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ABSTRACT

Recent ice suspension crystallization in scraped surface heat exchanger (SSHE) developments and
innovations in different industries (chemical, food, and water treatment) have enable this purification
operation to become a promising application to seawater desalination. This paper focuses on model-
ing and simulation of ice suspension seawater SSHE crystallizer of a proposed new hybrid seawater
desalination technology (freezing-reverse osmosis). The mathematical model that is developed is
based on combining energy and population balance equations. Simulation results show that the devel-
oped mathematical model is able to predict physically interpretable trends of main ice suspension
seawater crystallization phenomena in SSHE, essentially in terms of the evolution of ice suspension
temperature and ice volume fraction. These results are in agreement with other studies conducted for
ice suspension crystallization from other solutions. Furthermore, the developed model was used for
a parametric sensitivity study to show its ability to quantify different freezing key parameters effects
in order to improve the considered ice crystallizer seawater performance under investigation. Thus,
the developed phenomenological model can be exploited as a promising tool for understanding ice
suspension seawater crystallization phenomena so as identifying the significant variables and it allows
to complete design of the new freezing pretreatment process. Hence, it can lead to improvements and
optimization of the proposed hybrid seawater desalination performance.

Keywords: Seawater desalination; Pretreatment; Mathematical modeling; Simulation; Freeze crystalli-

zation; Population balance; Parametric sensitivity; SSHE

1. Introduction

Ice suspension crystallization process has recently seen
growing developments and innovations in diversified
industrial applications. It is essentially exploited in food
processing for juice concentration [1,2]. It consists of water
removal from a solution by freezing and separation of ice
crystals formed from the concentrated fluid. Moreover, this
process allows obtaining high purity ice crystals with high
efficiency and low energy consumption [3,4]. A bibliographi-
cal analysis has shown that the majority of suspension freeze
concentration applications in different industries (food,
chemical, and water treatment) use scraped-surface heat
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exchangers (SSHE) [5-7]. This later design has been improved
to enhance their specific application, whether for use as heat
transfer units, crystallizers, or chemical reactors [8,9]. The
interest in SSHE use is likely to increase in the future. This is
due, firstly, to high viscosity and particulate fluids that can be
processed and secondly, to its applicability as a research tool
[9]. According to these above-mentioned arguments, ice sus-
pension crystallization in SSHE is considered as a promising
and leading technology candidate for the coming decade in
freeze seawater desalination industry.

In the past, due to a lack of equipment and prejudice
(cooling is always too expensive) have hampered freeze
desalination development and implementation. However,
these caveats have become recently less important. This
resulted firstly in the increase of development of freezing
separation technologies in several industries and secondly in
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the growing attention to exploring more effective solutions to
potable water shortage that is actually a very critical problem
in more and more regions worldwide.

Tremendous researchers have currently investigated a
variety of freezing crystallization techniques for desalination.
The use of this technology is still restricted due to the limited
knowledge of the optimum technique for ice freezing and
separation; it is almost impossible to obtain pure ice crystals
by freezing method alone and consequently obtained water
that did not comply with regulatory requirements for potable
water [10-16].

Recently, a theoretical study of freeze concentra-
tion processes basic principles and future applications in
desalination industry have been investigated [17]. The
research concluded that in order to make this technology
more attractive, a complete energy and economic processes
study along with hybrid technologies development must
be achieved. These hybrid technologies combine freezing
process and other desalination methods such as reverse
osmosis (RO). They permit to reduce both natural water sup-
plies and waste use and increase total plant yield.

In the same context, a previously paper proposed
analysis concerning a newly developed hybrid desalina-
tion technology that combines freezing process as seawater
pretreatment upstream RO module [18]. The freezing
pretreatment consists of (1) ice suspension crystallization in
a scraped surface heat exchanger (SSHE), (2) separation and
(3) fusion of ice crystals (Fig. 1).

The proposed freezing pretreatment process presents
several advantages, such as relatively pure fed solution into
RO module compared with conventional and membranes
pretreatment processes. This permits less foulant and a
lower operating pressure in RO module. Therefore, pump
and membrane costs are reduced and high-quality water is
obtained. A study of energy consumption evaluation of the
designed hybrid system was investigated and it showed
an energy savings of approximately 25%, and osmosis
water quality improvement for about 71% when com-
pared with conventional-RO desalination. These results
were obtained on the basis of proposed freezing crystal-
lization process mass and energy balances followed by
RO desalination process simulation using non-commercial
software [18].

