CHAPTER II

LITERATURE REVIEW

2:1 Concentration of Food
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Most of the liguds encountcredsin everyday life are aqueous solutions

or suspensions. In ni some, or all, of water from
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packaging, transportation, and sto: -ru edu

storage stability; recover by-p emove pollutants from waste streams
(Schwartzberg, 197 ) e Y 4
Vo <y

The nmt A oneentrate liquid foods included

distillation and evaporagon In the evapora&pg process, water from aqueous solutions

s removed aﬂau By qp‘i!] Bl AhEhe | FFig responsitie for favor

and aroma are dnven off. Whlle‘eﬁpment has. been develo ﬁ to condense and
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starting material. Distillation or evaporation takes place at an elevated temperature.

inferior to the

Accordingly, the chemical structure of food liquids could be broken down, thus

causing the flavor changes, and some losses of vitamin contents and other nutritive

values (Muller, 1967).



Pervaporation, direct osmosis, and reverse osmosis are the methods for
removing water from aqueous liquids, usipg selective permeable membranes. The
pervaporation technique has many drawbacks, such as high-energy consumption, low
dewatering capacity, long retention time in process apparatus, and high capital
investment. Direct osmosis can be operated at a low temperature. In addition, it is an

easy and economic method of pre vorful fruit juice concentrates. Reverse

rature and selective dewatering. In

ﬁh concentrations that are used
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osmosis offers advantages of
this process, an excessi

for most liquid food co Ultrafiltration is used to

concentrate solutions i olect utes; however, it cannot be
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eight solutes. In addition,
for high molecular we O on limits the maximum concentration

used to concentrate s

that can be obtained and™t uces w ate 1 oyalifluxes to uneconomically low
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ultrafiltration requirey lo j geometries, which are
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r-f',", taken (Schwartzberg,
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2:2 Freeze &)ncentration ¢
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Freeze concentration is an alternative to overcome the drawbacks

conductive to micrebis

1977):

associated with evaporation. It is capable of concentrating comestible liquids without
appreciable changes in flavor, aroma, color, or nutritive value (Muller, 1967).
Concentration of fluid foods by freezing can lower the temperature of

the product in a sufficiently controlled manner to partially freeze product, resulting in



a slurry of ice crystals in a concentrated solution. Under the suitable conditions,
highly pure ice crystals can be obatined. The product will be incorporated within the
ice crystals. The ice crystals are then removed with a minimum of liquid carryover.
As a result, the product is concentrated (Hartel, 1992).

The degree of concentration in a freeze concentrator depends on the

handled. Material ‘algebrai pulations lead to the following

equation (Muller, 196

2.1)

where: w; is gtais o WB.4f feed solution,
1

Cp isthe Encentratlon of solids in the final p ot oduct; grams of solids per
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4 the concentration %f solids in the feed liquid; grams of solids per
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C; is the concentration of solids in ice; grams of solid per

gram of ice.



Since the solids lost in ice can be neglected, Eq. (2.1) becomes:

wi=1-Cy/C, (2.2)

2.2.1 Principles of Freeze Concentration

equilibrium. The solu
components dissolve
as a pseudo binary syste ' substances dissolyved in water are considered as

one component.

diagram of a binary mixture is shown in

Figure 2.1 If a binary mixture 15 onditions allowing equilibrium to be

attained, pure ice cry$ta

gorresponds to composition
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(Deshpande et a’l 1982).
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Fig. 2.1 PhéSe diagfa ‘(Deshpande et al., 1982)
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-congentration system. Figure 2.2
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imentally can be utilized

for determining the o I rating
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shows freezing-point cufves, for milk and sugar solutions. This figure indicates that

e reczing U el bk @kl bk brabses. This nformation
is m':TW ;T ﬁwfgﬁﬁﬁﬁrﬁbumsﬁd refrigeration

requirements and operating con itions are specified extent by the freezing

temperature.



