRINT RESULTS/

{ o
' [BENSON-LEHNER PLOT.

(870 P )

.-
@ c

4

FIGLRE G.1 Flow chart of the computer program for analysing
' - .
~ the results of mass-trensfer exporiments

A7




e

2
-+ COMPUTER PROGRAM LISTING  «~ ©. = T

A

(OMPUTER PROGRAM TO CALCULATE THE NUMBER OF THEORETICAL STAGES
(NTS)» HEIGHT EQUIVALENT.OF A THEORETICAL STAGE (HETS)s AND PLATE
ap VOLUMETRIC EFFICIENCIES UF A CUNTINYVYS CYUUNIERCURKRENT MyLTl-
STAGE TONEXCHANGE COLUMN WITH FLUID DIODE DUWNCUMER
THE PROGRAM ALSO. PLOTS THE EQUILIBRIUM DIAGRAM» OPERATING LINES »

. AKD THE THEURETJCAL STAGES USING THE BENSUN-LEMNER PLUTTING SYSTEM
CRITTEN BY CeYoFo LAW -
JuLys, 1978

DIMENSTON X(20)3Y(20)»COMI80)2FBED(12)»SBED(12). o
NIMFNSTON RVI (41 sRVF LAY s TVI(4) s TVFL4) sCLMVI(4] yCLMVF (4) sPHI LG
. PHF (&) ' | '
DIMENSTON RI{4)2RF14)sCLI(4) yCLF(4)sHI(4) sHF (&)
DIMENSTON XEW(400) »YEW(400) 4XP(207»YP (20}
REAL INTERsLABXTPsLABYTPsLABXBPsLABYBP

v

wRI1TE TITLE

WRITE(6»10) -

FORMAT{ 1H1s % CONTINUOUS COUNTERCURRENT MULTISTAGE ION~EXCHANGE W
I{TH* /7 * FLUID DIODE DUWNCOMER®* /// * EXPERIMENTS WERE PERFURMED
>wITH A COLUMN OF FOUR INCHES INSIDE® // # DIAMETERe THE EXCHANGER

3 HAS SIX STAGES SPACED 45 INCHES APART# // * THE LON~EXCHAN
WGE SYSTE® 1S SUDIUM TUN=DUWEX—50WX8 RESIN-HYDRUGEN Jun¥)
COUNTER=1.0 : L é;

&' CONTINUE

e
BEAD AND WRITE RUN NUMBER
READ(S+?0)RUN
FORMAT(A1C) -
IF(FOF (51199930 ~
CONT INULE _
1F(COUNTERWEQ. 10YWRITE(6340)RUN \
FUKMAT (/77 * RUN NUMBER #*y A1Q0s /» 15H #¥#wetamaariss)
IF{COUNTER .GT« 1« 0)WRITE(6,35)RUN o
FORNAI{]Hl, * RUN NUMBER * Klg, !y 17H ****I*******?**)

-

READ WEIR TYPE NUMBER

IYPi=1.4 FOR STRAIGHT WEIR . .

TYPi=2.0 FOR CYLINDRICAL wEIR - L
TYPF=3.0 FOR CONICAL WEIR ’
READ(S480)TYPE

FORMAT(F10.0)

P AD AND WRITE OPERATING PARAMETERS ‘ S
Cul i DIMENSIUN IN INCHESs SUDIUM CUNCENTRATIUN [N MEW/mML AlND
PARTICLE SIZE IN MESH NUMBERS . N : |
KEADIS +501FLsFS»sSICoWh s WHDT »DLD»DP

FURMAT(TF10.0+A10)

hf]]F(ﬁvGO}FL!FS’SIC : )

JURMAT (/79 * OPERATING. PARAMETERS® ///»

15X, *LIQUID FLOW RATE(ML/SEC)=*y F7e3y //y )
"Xy ¥SOLID FLOW RATE(MLYLSEC)=%*y F6.3» //» . Y e
1h). “INTT.JAL SUDIUM CUNC. (MEW/ib)=*y F6.3)

1i {TYPFLEQelOIWRITE (69951 WL - '

FUSEATL /s S5X» *STRATGHT WEIR LENGTHUINCH)=*y F6.3)

I YPT o EUL 2 0IWRITE (69105 0L L _

FCiATC 7y BXe ®CYLINDRICAL WEIR DIAMETER(INCH) =% F6.3) Coe
_ 1P LTYPFLEQ,3.0)WRITE(6205 WL , _

S FURMAT( /e 5Xe *CONICAL WEIR DIAMETER{INCHI=*, F6.3}




ot

(Fa 2890 HDC DL 2P ' . sk , . Y N

SoneATH Sy BXe FEEIN HETGHTUINCHI =%, E6 .4, /7, oo '
Cy RnLLiCur B CLEARMGLCEUINCH) =%y F&.3w [/ .

W POTWDE LATESAL DIGFLACECETIL/20 INCIHYI=Y, E643s /7 ‘
.'_1;73}“ PARTICLF gllf(ﬁﬁbh}= e ATUL / . -

. , : : |

RN R L SRITE UTrib it GOESATING CoundITluns '

PTELAGT) : ‘i ' .
T ATy R THER PSR ETN A Conl[Tlungs) .

s NRRTTILRA ’ ‘ '
VY )

(IYHﬁ.UT-s-J)GU TU ?15

WleE T e84 *

T RTIRA TP 0m(¥L/2.0) *¥%2.0) - ' .
T, EN L WY THETA=1.5708
FlHeGTewew I THFTASATAN WL/ {24 0%HI)
TITOR={R#*F2 JOY*THETA
FOAFNT=SECTUR=(WL¥H/246)
L2015 THE CATCHING AREA OF wEIR
L2 NS THE ROTTUM AREA OF wEIR °© _

TrAD=SEGMENT - T - . .
70 pos ~ :
TLnTINgE , ’
1FITYPFL,GT.2.0)1G0 TO 285
SCZAD=UL29%3,1416% (WL*2, 5&)**2 J - : L

T0 225 - i . RN oL

:_uiTI.\“Jt . ’ ' . v ! ’
iU PRED 16 16% (WLH2.54)¥K2,0

VNI, PER A TLTEH (DL 6RTERD SO )HRD,

CTINLE S,

TLTa1AR (RA¥D () !
N8 !
TmAFR /AT -

SEADSLT
AF AL

TTE (B Tuo)AT s AF s AC»ARL yARZ 4 AR .