Freezing Point Depression, "C

If the fré 0" proe urs at a very low temperature or the

concentration of solute i

vill aot be crystallized in pure

form, but a solid mixit ot temperature. Below this
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eutectic temperature,«the solid phase will have the same composition as the liquid
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2.3 Freeze Concentration of Liquid Foods

There are mainly two methods of freeze concentration: suspension

crystallization and progressive freeze-concentration.

At indusuial scales, suspension crystallization has been
NSNS
extensively employed be€ausé &f /fits Ipol 1\\\\ i

\ The suspension
crystallization technique @ 1 fiveritional freezesco centration system consists of
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ream is supercooled below its

freezing point to allow water 16-sepata; ¢ as als (many small ice crystals are

formed). The formation of t 1 8ir Jin one of the several
17 ,

mechanisms. At verymgh subcooling, nucler will form by a molecular accretion

mechanism knFT ﬁ!w IEJWT?TT does not generally
occur in most opd systems because 1t requires hlgh energy levels (subcoolmgs)
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formationof nuclei at low energy levels. The formation of nuclei on such a foreign
surface is termed heterogeneous nucleation. Nuclei may be formed either on the
surface of a particle in suspension or, alternatively, on the wall of the vessel, in which
the solution contained. The final mechanism of crystal nucleation requires the
presence of the surface. This surface can cause the formation of new nuclei by some

contact or fluid shear mechanism under appropriate conditions. This mechanism is
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contact or fluid shear mechanism under appropriate conditions. This mechanism is
called secondary or contact nucleation. In suspension crystallizers, ice crystals are
formed by a combination of heterogeneous and secondary nucleation mechanisms.
The rate of nucleation in a suspension crystallizer is affected by various parameters,
including the subcooling temperature, the presence of existing ice crystals, the level of

agitation, and the types and concentrationps of various solutes. Nucleation has been

found to have a second ord v subcooling at lower subcooling

L : '_.“ case. ' itation rate may affect the
nucleation rate in sev W ‘l\

itation rat€imay Jov e effective nucleation rate by
Tﬁ‘-"lr-' e \\
At hi

reduceing the pockets of' ak h ‘

here the suspension is not

er agitation rates, however, an
increase in agitation mcreases the-number-—o contacts between crystals, and thus
/J"‘Ji.ﬂ'

results in a higher e On cleation | ‘__.i f solute molecules on the

—4—'\_ o
crystallization para —, ﬁ oncentration of food. In
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general, sugar (except, perhaps lactose) has been found to enhance the nucleation rate

v o Y P A

protein, polyme and pectin, have shown a negatiye effect on theypucleation rate in
e sl A SIS idhblpl V) ’J nenag
2. Theice crystal growth
The very large crystals are preferred in the freeze
concentration process because they can be more readily separated from the liquid.
This also reduces the loss of mother liquid due to occlusions and adherence to the

crystals (Deshpande er al., 1982). The supercooling is the driving force responsible
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for the growth of existing crystals and creates the new crystals nuclei. At high
degrees of supercooling, most of the supercqoling is released in creating a shower of
tiny new crystals. At low degrees of supercooling, little or no nucleation occurs, and
the bulk of supercooling is released on the existing crystals (Muller, 1967). The

important steps in the ice crystal growth include:

— the diffusi ter molecules (or growth units) to the

uent counter-diffusion of any

and counter-diffusion’g lecules ( | 2). A ripening crystallizer has

X )

been developed to a ?’f?i : i"!'- g small ice-crystals is fed

continuously to the npemng crystallizer. Rlpemng 1s based on the fact that the mean

bulk temperan.ﬂ «uhﬂcf}i‘ﬁ Ejo‘weﬁw ﬂbv’}.ﬂ; ixtreme temperatures

of the crystals :yld those of nuclei,gwhen the small ice crystalsgre mixed in the
suspensﬂ‘n w-nqalﬂln (ﬁvmou m ’] g\m&lll‘ayﬂs and for the
melting of smaller crystals (Ramteke e al., 1993). Kobayashi and Shirai (1996)
proposed a method of agglomerated ice crystals to produce a large ice crystal in
glucose solution for freeze concentration. Keys to making large agglomerated ice
crystals are to keep the initial supercooling temperature (or the temperature difference

between the lowest temperature and the freezing point of the solution) to less than 0.2
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the ice crystallization. Introducing seed ice crystals before the temperature of the
crystallizer approaches the freezing point of the solution controls the initial
supercooling. In addition, the study of the influence of the concentration of glucose
solution, ranging from 10 to 30% (w/w), on the formation of agglomerated ice
crystals at 2 hours after introducing seed ice crystals shows that the concentration of

ted ice crystals. In the 10% (w/w) glucose

ﬂced, whereas ice crystals formed
| ;. .
erénot wd, and a lot of very small ice

vere prodiieed.around the seed ice crystals

the glucose solution affected the agglo

solution, large agglomerate
in the 20% (w/w) glucos »
crystals (0.41 mm diam
allization to produce perfect

even under the condi

agglomerated ice crystals i )Y o wf lucose on. The same results were

ation step is to remove ice
=

77777777777777 Y}

from the concentratetdsh vay that only a few solids

are carried over into e separated ice stream (Hartel, 1992). The commercial

it G4 B BT s

concentrate sepalatlon The separation is carrie ut in filter prgsses, centrifuges,
wash canw ’] aﬁﬂ ‘;guhu w’] }mgje’l&%.lproved to be
slightly effectlve for crystal separation. The loss of dissolved solids is primarily
determined by the amount of liquid that remains occluded in the compressed ice
cakes. A wash process cannot remove dissolved solids easily even after girding the

cake (Ramteke et al., 1993).



14

Centrifuges can provide forces of at least 1,000 times
that of gravity by which the ice-crystals are separated from the concentrate due to the
density difference between liquid and solid phase. The efficient separation crystalline
materials with centrifugation should be as follows:

— Crystals should be as large as possible. The larger the

crystal, the fewar points of contact per unit volume;

in size. A variation in crystal

J .
ans th sr@wx]l lodge between the large

1l " \"‘o - number of contact points per

he sphere as closely as the
ontiguous spheres always
lines are involved, as is the
ving a cylindrical shape. No contact

@ with crystals having a flat

1

Under these mrcumstances a small quantity remains as

v i BRI R T s v

held by caplllaxwattractlon between gwo adjacent gsontiguous crystals. Upon melting
of the%ﬁla)a ﬁ n ﬁm u.\m“’l’]pnm ’] a ﬂonetary loss
(Muller, 1967).

Both presses and centrifuges present problems with
carryover of the product, whereas wash columns have developed to the point where
the carryover has been reduced to less than 100 ppm. Accordingly, wash columns are

used exclusively in freeze concentration systems for food products (Hartel, 1992).
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Wash columns provide a perfect separation of ice and
liquid without any dilution. Since this process is operated in a close system without
headspace, aroma losses are virtually zero. For the ice-concentrate separation, the
slurry is forced through one end of the column, where the ice crystals are separated

from the concentrate by creating a counter-current motion between melting crystals

4 1993).

ﬁ tilization of the suspension
Q ion based on this method

rati
\\’: ation, ice crystal growth, and ice

and the crystallizing liquid (Ramtek

crystallization method 1i /

required a complicated sys OMp
crystals separation. Thi eeze concentration process
to be the most expe er solid-liquid  separation
techniques. Therefore, ghe oncentration is very limited

in food industries (Miya

AUt TN inemy - - -

concentration m@thod of liquid food gased on a concept completely different from the
oA IFIT RHYADIAAG R. e
concentratlon occurs in the freezing process with the ice phase growing from one to
the other end. Freeze-concentration proceeds at the moving ice front and only a
single ice crystal is formed as a sheet on a cooling surface in a freezing vessel
immersed in coolant.  The schematics of ice crystal formed in suspension

crystallization and progressive freeze-concentration methods are shown in Figure 2.3
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method, the separation of ice crystals from the mother solution is much easier, and

thus the system is much simpler (Lui et al., 1997).