PocrAT /s DXy FCRUSS=SECTIVNAL ANEAtSu.Cm.)~ y FTe3s /7
Toa *FLUINTZATION ARTA(LW.CMe!=%, FT43y //» o
e ARDLYUER CATCHING AREA(SWWCrla )=y FTe34/7
T =F<ACTIO“ CF FLUIDIZATIUN AREA=¥*, FH 43, [/
fuy $FRACTICN OF COWNCOMER AKEA=*s F&e3s //»
re *ELLIDTIZATIVIY TU ouwcu--EK ANEA RATIV=®, F6.3)
=Rl AT o ‘

T TFL ZAF . . ' . .
TV(A’11}1(5V TSV 4

e AT/ s BXe FUVERALL CVLIMtin SUFERFICTAL vEL.(~u/5v-Cr'5EC)'*

ute /7y 35X RFLUIDIZATIUN SUPEREICIAL VEL(ML/Swl.(M™SECI="y F6L3)
SleHienC Y #2 .54 , .
T1A4130)IDS

.n

AT //s 5Xy XDURNCUIMEK SEALICM) =%y F6.3) ' ) i
Lo LREaAlING IS PS I INCHES '
NSRS
MR IO B IR P R
TR AL 20TOL _
“Ti/y 58Xy *TOTAL DIODE LENGTHI{CM =%, F6.3)
\ L5iM VOIUAGE ANu WATER FLOw RATE IN RESIN Febtb - o,




CAniAL2TUIVOIDIWATER
CUTATIPF 16

SEaT CAND WRITF EXPERTSENTAL RESULTS [0 BED HEIGHT

CETGHT INPUT GATA IN INCHES
TITTA136) '

ATy B FXPERIMENTAL RESULTS®)
A (5148 MIFRED LTI eIz 9120
S Rn 1A ISHIN(TyI=1,512)
-‘;“\r(QFla.
B 155 I—“-?
"“f“(l1-F”En(l\*? 54
ATN(1I=5PED(11%2 .94 ) T
“UNTINUE .
ALl STATIFBED» 12+FMEANLFSTD! , ‘ ' . .
AL STATUSRRED12»0MEAN» 301D ) '
75 yulymE WCCUPTED BY THE DIVDE 1S ACCYUNTED FYR [ CALCULATING THE
=0 VIOLUSIES : :
CTHICK=.8281%2.54
r~ DIODE WIDTH WITH ZERU LATERAL DISPLACEMENT 1S5 142562 INCHts
JIDTH=11425672+0.06%DLDI*2.54
u??a:DTH!CK*anDTH
FD:1:F~'7~‘.['I‘-"~+TDL—pS*2-54
T T SelleUeuw JUELTAFV=S.0
TFIFD5.GT 0 UIDELTAFV=FDS*DAKEA .
LS STEANSTIL-PS*2 .64
1T (aDSelF auia 1 IRELTASY=0LC
ftsws GTCoIDELTASVY= SDS*DAHFA
SEMFANRAF-DELTAFV
“V:SNEAN*AF DELTASY'

VolD= (MBI V=5RMV# (1.0-VUID) ) /FE/V .
wr it LAY 1ABIF AFANY SMEANIFSTD»SSTUYFBMV » 5BMV
e TU/s 25X, YFLUIDIZED  SETVILED*s 7/, 28X» *BED¥» 10X» *BED*»
Do omay FEEAN HEIGHTICHI*® s F13e3s Fl343 : :

e AN, HHETIGHT ST NVR#*, Fl4a,3 F13.3,
‘/."- 5K ¥MFAN VOLI{C.Cal*®s Fla,,2, Fl3 3)
Tr(ﬁ-TO)F‘“VJID :

- % nEAN FLUIDIZED Bru VOIbAUt =#, FGa3)

~

SRR L LA _ :
TTT6 175w : ' e
CAT(Zy 9Xy FUNUTEQ WEIN HEIGHTICH)=%*, F6.3, *1% }

A ANALYTICAL RESULTo>s CALCULATE ANV wRITe THE INITIAL ANUFINAL
il CAPLICITIES, SUDIUM CUNCENTHKATTUNS AND HYDRUGEW CINCENTRATIMNS,
VUMRER OF SFTS OF SAMPLE DATA (MAXIMUM OF FouRl :
: s 276N
COATUF TV e

t

“rn TS THE SwLIym HYDewXTDE TITRANT BuRMALITY (=miw/eow)
: ":‘.:-‘1 ' :
POHTARTINGS ) y . -

SRR e e | - .

Te TU// 8] Ky *RESIN CAPJUAEQ/ZiL) %y 5X s *CHLURIDE(MEW/MLI®y 5X
COUUNCENAMEL /N YRy /s uXy HEINTTIAL*s 6Ky #FINAL®s TXy HINITIAL®,
CTHALY s X ®INTITIAL®s 4Xs #EINAL®s /') . '

S VoLumE  fov ML UF PACKED BEDs TITRANT. VULUME Jiv by CHLuIDE
3-N-ui«511uu v vy A HYO UGy CuiiCENTHRAT [ I PR VALUC
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B (R ead ) LCLMVI I eIz 1
rr~w{r;'=)thI(11;r—1,P
: {ﬂ.!%)ltL-VrlI)’I-].ul
CHE (1) s 1=190) }
EVIC(IYsl=1snv) ) : N
VIIIYeI=1a M) : . ) : ‘ .- 5

2 (RVF LT el=1>sv}
AT GRS ITVFITI Y s I=1sdd
Py T{LFlue ) P
T T=7sM
(1) =TAORM*PEVIII) Z{RVITTII*(1,0=-VvUID})
(P12 TROPNXTVRFITIZ(RVF UL Y * () qu-VOID)) T e
SLIPEE-00 018805 . "
"'.' Tf“\=-u.*.)9—s£+75‘b? -

]:( Lyl LY RSLUPE +I|\TE|\
F=lLavE [T ) RSLOPE+IRTER,
(YI.LF.L.L)CLI(I)_I-Ollb.u**(ABS(YI))
Ef[YI.GT.C.O)CLI(I)=10.U**YI
Y aLF e G0 CLF (121007100 %% (ABS(YF))
IF(YF.GT.0.0)(LF(I)=IU.U**YF
SN =104 (100X *(PHI(1)))
-@(11=‘.4111u.c**(PH=111))
: fJTV(S. 51H1(1),Hrtll.CLItI:,CLFlrl.H1(11,HFt1*
ke CHUVAT(FLDW2,F11.3,F13, w,F*u.q,F;o 34Fll.4}

[0

B UM TUE _
[ .

[ {ALL STAT T(‘ CALCULAT~ MEANS AND bTAl\DAQD DEVIATIONS OF CONCENTRATION
[ “riA AN PRINT RESULTS .
“AlLL ‘_\TAT'(NI)N,!L\II'lEAl\’RlsTl)). N ~
ALl BTATIRE s KEMEANSRFSTD) .
Sl HTAT(LCULT sNesCLIMEANSICLISTD)
fhiil STATUCLF sN»CoFMEANSCLESTD)
T LTATUHL aNSHIMEANYHISTE)

@ STAT{HF o N+HFMEANSHESTD)

S Ay ARIRTMEAN yREMEAN s CLIMEA sCLEREAN sHIMEAN s HEME Aix

L _..({ Joa BXy BYEAR®S FHa3sF11e39F13a0+F10aGsFLlUa3sF]leti
FLOs TOIRKISTDRFSTDICLISTR Yy CLFSTDYHISTD»HFSTD
- e \.c /s 3Xs ¥STE DVitky F9e3,E10059F13.0,Fl0a4yFL0.3,FLlad)
C s IME AN ) '
Y LuFuEAN