| It nenS
¢« ICE
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Fig.2.4 The ice crystal formed in progressive freeze-concentration method.
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method, the separation of ice crystals from the mother solution is much easier, and

thus the system is much simpler (Lui et al., 1997).
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Fig.2.4 The ice crystal formed in progressive freeze-concentration method.
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2.4  Principles of Progressive Freeze-concentration

In the progressive freeze-concentration process, water in a solution is
frozen on a cooling surface. Water molecules must flow through the solution to the

ice-liquid interface and find an energetic favorable spot in the crystal lattice. At the

same time, the solute must be tra -\_ rte gy from the interface in order to achieve

a pure ice layer (Flesland, "199: s of the progressive freeze-

concentration are comV
- slow-Ir 1gfaifth

he advancing ice front.

y tal formed as a normal

layer on a cooling *_ s o ly at the only one side.
f"
Fennema (1996) statedm\at very slow freezmg results in"€lose conformance to solid-

AL AL LU L AL

the size of ice @fystals by the usual ‘growth process is governed by heat and mass
e A ) FOLBAADH R B S
the freezmg point, and the initial subcooling, is the driving force for the growth and
nucleation of the ice crystal. The growth rate of ice crystals is proportional to the
subcooling, whereas the nucleation rate is proportional to the second power of the
subcooling. Therefore, the greater the initial subcooling, the smaller the initial ice

crystal occurs (Shirai er al., 1987). In addition, the small crystals were created by a
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heat exchanger at a high rate of secondary nucleation and a short resident time of
nuclei in a heat exchanger. By applying a high flux of heat withdrawal, the high
nucleation rate was occurred (Huige, and Thijssen, 1972). Besides, the ice layer
concentration gives a measure of solute loss. The ice layer concentration and the
maximum ice production (or the ice growth rate) are the most important parameters

for commercial plants. The higher rowth rates the higher the loss of solute.

This is due to increased co e (Flesland, 1995). Halde (1979)

- J -
ejected %water. It accumulates in the

ation is high™eiioush for bubbles to nucleate.

demonstrated that air i
advancing interface unti

Once a bubble has into it. If the ice-water

interface moves fo rally, and it grows to form

|

cylindrical bubbles ca i ot Fas -a.\-\h presses the formation of ice

worms, because insuffic : bubbles due to less time for diffusions,

ot -

and ice contains the large numbei—o bbles. Very slow freezing permits the

rejected air to diffiis ither bubbles nor ice worms

har

Y Y]

:
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the interaction between a solute (or a suspended particle) and an ice water interface

during freezing. In the freezing of solutions, water is apparently unique among
substances in such a way that it expands in volume as it approaches freezing. In other
substances, solid is more dense than liquid because the atoms become more closely

pack in the crystal. The structure of the ice crystal has regularity and symmetry.
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molecules without very severe local strain, practically every solute in the water is
rejected by the advancing surface of a growth in ice crystal. The hypertonic solution
at the surface slows down the freezing part of the liquid-solid molecular exchanges,
by decreasing the availability of water molecules. Consequently, the temperature is
lower to a depression of freezing point at which the freezing and the melting are in

equilibrium.

}spensions at sufficiently small

a m@ejectcd by a moving solid-

ahead into (he liquid, traveling along with the

growth velocities, particl »
liquid interface. Thus, t
interface as it advances o\ reventing incorporation of
the impurity in the soli rix material to the region

behind the particle. Fogé€s. as gravitfand W drag promoting contact, act

point for the developer On the other hand, if the

Y]

particle is in contact oints, the share of force

|
|

developed at each point™will be less than the total force r@uired when there was only

one point of cﬂa!u E.ls"as% EJ%%{W‘EJ% %’d casier diffusion at

each point of comact. The larger particle diameteraegardless of th&particle type, the
ower () fcel Gl braplsbdeddabbine] Akl Skt arca
constant :article size causes increased migration.

The layer of water continuously present between the
particle and the ice front is more easily replenished when the viscosity is low and the
particle surface is rough. However, even though the force that the interface is capable

of exerting is sufficient to push one particle, a pail-up may be extensive enough to
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of exerting is sufficient to push one particle, a pail-up may be extensive enough to
overcome this force. The particles may also form layers so that the channels between
adjacent particles become too narrow to allow sufficient water transfer to the
interface.

In a sample of sewage sludge placed upon a cold

surface, the freezing isotherm moves p the sample as the water in the system

f the resistance to flow through

ing isotherm remain low, the

freezes. This is schematically sha
the accumulated solids and
ice may push the solid ungi reach 1 u of the sample, leaving pure or
nearly pure ice below. ‘ \ e cake buildup and sludge
to be dewatered forms )ed by the ice. The trapping
is often repeated numer, he rhythmic banding (Halde,

1979).

oo"’,,
e
9 0% °
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Q i — ". ed_A
‘ j s e_ |
q ice -water/} % solids  |Rwsss
~rinterface

Low resistance to water flow. High resistance to water *low.

Fig.2.5 Vertical migration of particles in front of a freezing plane

(Logsdon and Edgerley, 1971).
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When the concentration of a dissolved substance is
high, the solute remains even more concentrated near the ice water interface, thus
resulting in a depression of the freezing point of the liquid. The temperature falls
below the freezing point of the rest of the solution, and a subsequent breakdown of the
constitution supercooling causes freezing at some distance from ice-water interface

and trapping the layer high in solute.

(1998) studied factors affecting

wons on a sub-cooled surface.

i.is_governed by three factors,

R

described by the follo : I ,_, ) \

the solute inclusion in the®

concentration of solute, as

] 2.3)

where K is the ratio 0 solution, o 1s the mass

fraction of solute in -y.-‘"-fﬁ )_’ i e growth rate(pum/s), and

Us 1s the solution ve c1ty(m/s) From this equatlon the higher the ice growth rate,

the more 1mpﬂ é”vﬂd’ge w ﬂme‘w E]‘q ﬂ%use the speed of ice

moving front cgfl become too high go take over &e solute outw@ movement. In
additioﬂ aa Q@lﬂ alﬁomutﬁmqgg rm&’laos_lviscosity, by
decreasinqg solute concentration, can increase the mass transfer coefficient, in order to
help solute at ice-solution interface to be transported into the bulk flow (Chen ef al.,
1998).

Chen, Chen, and Free (1999) studied the solute

inclusions in ice formed from falling films flows on a subcooled surface. Sucrose
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solution at the concentration of 11%(w/w), fresh whole milk, and reconstituted whole
milk with the concentration between 10 and 25%(w/w), were used. This study
suggested that the ice growth rate increases with increasing difference in temperature
between the entering sucrose solution and the cooling plate. At a lower coolant
temperature, the supercooling (i.e. the driving force of ice growth) was larger. For

this reason, solute inclusion in ice v igher at the higher ice growth rate. In

addition, the fresh whole ute incursion in ice with the
reconstituted whole milk 2 |
effect of stirring speed,
freezing rate, impurity ~ he purification of solution
by progressive freezi sid 3 obtained if the liquid phase
aeeretion of impurities layer at
the interface. The applicafio ifférent raté T | o revealed that a more intense
stirring rendered a higher degre¢ : e effectiveness of the purification
is slightly affected ,,”, 1 cezing from | 0.to 30 mm/h. The result

Sy Bl

s'like CaCO; are easier to
I

of the impurity size
separate than the finer ¢ 2‘1?' particles, and the glucose solttion is easier to concentrate

than the dlssoﬁdwe] 53 %sﬂx&ﬂ ﬁa‘hweﬂaﬁrﬁ%mramns were more

difficult to purlg. The purification of NaCl solutbin proved to bwore sensitive to
variatidhh Qe G Enkenribh il ko b d leded soruion. 4
marked dqepression of freezing point caused by the NaCl rendered experimental work
in the possible high concentration range. Since the colligate property depends upon
the number of particle rather than the type of the particle, this small impurity causes

deepest depression.
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2.5  The Efficiency of the Progressive Freeze-Concentration