“J\—CL[ C"\l\'
TLEN C:r«j ;o

-ﬁf:u[“rnﬁ . . )
PR AN N

wAR LG STATEMENT WHEW THERE IS AN INSUFFICIENT WASH WF KESIn

GCFNERATION v
:t THE EXCHANGEABLE RESIN CAPACITY VBTAINED txPEn[rthALLY
s -('-c\] ‘ -
LEEXRC-RIC ‘ o “
'LTﬂ.GF.u.U)GC-IO 115 & . ’

LA IDPRIFXRC ,

iy BXs PEXCHANGEABLE REYIN CAPACITYU(MEW/MLI=*y FHa3)

A 185) S £

it/ 3K #NOTE9 INITIAL RESInN CAPACITY GRLATER THAN cxCraNucoA
wolis CAPACITY®y /75 11Xy #*DUE TO INSUFFICIENT wASHING AFTER "
CTCFNFRATION.  YUIRI%s /75 11K *SET EWUAL TO LERO*)
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CuTInUE

NG i e
L mERICLAELESTC)
T lAYl1LUIRIF - -
R A WA Xy ERATIE JF HYDHUGEW Tv SuDlum [wiv -FlLuw=%, Fg,3)
1S THf SLOPE O THO FLOwW OPCHATING LINE
1—1.u/°1F o .
T AYPIRIFOLS v
r,,‘ﬁr(/, 65Xy *SLUFPE UF FLUy uPEhArING,LleILC/nui=*. F6e3)

_¢LJLATL THE INITLAL s~Nv FINAL TGN rRhLTlurb UN S0uvluil bASIS
JIRAE TUNSFRACTION [t THE LIWULYD PHASE

1 THE TUN ERACTION InN THE RESIN PHASE
TE(=SIC-FS*{RIC-RFCY/FL

1= FC/USTCHRIC) ;//

=L IC/USICHHIEC)
-w:ﬁFLTA/ExRC v -
CEUNEFLTAJLT «Ca3FYT=0.0 ’
ULELTASGE e uaUNYB={EXRC-RFCI /EXRC
TEDMLTACLTa0Le0)YB=(RIC-RFCL/EXRC

CALCULATE AND wRITE THF SLOPE OF THE ANALYSISY OPERATING LINE
LIS THF SLOPE OF THE ANALYSIS OPERATING LINE
= [YR=YT}/(XR~XT)
’lTF(b’IS}AOLS
SAT(/s 5%y *SLUPE UF ANALYSTS VFPERATING CINE((YBT YTJ/(Xd XT))=*

‘.i:"()-—“" . !

L ULATE THF NUMBER UF THEORETICAL STAGES .
"TOiS THE OINTITIAL SODIUM CONLFlTNATION [RONGRMAL (=MEW /ML)
Tt =ALCGIulSTICY+Y T, 7%1/1? 9 ’

11-Y3
iy T=1e20 .
T EY U IY PR TER—1. 00 %Y (1)),
RSN EES S B RYAVES FATHS Iy IH
I=1)=YR-({XR- X(I))*AOLJ

:i-o-‘l -
SLTIRUE
‘?ruvlau,jsu.pou

s de IRT=X(I=1 037 (XU =~K(I=-1))

i 195 ‘
Vs XTE >u)/(x\11—x31
T nUt'_

CLATE HETSs AML PLATC ANU VOLUMETRIC EFFICIENCIES
“E;\'?-:){& ) ' ) )
SUPLAPNY/RNTS .
SHNTS# 190 /PN N
T236UUL 0¥ (FL+FS)I/ (HETS®AT)
Tt b 20L) -

AT(/ 7y 5Ks *X IS THE Supfum Tun FRACTIwn I LIGWUID PHASE*»s 7/

T WY 1S THE SuDTUM JUL. FRACT T Iiv RESIin PHASE®) - . .
Tr(észl;)XP~XT;YT!YP’NNT51HET519EFF9VEFR

cum LATE ARD WRITE T9 Fruys RATIv AND.QBUV&'UF ?Luw WEERAT G clug
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ToA fv BXy ®XUINI=*s F6E3 1uAy 2X(OUTI=%s Fgo3y /7

. ,({$ =%, F5.3s 1UX» *Y(UUT)=*, FEods 7/ '

chay Pedszty FES3Is 11Xs RHETSHCril=%, FT7.3s /7

ci., *PLLTE SFFICIENCY(PERCENTI=*, FTue3y /7,

‘v, tyul.tf FFTICIENCY(1/HR)=%*, F7.3)

fuz o ¥i5S HALANCE FOR CHLORIDE ANL HYDROGEN IONS

ST SLLANCE )

olnECLIIrEL

T TECuF T [F L+, r\TEf})

-Lt—TMCl— C*I “_CLUUT
TN L‘(‘"‘S(DELTACL)/CLIN)*IOU.

l! ~voRUGEN BALA CE Lo +

U= RICRFS+R] )

aGdT:RFC*FS+HFC* FL+WATER)
ST TAH=HEN-HOUT
FeRORI={AeS (D
LAl TELG 22030
Fud AT (24 ¥

AH) ZHINI®*TIUG L0 ‘
“vHlNQCLUUTvHUUT’DE'-TAC'—vDEL-TAH:E'““-"(C"-QE““U“H
IUNIC MASS BALANCES* s / /0y, 25X "#CHLOURIDE®s S5Xy
iRy NRUGEN%S / ®ION IN{MEQ/SEC)*y Flle3ds F1l3a3s /73 5Xa
ol WUT O Ew/SECI ™y F10.3 3e3s /fs 5Xs ¥INTUUT(MEW/SEC)*,
011,33y F13.3y /7 5X *ARSI =UUT)/TON N%, EB.3$ Fl3a3s /o
\ LeXs *(PERCFNTI*) ‘

LY
TAn ANMD wRlITE COMMENTS ‘ E
Triotl CAruS ARE REWUIKEUL. ThE FIKST 50 COLUSNS UF EACH CARD .AKE USEDL
NEADLS 230 ) (COMUT) s I=1540) - :
1. FURMATISANZ) '
RITE6 26T N
SURBAT (/27 * COMMENTSH*) ‘ : ' '
ST (69250 ) (COMUT)yI=1910)
T TeAT(//s 5X» *FLUIDIZATIUNS  *, 54105 /» 20Xs 5Al0}

TTHrOMIaY W UF L1 CH “IWRITE(6235) , ,
13 FoeRAT L i*) N ,
Tl TR, 258 (U] ), 1=11,20) ¢
; v ATESAs *RESIN FLUNG  *, S5A1ys /9 1BX» SA101
TF{CON {161 aF o 10H IWRITE(6+235)

HITE A 7651(COM(1),1=221y30)

S TMATUS Ky HOVERALL OPERATIO:y/ #, SA1Us /s 25X S5A10)
,f(tk)‘(?() - NE e 1UH RITC(69235] .
T*(‘);ZA‘:‘:((O-I(I)sI-?lt&Ol

AT (S Ay YOPERATION.TIMEY #, S5AlU» /. 22x» 3Al0}

Foelbuwa] G SECTT W PLuT5 THE EuulL[gK]um DIAGKA™M, UPE<ATING CENES
17 THTUEETICAL STAGES , -

L rUNTE I T .1.0160 TO 40¢
T TAT O PLUTTER UNIT AS CENTISETER
C PLUTH ey sCaus=20) .

I L FOLTTIR CRIGLN
PluT (% sy eally=3)

TTEORLAE ALY DATE

LU NATE(THEDATE)

L LETTE R (99 Ue6390eUrlea0934059ACeYoFaLAn!? ) \
L LETTER (1usle5+90e092015240,THECATED :
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Slen ooZh PLOUTTER un]uln

_\\-'-'.,'., PLUTIS ’f‘ol..i—” '

~ s

\ Tl P TTIaG SCALE FACTOX AW ovldnbian s fun X Al v
'fﬁLF:].éfI5-n

o t-a.8*xSCALF

Sm=1 . *YSCALF

Ul 1.9*XSCALE

ARz 1A GO XSCALE

Y. ih==1..L¥YSCALE

Y AX=1ReUTYSCALE :

';uLL PLT I (XSCA LE.vscnhE.v.x,XHlh.x“f/TY"dN.YhAxl

vaid CORNERS OF EACH PLOT . ‘
TPCOUNTERLGTS 140160 TO 410 . : y

cat pLCThlfu,UmU_ﬁ) . S ‘ Lo
(ALl PLOT (WU 0o . : ' :

TLIiLL PLCT(wvews2s u, )
Lot PLOT{ vais26eusl)
TALL PLUT(ID42927 5y 2)
CaLL pLOT(l! 27 542) - ‘
SR SERCE Fok ' , .
CNTIhgE ™

T2 L PLOT(Y1esDewe2y

IALL PLOT(0ates27e592)

"LlL PLOT(1eC927a592)

-II\J:

2oL PLOT{2. <5327 e54+3) - A .oe

AL PLOTI?)1e54274547) .

UL PLOTUP 1 s50260us2) : | I
CALL PLOT(21484240s2) . e

Tl PLCTU? 1 aBsiba i)
R PLGT(?Q-FH,C.(ME)

W | QUH hUdBER
Tl LETTER (3500530400360 925e5 s IHILUN) .
UL L"_TTFR(“'JOS"J.L'!505!25'05’RUN}

. T FRArE OF THF FOUILI“RIU‘ D[AuRAa.

T PLOT( 245927509 3) . / .

UL PLOT(18454254097) T N

il PLOT{1Re591U0a0s2)

Ll FLUOT{2.5410.3U52) ,

Sl PLUT{ 345 4254042) . ' . v
477 =140 ' T - ' ‘
=1 o . o ’,

NI B R

Ll PLUT (.59 YY s 3y -

L B . (:-A . —

T Wt .51 X23,.9 5 g . b

Sl PLOTUXZ$YYs 2 )

-
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TilerdaR™IYY =) tats

2l rle TN e YY e ?) - -
TN
Loda 1=] .0 -

cra] ) N

Yoluewt+lead#]

“ALL r"LOT(lF?-%sYY'")

(nz]1®e7

FiT.ED. BJXX 18.1
CALL PLOT XX eYY»2)
ConTIUER
POoAs0 T=1.60

SR
»K=TRe5-15%*(C1
CALL PLOTIXX325eus3)
VY=24 48 -
CALL PLOUT (XX sYYs2)
TONTINGE

A

x ‘».F?ATF PUINTS FUR THE - EUUILIRNIUM CURVE-
: 1tz e
TN [=1s201
. 'v'-(E)-fh*xfuil)/(I.L+(’& 1. Oﬂ*kfdtll)
u,<x+1}—x—u( b+1e5/7700. 0

SRS S ORtr: ‘
C 00T ERRILEPRIUY CURVE . . ,
. ”-LL'DLT PLIXSULYEG VL) o - .
\ ) . : "
r AT AHALYbiS OPERATIMNG LINE ‘

TALL UNETTUIXA,YBsXBPYBFY °
Sl Un T T I AT oY TaxXTr sy TP)
L GRAF (X3P YBP s U w.aHCIR)
A PLuT (XBP ,y8P,3) : *
CAL PLGTIXTP,,YTP )
TAL GRAF(XTPsYTPsGats2HCIR) , '

. L7 FLOW GPERATING LIKE
Sl EaNR-YRZFOLS : )
f:;.H ‘
b Un!rTu(rxr,FYT,FKTP,FYTP)
”W‘“ﬁ(CXTP XTP)LLTL2.1)G0 TU 460
T DALHRNTH, FYTP,XRP YRP,2) ' : ‘.
'r:rw» : , .

 CJUT THE THECRETICAL STAGES 7 * , i
LLOPLUTUXHP Y8R y3) A

-’::..'+] . ' ‘ 7 Ty
T P THNSTEP .
_u.r.T (xtI).Y(I).thll.YPcI)) T




) 186
coTIMUE ' : . :
oL TEYWNSTRES

Sl PLCTHUXP T sYP (1) s2) ’ ' L
il e LTaXTIGU TO 490 -

) rLuT(Xr’(I)sYP(I+1),‘)) \ : )
“TInyE a :

LTiAE

wLOTtxP(IL.FfTP.?}

[BR]

..

A

el FGUILTARTUM DIAGRAN
2t LeTTER{IBsUeS900sus3euslbausl3nY ReE>In PHASL S
L MATHI3a159 144630689900 s6HLPAREN)
JLL CATHI341532ValsUaBsFUeursbHRPAREN)
Foll LFTTFRI1150Ua5900098e0s%s0sllHA LIW PHASE!
CALL MATH(Ba6+9808590.8+0.C+6HLPAREN) '
FatL SMATHU13 ., 1’8 8530.8su, OyGHRPARE\l) -
1'~"1 TP=XTRP+., :

Y TP=9.6

LL Lcrrc<:5,u 3»0,0+LABXTP, LAHYTP’SHXTsYT)
.KRP-XBP+;.]
AIYHP =Y 3P s ve 6
AL LETTER(59Ue390,09LA3XBP 2LARYBP ySHXBYB)
ALL LETTERP3,C 3300318419946 3H1L0) B
ALL LEFTTFRI3 9043954092462 9, 6'3HO-UI
At LETTFR3swae3 900920 6,2k 8»3H1 o)

Moy o

r‘\"’\r’\"\"";"r'\r'