In the progressive freeze-concentration, the efficiency of concentration
is exclusion of solute molecules from the advancing ice front and the interface
between the ice and the solution phase. Liu et al. (1997) defined the effective

partition coefficient (K) of solute betwegn the ice and bulk liquid phase as:

KzCV aa @4)

\ ations in solid and liquid
10 and 1. The K value of zero
means the complete freeze cofice -.ﬁ-.. 0] fficiency of this process. The K

value of 1 means that there is the i e solute concentration in ice and in

solution phases, and thus no freeze concentration seeurs. . At the moment when the
- X ‘
‘f" n process, assume a small

|

volume increase (-dVy) 1 ip the the ice phase. T en, the solute concentration increase in

anion e} mm&mw & ikl lom the mass batance
of solute bﬁ ,t‘.\] ﬁ confg]lete mlxﬁﬁ the solutien phase and nomixing in the ice
Bt IUARTINYIQY

solute volume is V| 1 .,l’ g

C VL = Cs(-dVL)+(CL+dC L)(VL+dVL). (25

Combining Eq.(2.4) and Eq. (2.5) yields
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(dC/CL) / (dV/Vy) = K-1 (2.6)

Eq. (2.6) is combined with the following boundary conditions:

V=YV, at C = Cy,

where Vi and Co(%w/ entration at the beginning

of the solution phase, orated as:

log(Co/C1) @7

."-l tration (Co/Cp) in the
solution phase and the ni lume pha, uJ V1/Vy) based on Eq. (2.7)

is linear. Therefore, thefapparent partitiontcoefficient defined by Eq. (2.4), in the

et W et O 1912 WL LT Gt e
AT AN A

Liu ef al. (1997) studied the effect of operating conditions on the
apparent partition coefficient in the progressive freeze-concentration of model liquid
food that contained glucose (5% w/w) and/or blue dextran (0.006% w/w). The

stirring speed (N;) at 0-1400 rpm and the moving speed of ice front (u) at 0.5-2.0 cm/h

were studied. The result of this study showed that the concentration of mixed solution
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of glucose and blue dextran with the stirring speed at 600 rpm and the moving speed
of 2.0 cm/h in ice phase slightly changed with time and were much lower than those
in the solution phase while the concentration of solutes in the solution phase increased

with time, showing that the concentration process effectively proceeded.

In addition, the study conceming the effect of the stirring speed on the

apparent partition coefficient sh er stirring speed produced a higher

freeze-concentration ratio. utlons the partition coefficient
of blue dextran was mu: he mixed solution, however,
the partition coefficie of blue dextran, suggesting
that there were some mechiani A , s ween the two components at

-

ice solution phase.

As for the €ffe theé 1moving freezing front on the apparent

” . et . ; s
partition coefficient, the lower HE: RS-SPEE e freezing front was found to yield
the higher concentrn efficiency, or the | K i ‘9 e ice phase, for glucose

and blue dextran. Adiho D P ent partition coefficients

were different betweemhe concentration of glucose ar@b]ue dextran, the partition

coefficient mcﬂsw ﬂ%aﬂ;ﬂﬂwﬂﬂﬂ Hsfreezmg front.

a jiﬁit ﬁ ﬁl\ }jﬁl I
speed ﬂhe ice-solution inte g j of i€e crystal is low, the

freeze-concentration efficiency was found to be high.

Liu et al. (1999) applied the progressive freeze-concentration to
concentrate tomato juice with the initial concentration of 5% (w/w). The juice was

stirred at the speed ranging from 300 to 1400 rpm, and the advance rate of ice front
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was in the range of 0.5 to 2 cm/h. It was found that high purity ice crystals could be

obtained under appropriate operating conditions.

The stirring speed at the ice front affected the concentration of total
solid and KCl-equivalent salts of tomato juice in the solution phase (Ci). A large

difference between C; and Cs and increase in C;. with an increase in ice fraction was

of the ice phase and su i eze concentration.

The ady, i ‘ a d the change in concentration
of total solid and K¢ and the ice phase in the
progressive freeze-con ed of 1400 rpm. A decrease

in advance rate of ice fromt ¢

In addition, ‘_o__#:.g-? nship between log (V/Vj) and log

(Co/C)) was found iahoth total solid an ....—_;;.';;ﬁ:;i:..‘:;,o of the linear lines, the
. =

effective partition coeﬁm elﬁ stirring speed was higher

than 600 rpm, the slope @f the plot was closg to 1, which corresponded to the K value

BT amnmmmm

slopes ﬁ ﬁ ﬁ l Wi ?’n gisﬁ\ﬁ lﬁ ﬁ( above zero.
This means that salts are morc easily incorporated into the ice phase at the ice front

than is total solid.

It could be concluded that there are differences between the effective
partition coefficient of total solid and salts, probably due to a difference in the
mechanism of the partition phenomenon between the two components. In both cases,

however, the higher stirring speed along with the slower advance rate of ice front
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decreased the partition coefficient between the solid and liquid phases, thus leading to

the better freeze concentration performance.

Miyawaki, Liu, and Nakamura (1998) used the concentration

polarization model to describe the effects of the stirring speed and the advance rate on

the effective pértition coefficient. As the ice phase grows at a speed of u into the

@'u d , HY Y9

Distance

qug 2.6 Concentration polarization at the ice front in progressive freeze-
concentration (Miyawaki, Liu, and Nakamura, 1998).

Then a mass balance equation of solute will be

D(dC/dx) + uC; = uC, 2.8)
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where C is the solute concentration in the liquid boundary layer, Cs is the
concentration at x = 0 in the solid phase, and D is diffusion coefficient of the solute.

Eq. (2.8) is combined with the following boundary conditions:

C = Cy at x = 0(in the liquid phase) 2.9)
(2.10)
where § is the boundary-layer thieki€ss. “ _ caf'then be integrated as:
(2.11)
The limiting'pz J, i L) is defined by:
Ko= s/C i (2.12)

\7 i)

From a! (2.4), (211 and , the ” lowing expression will be

obtained for thﬁlﬁjiﬁaqﬂ (gsﬂt%;w E] ’] ﬂ i’
ARIRIATHEM TN N Y

where k is the mass transfer coefficient in the boundary layer defined as

k = D/s. (2.14)
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The mass transfer coefficient is related to the stirring speed, Ny, as the

following equation:

k=ants (2.15)

ditions on the concentration

theoretical basis of the

performance in progressi llowing equation:

(2.16)

By these equatl partition coefficient of solute between

ice and liquid phas sstrongly de; pendent on theice growih rate and the mass transfer

at the ice-liquid interf: | o coefficient is not equal to the
l d

limiting partition coeffigient of solute at‘be 1ce-llqu1d interface. Moreover, the

'
imiins s e ?:Ml ek b | lbortantparametr i
Progresswe freeze concerﬁtl n. M a? cﬂf}ﬁe&ﬁwonds to the
value cﬁhe partition coefficie Me infinitesimal advance rate of ice front (u— 0)

and/or at infinite mass transfer coefficient (k — 0) because at this condition, K= Ko,

as shown in Eq. (2.13).
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2.6 ‘Water-Solute interaction

Water is a polar molecule, because of the unequal charge distribution.
An individual H;O molecule is V-shaped, with an H-O-H angle of about 105° as
shown in Figure 2.7. The oxygen atom gains a slight excess of negative charge, and
the hydrogen atom become slightly positive. It is this polarity that gives water its

great ability to dissolve compouiid

AUDANENI NS
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Polarity of this magnitude produces intermolecular attractive forces,
and water molecules therefore associate with considerable tenacity. Water’s large
intermolecular attractive forces can be explained quite adequately in terms of its
ability to engage in multiple hydrogen bonding on a three-dimensional basis

(Fennema, 1996), as shown in Figure 2.8.
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2.6.1 Interaction of water with ionic solutes

A schematic of an ionic solid dissolving in water is
shown in Figure. 2.9. Note that the “ positive ends” of the water molecules are
attracted to the negative charge anions, and the “negative ends” of the water

molecules are attracted to the positive charge cations. The process is called hydration.