WVITE IN[T[AL S\JD[UM [ i CUNCENTI‘(AT[UN UF EXPE“I“E“TA%‘U"
rail LETTERIITH®530.0964542345, ch)
ALLYLETTER(19ue3 904095032325 1HU)
S OMATHIS W 397234500451 04055HEUWUAL) -
T RGERFR(5.09923.550459040551Ca6HIFS.4 1) ' -
~ ’ L
LUiTE MFSULTS UF EXPERTSENTAL Rue g ' '
Pl LETTFRI29 4005904083009 76%92029HIYN FRACTIVNG Uin SUDIU“ BASISJ
Sl LFTTFRI25ue590a0530usbe 5 2Tt ) Y
0L MATHI44085e530a51CeCe5HEQUAL)
Thel HUMBER (449450990590 .09XRAH{F5.3))
| LFTTFR(2,J}5»U.0s9.5gp.ByZHY‘l
AL SATHIL045364590e5 906y SHEWUAR)
ALl MR FR 1140166950590« 09 YRBHIFS 3] : -
Sl LEFTTFRI2y a5 90,0822095,5927HXT)
Clel MATHIG . 95.53 0,598 0 SHEWUAL)D
Tt L ‘¢U"HFR(Qt‘)’StS’O-S!OUOQXT’6H(F503)) - - N
T LETTER(Z3Ue53Ua0D1945154592HYT) .
Sl TATHI IV a5 9545904959 Ua L SHEWUAL ) " —
TUL UPEER (1140954595065 90eUs Y T6HIF543))
ER LrT[F‘(('it 53T a0 3.00tb, 5:3Hr‘Tb’
".W‘\, "?H(’i.c)afi.S,U.)’O.OgsLlE\JUAL)
BRI F‘r}\(S.x 1065 s0aH0), Q,HNTSS6H‘F503)) .
o LFTTFRl9,f.53ﬂ.0;9.5,4.5’9HPLATE EFF) ) t
L TATHI L e U405 305U e U SHEWUAL ) C
L UMBER (140504 o5 5UeS s e CIPEFFs6HIFE.3))
T L"]TFK(ZZsJ D90aurI Ur3ab22HAHALYSIS wP LINE D—U"‘E’]
LOEATHILG . e3.540, 5u-.\..95HEuUAL)

U RER T4 ,543059)e530a09A0LSY6H(FS 311}
LETTF{18+0e530.033,092e5+1BHFLUW UP LINE SLUPE)
YATH{124052e550a590. U SHEQUAL !

L .

YTy
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o OFRI12455245262570001F0LS16H(F543)) '
: ’ CCUHTFL{*‘]..U

KEFPZG ) _ . o :),3
- | 3 '

THE hjmnrd bF FXHF“IWENT&L “J“S HNuCLSQED 8Y THE P“UGNA“
N ERTAN

JCOUNTFR~140 : | .
o oIl iHLs B OMNUMorR o ur rx#*mlur\raL HUnS="y FH,.11)
T ST A ety Gl =) '

TLOTluealLsC=01999) : ”

|

| | |
‘\" U\/TI‘\' "U"pﬁK(X,Y’HEICHT\‘“Ut—EgA

UrisFiT) ‘

oA 'TINE TC ENZOQRE NUMHEKS . : - ;
SLTGOF{1USFMTSRCDYANUM - ' :
th.qY1%uLleYsHEIGHT,BCDo NGLE .10}

TETUAN
AJUTTE STAT(XsﬁtXNEAN|XSTD}
TOUTINE TC CALCULATE THE

MEAN AND STANDAHD DEVIAT[UN VUF X

{ .
TUTUSION X (46 .
o I=16N | B .
EARNED SRS LFERE ' —_— ‘ o
VEXAUEX L) ' \
':ENUF )
CEXSUY/ELOAT (1)
..C&I((JSu—X\FaN*xFEANlFLUAT(ul}/FLUATlN‘I')
;'\" ' ’ ! !
- | - ‘] - ‘
Co TUT 0549 i .
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. SRR SAMPLE COMPUTER QUTPUT R

S TINYUS NOUNTTACURRTNT HULTTSTAZS 1ON-IXCHANGE WITH

HEMERE RIS UZ::iaquR _ /—\\\ jl‘i . _ . .
eacnrusiTS NEFE PERTORIVIY WITH A CILJHN OF FOUR INGHES INSIDA

fivFITR, THE IXC4ANGE? 4AS,SIX 3TA3ZS SPACED 4,5 INCHES APART
r4r TON-IXCAANGST SYSTEM TS SODTUM IJN-DOHEX-SOWX8 RESIN-HYDROGEH ION
| / . .

N

. ’ . . -
v ~
iy NE2 Th . ‘ L
TIYESEERIIES 2 )
' a

N2T3ATING PARAMETERS

LIJUI2 FLOW RATE(ML/SZC)= 424302 L
SILIY FLOW RATE(HL/SES)= 1,643

TUITIAL SOOTU4 CONGC. (MEQ/MULY=  ,130
“TR4T5HT WETR LENGTH(INGH)= 3:731

TR HETGHT (INCH) = 2,500 - T
MYUHIOMER CLTARANCE (INCH) = 1,287 S
177Z LATERAL JISPLACIHENT(1/20 INCHY= 2.000

sts {4 PARTICLE SIZF(4ISH)z -31435 |

T |"

\

PT4Iv TYIIPTMENTAL GONDITIONS S L 4

»

~3733-57CTTONAL AREA(SN.GNM.Y= 73.31C
¥.0TIIZATION nREatSQ.ZP.)= 55,037
SN aMnR car%urw; ARIAL(SD. = 24,713
#>4CTTON OF FLUIDIZATION ARS?Ei.. 90 ///
JFPARTION OF ONWNCOME? ARFA= . 311
CLUTIT7ATION TO.NDOWNZO®ER APEA MTNI0= 2.229

SUT2ALL GOLUMNSSUPERFICLAL VEL.(MLU/SQ.CM-SECY= ~.501
H)IITTATION SUPERFINILE VEL (ML/SX.CH-SECY= .726

TUHNIIMER STALICMY= 2.621
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A
» . L
- TATAL AINNE LINGTHICM)= A €51 ’ . : . )
| \\ ’. ‘
syaro T INTAL PTSULTS ‘ -
) ‘ CLUIBIZE0 SETTLZD . .
. a0 80
s1an METRHT(C) 5.583 2,910 . _
AETGHT 3T NVN “e532 +429 : ' . L
“IaY YOLI{Z.CL ) 2B6.4LLT. 158.534
STt TLUTNTTED ITD VOIDAGE= ..631 | ‘
(:2TZ: WET® HEIGHT(CM)= 5.030) | ' A ‘ T
| QESIN CAD.(MEQ/ML) ¥ CALIRIDE (MEA/ML) HY DROGEN (MEQ/HL)
INITIAL FINAL ' INITIAL FINAL INITIAL FINAL
2.643 « 687 L1317 L1199 + GO0
s 2.6 . 687 e1017 - «1194 <G00
~r - 24635 .689 1022 .1189 «540 -
LT 2,459 «687 s1222 ~1184 <000
vIa 2,540 699 1320 <1192 .00
SRR IR JVE §¢ . L0011 .03353° ,32007 +000

2317707 HYN2IGEN TO SOOIUR” TIN FLOW= 1.039
SLAPT OF FLAW OPERATING LINT(LC/R2¥=  .963
9L3°I 0% AKALYSIS JPFRATING LINZ((Y3I-¥T)/(X3-XT))= \:qgfl

/13 THZ SONIUM ION FRAGTICN IN LIQUID PHASE

Y Tﬁ*THi SYITUM IIN FRASTICN IN RISIN PHASE y
= 1etac X(OUTI= .231 '

e W05 TYouUTYI=  .781

13z 2,320 HETSANM) = 23,143 ‘
S ATT EFFIGTIENCY (PERGENTYI= 38.812
SNUMT TFFISIENSY(1/49) = 6L.339

1777 w1SS RALANGES. , /
GALORINE 1YOROGEN
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1.0/ SMXTe YT T o 1.0
T X(LIQ PHASE) «

TON,FRACTIONS ON SODIUM BASIS ©
A3=1.000 YB= .741 |
NT= w231 YT= «001 o
iTS=2.329 . PLATE EFF=38.817
INALYSIS 0P LINE SLOPE= .962
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APPENDIX H

,Cdmputor Program for FractioM! Factorial
_Experimenta) Deiign
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b

re]

192."