The hydration of its ions tends to ¢ “full apart” of water, or dissolve. The

i ns of the solid are replaced by
—

strong water-ion interactions: \'-n\ bstances dissolve in water,
they break up into the indii \\\ ng around independently, as
nCes, i in water varies greatly. The

differences in solubility ofgfoni€ gon - "\\\
f m-‘-_'
He b{ a" \

affinities of the ions for ¢ he

affinities of ions for water molecy m‘i y« . 095

strong forces present amongthe p

shown in Figure 2.10. Thg

ically depend on the relative

the solid together) and the

ﬂuEJ’J‘VIEWﬁWEJ’m‘i
QW’]Mﬂ‘iﬁUNW]’JWEJ']GEJ



Fig. 2.9 Bélagfvate mole ' : ‘With the fonic substances

T AL

@ﬂﬂ%ﬂﬂwﬁwgnn
awﬁﬁﬁwwyﬂﬁhﬁ

Fig. 2.10 The hydrated cation and anion (Zumdahl, 1995).
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Cussler(1997) stated that the hydration correlated to

diffusion coefficients of ions in water as following equation:

Do = (ksT) / (69 Ry), (2.17)

where Dy is a diffusion coefficie olyent viscosity, R is the solute radius, kg is
the Boltzmann’s constant, and«I s tempe olution, the solute radius, R .

b, T lis can b lated to the true solute radius, Ry,

much be that of the hy

by the equation:
(2.18)

where V.o is molar volum: vater g the*"hydration number” which is the

number of water molecules bound i the diffusion coefficient is known,

Ry can be ;’---ﬂ----'=-=“---“"=*=i------—-~~‘“¥-2-;..-' phic data, and » can be
calculated.

¢ mJThe data in Table 2.1 illustrates the hydration numbers

and the diffusi%culajerg Maﬂtnj Wﬂg’;nlﬁ the radii of diffusing

J

solute;qxw | ajwff?m 4 ﬁ‘}lﬁtwtgrp‘eﬁ’ghe ionic radii

found infthe solid state. Such inverted behavior seems to be the result of hydration.



Table 2.1 The diffusion coefficients of various ions in water and the hydration

numbers at 25°C.

Diffusion Coefficient*
Ion Hydration numbers*

(X 10? c_mz/sec.)

2.8

1.2

0.9

0.5

0.2

0.7

Note: * Data of qul son and Stokes (1 60)

ﬂUEJ'JVIﬂW?WH']ﬂ‘i
QWWMﬂ‘iﬂJlmeEﬂﬂEJ
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2.6.2 Interaction of water with non-ionic solutes

Interactions between water and ncn-ionic, hydrophilic
solutes are weaker than water-ion interactions and about the same strength as those of
water-water hydrogen bonds (Fennema, 1996). Non-ionic substances dissolve in

water but do not produce any ions. Since the molecules do not break up into ions, the

resulting solution does not conduct a ent. Ethanol (C;HsOH) or sucrose

(C12H2201), for example, ai - - t produce no ions when they
dissolve. The molecules Figure 2.11, contain the
polar O-H bond like those i Ery compatible with water.

The interaction of water wii aj S n, Fig e212

ﬂumwﬂmwmm
QW’WNﬂ‘imﬂJMﬂV]EﬂﬁB



8~ Polar bond

o‘-—L»Q

Fig.2.12 The polar water molecule interacts with the polar O-H bond

(Zumdahl, 1995).
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2.6.3 Interaction of water with colloidal particles

A suspension of tiny particles in medium is called
colloid. The suspended particles can be single, large molecules, aggregates of

molecules or ions ranging in size from 10 nm to almost 1 mm. A colloid, like all

other macroscopic substances, is electrically neutral. In an aqueous environment, the

ARARIIATIS

Fig. 2.13 A representation of two colloidal particles (Zumdahl, 1995).
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