X :

(START

| @EAD*YIELD/

CALCULATE TOTALEFFECTS]

1

CALC. AVERAGE EFFECTS]

CALC.S.S.]
'

ARRANGE ABS. AVG. EFFECTS IN
ASCENDING ORDER OF MAGNITUDE _

S btk 1

!

STANDARDIZE AVG.EFFEGTS

SSvd

"ARRANGE STAND. ABS. AVG. EFFECTS IN |-
ASCENDING! ORDER OF MAGNITUDE

o CALC. MEAN SS.

'
CALC. MEAN SS. RATIOS

R .

C [FRINT RESULTS7

NEID)

CALC. RESIDUAL MEAN S.S.

“TPASSTE

N

FlGURL H.l  Flow chcrt of the cor puter program for anal .sing
the resulis of foctoncl experimental desigr

e
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L. 7
.

COMPUTER PROGRAM USTING : o4

.y:vAl PROGRAM FOR ANALYSING FRACTIONAL FACTORIAL EXPcRIMENTAL
1o T ANY NUMBER uE FACTURS AinD HtuFuun[uu THE ANALYSIS UF

=L TELANCV)

reoGn Al 1S DIVIDED INTV THHEE FUNCTIU“AL'HA“TS. THE FPASS ~UmBER
-2 2ATA DECK CUNTRUL THE SECTIvn WF THE FnruGRAm Tu BE USEU.
folilusIing RESJULTS ARE WBTAINED FRu™M THE PASS LKUMBERY wHER

CiLe TATE DATA IS PRUVIDED I THE DATA DECK,

AT, 100RK

EER YATTS ANALYSIS AanD .
AVERAGE EFFECTS LISTLL IN naLthu[hG URCER
ST YAT'Q ANALYST O :
‘ T DFFLCTS ANL . -
CTA-\DANDIZED CEFLCTS CISTED Liv JASCEnDInNG wihBER
YATES ANALYSIOD ' ' . '
AVERAGE EFFECTS AND
‘DARDIZED EFFECTS LISTED IN HbCENDInG UKDEKs AND
ANALYSIS OF VARIANCE TABLE
-F- LA‘J-'

-

Taantal CbPF(lOO)oYIELD(IOU3sSYIFLD(IOO’tEFFECT(IOO’»

n

“MAT(F10e0)

AVGEFF(IUO}sbblldU)tbCUDE(luU)’aEFF(IUbI
S5I0N FACTOR(1601)»C0HMIB)

cetLtoR P uc1(5U)shP051(50)nl55(1001-MSSN(IOOlvDF(IOO)
“EMATON CVALUE(3)

TRET AR C
295y MSSR
THE PASS NUNMBER : : .-

515+240)PASS . .

H .
s1.N FCR THE ANALYSIS BY YATES TECHNIQUE

4 wUVARER UF FACTORS [N FACTURIAL DESIGH
Ty

f"(F]O-d)
LF1511999,190 -

LTt

LTI 4+Ge U1

P05 420%) (C A1) s 151,8)

iHE 6RACTIUN GF THo FRACTIUNAL FACTURIAL DESIGN (EXFRESSED
j*-}‘_;'.'ll’ IOE. REAC i“‘ ‘ .
“\”7le)'2“ !

'--'»(' G ‘1)

T4 rncTums'IN THE FACTURIAL DESIGN (UNE FACTUK In UNE CAKD)

(2y1LU ) (FACTORII)»1=1,C0 o R -
\‘-.~T(a:|1u! .,

THE TYFPEL CF YIELL IN THt DESIGN

T{RAT!L)

tt‘:wé $12¢ OF -THE FRACTIONAL FACTURIAL DESIGN

*RL) /UL O*ERM) <
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SaTe s W T CuedBiTAT Lo a0 ToTAL YIEWD .
17 e ' :

iRy ATUTFELITIYNYIFLRDUT

L TN AT ()
1..74L YIELD DATA
T=1si )

Delyey 1ELDUTDY
-1 n"lil:'_

- ‘-_r‘:l..-"\T: T\'\'TAL FFFF(TS

ey

2 6 J'L'l!A

L0 T Izl 4H,2

SIEECTLLI41/2Y=SYIELODI I+ +YIELD D) _
& TFFECT(L+N/2+1/72)=YIELD(T+1)YIELD(])

T ITHOE _

IF{JETL MGG TO 80

sito L=l

YISLDILY=EFFECTIL)

Jentlhue ’

CLNTINGE

LT LuE r

flLCULATE A(ﬁRAGE EFFECTS
':\,']:?.lj**(pK""RM—].O‘

v g I=1aN _

LA FELLY=EFFECTLLIZ/GIV]
TINLE

WontTlE SLAS UF SWUARES
tzPa kR RA=RM)

ot f:‘lv’i
TN T (ARS{TFFRCTII) 11 *%2,0/D1V2
CTINUE
11% TITLE
TTE(AN20)

o S5ATU1HLs * YATES TECHWIWUE Fut TAS ANALYSIS UF FrACTIunAL FACTV
TR, e R EX*’E“IP'E“TAL DES[(‘;H*}

LTTE1e /{2 D RRMY) ' ' ’ v
TP IAL1P701K s FRACT ‘

CCATU/7s ¥ RUMBER OF FACTURS IN DESIGN= *, 129
* FRACTION OF FACTORIAL DESIGN=#, F5.3!)
ST lAe270) . '

SiAT{//s * FACTORSO®) . :

CUTEtHs 130 ) (FACTCREI) »1=215C) . ‘ ;“[
CUMAT(/y BXs RALC) . ¢

TTE LAy 2]. 1{7ZOMIT)»I=Ys8) ..

cAT(//s * YTELDY *» /7 5Xs BALO)

-

TTFORFLULTS

S ITEUS]5) : - )

AT /7 64Xy FTREATHENT®s SXs *YIELD*s 6X» *TUTAL¥*» 65X
VERAGERy H5Ks %SUM UF%s /s 3X» *CuUMBINATIUN®, 15X *EFFECT®» 5X»

L
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| cotrarte, AXe *SGUARE®)

; i iAe22VCODOI1YsSYIELLIY ) S FFFECT{Y)

- o idy 3Xs AlusFlL.3sF12.3)

Cote . I=zaR .

e s LTI CUDEL L s SYTELD (T W EFFECTIT ) S AVGFFF (T ) ,S5¢ 1)

s1i/e 3Xs ALUsFluessFldedsrllessFleaa!? )

.70 THE ASSCLUTL VALUES OF THE AVERAGE oFFECTS ANu STURc CUutS
4 =7 I=7eM . * )
SFEE(I)=ARS{AVGFFFLED ) o
= {{)=CODE( 1)
[
S

comtor THE ASSOLUTE. AVERAGE EFFECTS IN ASCCNUING ORUER

(
I ol S
i+ .Iuwrinue ) ,
"‘:7.""1
| ~ooan 1=2,M) ‘ ' . -
|
| oegl Jmit2aN ..
IF(AVGFFF (T ) o LE. AVGEFFlJ)lGO TO 560
JTOTE1=SCODECTY 7 o
;352 AVGEFF (1)
: “BE(1)=SCODE(J) ’
i S AEFFUL) AVGFFF (J)

© o TIINE(JY=STOREN .

CUAEFF(J)Y=STORF? 3

2h CONTIHUE
a f' TINGE

[‘)!J,tGTolo\J]GO TO 660

ol

1 IME ASSCLUTE AVERAGE EFF=CTS IN ASCENDING uRUER
{~s670)
‘AT(s7747+ & AVERAGE EFFECTS IN ASCENDIA .G bKuEH FUR HALF WUORMAL
T 777 3Xy BORDER¥, SXs HEFFECTHs 66X *AvchGE EFFECT*» />
ST e HEARSGLUTE N R)
B N
TT 4642 =1 SCODELL) s AVGEFF LT}
ATy 1545 XA LUsFlLL3)
T lonE :
. 10 100

r

[HF ' ‘

M€ ORDER OF THE EFFECT wHICH 1S USED FUR STANDARDIZATION
(526501 RN

i ":\T(F]_U.u) . : ' - | "
ST RS L+ 31 )+

_AilE ThE ABSOLUTE STANDARDIZED EFFECTS
=2y I—?,Il \ .
*II)~I‘VG‘-Fr(I)/hVG‘:FF{aIU\“
TILUE
I
-2

[
F-

g nv~\AuF EFFECTb AND THE STANDAKDIZED EFFECTS In ASCENDING

TlANRSLD .
A2 r77 % AVERAGE EFFECTS AND STANUARUIAtu EFFECTS ARE ARRANGLE

K Il # ASCENDING ORULER, FOR HALF NORMAL ANO STANVARVIZED HALF
ks g7 F PLUTS HESPECTIVELY*I N '

L

L]
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“{ A

Se AT/ Ry BUNDENT, Sxy PEFFECT*s TXs *ABSYSUTE®, TX> *ABSULUT
ey us DHks ¥AVE EFF®, By A5TD AVGH) _

a I:?af\

T EA39.0) 1 =198C D:(I),AVGFFFtII.SCCFllx

MEESIEM VA § IO}"X’ IUsFlle343F19.3)

g
G Fle7 . 1IGE TC AGU

oo T1ON }UR Trie &IALYOLDLIS Gr Vh&inNL:
‘;;p T4 NUmBER OF EFFECTS PUULED TUGETHER AS THE RESIDUAL VARIANCE
TAT (59 3TGIRAN

AT (FY0.0 )

CETNTIHIRMN+CL0Y ) »

y L0

AN THE PUSTITIVNS OF THOSE EFI‘ECTS
SEADL 3201 (POSTLLYsl=1sNN)
CORMAT(BF I V) v

cY 420 I=1sKN
WEOST(TY=INT(POSI{I)+uaUl)

CUNT INUYE

dE A CRTICAL vALuEs In THE URDtR GF 0+90> (=95 ARD Q+99% LEVEL OF
(O TIDFNCE .
z_\nt5.47u1(CVALUE(Ilvfgl,Bi

FATLIF IV L) ' '

SLOJLATE THE ?CSIDUAL MEAN Sy UF ShuAREb
a0 =1 sl
»3S5THY
L ESUMESSLKK)
T T INUE
T lae 1Y =SUIM/RINN
E i ] =RNN

LCUCATE THF MEAN sy OF SWUARES
140 1=1,N ‘
Y1) =88]
‘(]]:1.(5
TInuk

LLOJULATE THE H4EAN SUR UF SUUAKRES RATIU

I5 . I=] 4N -
"(l)-S‘(I)/hSSIN+ll
TTINYES T

T RFSULTS

SRR B F POV A R
CREATU// /s % ANALYSIS UF VAKTANCE TABLEIANUVI®)
"c(‘i$&?:]
AT ( /7y BXs *FFFECT*s TXy *SUM UF%, 4X» *DEGe UF®™» 4X»
S SLmRy 4Ky ®MEAIN SWUARE®y /4 18Xs ®SUUAKE*,
s CEREEDUV#s 4X > #OF SQUARE®s gXs ®RATIOR)

x




‘\\~ 198
se, 1=2sn ]
7. d=1""
o ruePUSTIJYIIGO TU 38E
--l\‘“-
AR T Ve Ta (\’ALUFII)H‘:O T8 51>
LR T ) WM E GOVALUFR (1) o AN (S eat [ ) LT L CVALUT 12V IWRITE (A, &BO’
‘Ilvs‘(llinc(l‘1“SJ(1)s‘ SR{1}
Tl/7y *0s AlvsFl1le39F0alsyFlaa3yklauads 20 »H
;gd(I1.Fr.CVALbE(EI.AND.mssn(Il LTCVALGE(3) ), n;rgto,qgoj
'(_I:lv_bS:IIvDF(l)!MbS(Ilsﬂ\SSR(IJ
T ATl Sy 2%e AYDWFlla3sF G 1sFla ,39F 142 3H **)
o L SRUITerFeCVALUEL3 1 YU ITE(6+500) CUDELT)»SSU1 I aDFLT)»n55(1 7,
EE DS : - . ‘ -
C_tAT (/s 3as ALUsFLLL3sF9e1lsF1a,3sFlae3s 4 #ux)
TH RPU
I WTINUE , N
A1TE B39, 1CIYDELT) »SSLTVeDF L) amd5 (1 amSSRETY 7 ™
FLiTATLl s 3An J\liJ’F'11-3":9-19‘:1‘#-315:14.3‘

IO TINYE

. T 360
T INUE
T —(A.a““)(an(I)’QS(I)-DF(IJ
T_IAT(/s 3As AlusFlla3»F9.11
T T INUE
-l‘x!-—tlv)JUM DF(N"PI)DNSb(N-‘-l}
© . AT(/s 33Xy TRESIDUAL®s F13.32F941+F14431
.\IYE(&sQQG)“NaCVALUEII)s““sCVALUE(ZIv““sCVALUE{BI
L AT/ CRITICAL VALUESS®, //+ 3Xs *Flla®y Tl ®*50.90)=%, F5.2 K
T R tE LTy Tl ®aia951=%, F5.2y IX *E(1s®s [1s *,0.991=%, FS5.2}
U T NG
T o180” '

=y

CO TOT 0283
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LY

SAMPLE COMPUTER OUTPUT

“

\".'.Th:__\ ToouyINyYs FNe THE ANALYSIS dF FRACTIONAL FACTORIAL
ry2:0TvENTALT DESTOLN

¢ 757 0T FACTORS IN NESTSN= 7
:3.°T7TaN OF FACTIRAIAL NESIAGMN= L2517

23270330
1:2C3IN FLOW RATE ‘ ’ -
A= 13917 FLOW RATE |
fzaE3IH OARTICLE SIZS
N=WEIR HEIGHT
~:n1INE LATERAL DISPLACIMENT
F=NOYNCOMFR CLEARANGE
n=WETR LENGTH

-

Yoo

126 A THE YIELD TNTAL AVEQAGE Sud OF
~nRTNA FFFFET. EFFECT SQUARE |
" 26, 342 727.57% _
()0 18,952 -55,722 -3.5L5 168,543
| 17.h88 -13.543 - B54 5.831
A 21/136 9.53¢ 596 2,838
(M $3.335 -37.585 -1,912 29,234
(agm I 23,404 -1,272 -, 080 ,051
e 27.912 8.752 547 2.393
(1) 38,378 23.624" 1,477 17,440
Cotne 29,758 15875 . 680 3.696
SRIN: 50,314 39.399 1.9¢0 28.876
Tt e 414552 -.635 -. 060 1013
Chan(NF 34,325 ~66.539 -4.159 138.353
reysr 16.623 -3.235 83,728

pLATE EFFICTENDY

-51.?62




23.704
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- -26.795 -1.575 22.438
ey 22,673 " B8.983 +5h2, 2.523
()~ oT 17.304 17.A83 1.106 3,777
(21 (M5 29.353 -181.22? -11.326 1626.294
T 13.494 ~79.604 -4.975 198.025
~ (M5 274549 15,294 «956 7.310
(0306 1B.873 27.952 1,747 24,416
(076 16.596 20 . 043 1.253 h2.560
e 8.563" 14,190 .887 6.292
~e g 16.101 -5.775 -.361 1.043
(8)eCS3 B.486 -24,95% -1,560 19,459
=n 17.298 ~23.325 -1.458 17.003
(1aFs 9,242 -5.u83 - 05 1.315
(2)0F6 13.784 -9.365. -.585 2.741
27y 5,942 76,663 4,775 182,405
(1 FFG 26,587 202,140 12,634  1276.893
(214 (N} 2F5 14.665 be582 . 286 <656
(BICUNEFS 23.129 154120 <632 3.200
ATy ETS 19.837 5333 « 330 +890
1752077 SFFECTS AND STANDARDIZED ZFEICTS ARE ARRANGED IN

37T ING 0RNFC FOR HALF NORMAL AND STANDARDIZED HALF NORMAL
0TS DIIIESTIVELY

SR EFFZET gggo%glﬁ é?gokggc
! | C{DF TNy .23
2 (mya(me WUBC L4
7 (AY3(N)EFG 286 .164
L BT(MIFFS L334 o L181 -
E W «351 .207
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\
5 (1IBF6 405 ' 2327 .
’ taycem = 547 .313
nge T | .562 321~

. (AICFG 585 .335

< BS - «596 341

o (8)C (D) EFG .632 <362

2 (1) (F <680 .389

£3 (a)C N T1° 489, |

‘u 86 «887 .508

‘5 CtMG ' .956 . 547
15 (8) RCEF - 1.106 : <633
<7 (AVEG . 1.253 o717
18 Fo 1 1.458 «835
19 BCADIE 1,677 © .85
>© (A)RGEG © 1.56C <A33 "
2! gcF " "1.675 . .959
22 ()"CIDIG Co1.747 1.2
23 R F 1.90¢ 1.088
34 (M 1.912 1,794
2% (MEF 3.235 1,852
5 taye 3.54L5 . 24623
27 (A)Yac(N)F ' '4.159 2.3830
23 3GFG  WL.T775 2.733
29 B(D)G 4% .97% 2.3048 ‘
2L (MG C . 11.326 6a4A3
I (N)EFN 12.634 7.232

INILYSIS 9F VARIANCE TAALZ(ANOV)

TEFENT SUN OF nas. oF NEAN SUM H=u~ sauan
SAUARE FREEDOM' /)n SAUARE TI0 ..




e
()"
L
M-
(areme
(S ime
Iy
{(sy{Ln-
3I{NF
SONF
(AMCINMF
(a)iF

I7F

otk
(A)4aneF
(M5
RISl B! .
TS

{06

{"r g
AN TES
S T e S T Y

1C0.543
5.831
2.83A
29,234
.051
2.393
17 . 440
3.536
28.876

<013

138,353
83.728
22.438

2.523
9,777

1326.29%

194,025
7.310
24616
12.560
6.292
1.0u3
19.459
17.003
1.315
2.741
142,455
1275.893
<656
3.25¢C

* B9

1.¢
1.0

1..
1.¢

1.2.

1.0
1.2
1.0
1.0
1.0
t.C
1.4

1.0
1.0
1.¢

1.8
1.¢
1.0
Ty.
i..
1.0

1.¢

1.0

1.8

-
L IR

1.8

1.0

1.0
e
1.0

1004543

5.831
2+33%

" 29.234
+ (51
2.333
17.440
3.6956
28.@?6
«013
138.353
83.728

1026.294 ~
198, 078%
7.310
240416 -
12,560

17.003
1.315
2,741

182,405
1276.,993
« 656
3.200
+390

9.8C4
+563
2277
2.851
«005
«233
-1.701

- 366'

2.816
.00t
13,491
8.164

100.072
19.309
LN

o713
2.38¢1
1.2?5

1.658

LL

LX

e

128

267
17.786
124.508
064
o312
+087

LE X J

(Y 3

202




1C0.543

1.7
1.0
1.¢
1.C
1.¢
1.7
1.¢C
1.8
1.0
1.5

(92
7 N 5,831
1~ " 2.83R \x_\\ij;
(- 29,234 1,¢
()2 (M < +051
(MM = 2.393
Iy T 17 . 44C
IR 3.636
3NE 28.876
{0 A «013
LIMATINF 138.353
(a)cF 83.728
EH ,22.438
SoF 2.523
(A}ACEF 9,777
() (5 1226.294_
ARERe . 19%.025
S5 7.310~
(213306 24 416
(1) 5 12.563
T 6.292
pER T 1.043
()2555 19.459
=5 17,003
SRS 1.315
(21575 2,741
TES 132.435
(") FC . 1276.893
(O TFS .656
() (M SF6 3.20C
Iy Iy . 89¢
| \

10C.543
5831
2.33%
29,234
.G51
2.333
17. 0640
3.696
2B.876
.013
138.353
83.728

1326.294

198.025

7.31%
24,416
12.560

17.003
1,315
24741
182.405

1276.893
+656

3.200
«890

% 2w

L ¢

3,804 **
«5693
277
2.851
.005
.233-
1.701 ’
«360
2.816
.081 -
13.491 *»
B.164 **

100,072
19.309
713
"2.381
1.225

1.658
.128
267
Y\ 17.786 ver
124,508 **»
<064
312
L0A7
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