The more important challenge in ice suspension crys-
tallization processes for seawater pretreatment is to control
both ice crystals quantity and quality in order to improve
the obtained potable water. Indeed, this process modeling
can help to gain deeper freezing pretreatment phenomena
understanding and also identify new ways for optimizing
its performance. Furthermore, it can reduce process scale-up
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Fig. 1. Schematic representation of seawater freeze pretreatment
process.

time from theoretical study to laboratory scale equipment
and thereafter to industrial scale production. To our knowl-
edge, no phenomenological model was ever suggested for
seawater freezing process.

The objective of the present work is to develop a math-
ematical model of ice suspension seawater crystallization
process for freezing pretreatment conditions in an SSHE
for the newly proposed hybrid process. This model com-
bines population and energy balances taking into account
main phenomena involved in crystallization processes such
as nucleation, growth, and breakage. Obtained simulation
results showed that the developed model permits to predict
main ice suspension seawater crystallization phenomena and
parameters trends evolution in SSHE.

Furthermore, in order to show key parameters influence
on ice seawater crystallization process, a parametric sensitiv-
ity study is conducted using the developed model.

This later can be exploited as a promising tool for phe-
nomena involved comprehension, complete design of the
new freezing pretreatment process and thus, improving
and optimizing seawater freezing pretreatment process
performance.

2. Model development

The phenomenological model for seawater freezing pre-
treatment in SSHE (Fig. 2) is developed based on population
and energy balance equations. It takes into account the most
occurred phenomena such as ice nucleation and growth
kinetics, as well as breakage. It must be noted that generally,
the breakage phenomena is neglected for simplification rea-
sons in crystallization modeling studies.

The model is set up on the following usual assumptions.

e SSHE crystallizer is assumed to behave as a plug flow
reactor [19-21].

e Radial diffusion is assumed to be negligible, because it
has no significant influence due to the high radial mixing
effect of the rotating blades [19-21].

* Refrigerant fluid or wall temperature is assumed to be
constant over the whole length of the exchanger as it is
suggested in many SSHE modeling studies [19-21].

* Growth rate is assumed to be independent of the crystal
size [19-21].

e Attrition and agglomeration phenomena are generally
neglected in crystallization processes. They are not usu-
ally significant for ice crystallization in SSHE [19-21].
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Fig. 2. Schematic representation of the scraped surface heat
exchanger.
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2.1. Population balance equation

Population balance modeling has been applied to a num-
ber of industrial processes and forms an appropriate frame-
work for ice crystallization process dynamic modeling. The
population balance equation (PBE) is a hyperbolic partial
differential equation, strongly non-linear, allows describing
system state in term of the density function. It is generally
given as follows:

on(L) , o on(Lb)
ot oL

=No(L-L)+B, 1)

where n(L,t) is the density function (crystal distribution
function), f is time, L is a characteristic dimension, d denotes
the Dirac function, G is the growth rate, N is the ice crystals
nucleation rate, B, is the ice crystals net production due to the
breakage phenomena.

It is important to specify that in contrary of many works,
the developed model takes into account breakage phenom-
ena, which has a significant effect on ice crystallization mech-
anisms in SSHE due to the scraper.

2.1.1. Growth phenomenon G

Crystal growth determines the rate of single crystal diam-
eter change with respect to the difference between ice/liquid
interface temperature, Tsal’ and ice suspension temperature,
T. It is expressed as follows [19-21]:

G=R(T,~T) )

is a threshold

sat

where (3 is the growth rate parameter,
temperature.

If T<T_, the crystals are growing and G > 0. On the con-
trary, if T > T_ (in warm temperature zones) the crystals are
melting and G <0.

2.1.2. Nucleation phenomenon N

Nucleation represents ice crystals birth. In SSHE, this
only occurs at the freezer wall where the temperature gradi-
ent is high enough to lead to new crystals birth characterized
by the initial crystals size L [22].

Two types of ice nucleation mechanisms are distin-
guished: primary or secondary nucleation, with primary
nucleation being either homogeneous or heterogeneous. In
SSHEs, heterogeneous primary nucleation is the predomi-
nant mechanism [23]. It depends on the sub-cooling degree
[22] that is defined as the difference between solution freez-
ing temperature, T_, and refrigerant fluid temperature, T .

Therefore, ice nucleation rate is expressed by [19-21]:

(XZXTEXRE( B
V sat

N= T,y 3)

where a is the nucleation rate parameter, R, and V are the
SSHE diameter and volume, respectively.

2.1.3. Breakage phenomenon B,

Analyzing SSHE design, we noticed the presence of
scraper blades that scrape the inner surface of the crystal-
lizer. It permits to avoid particle deposition and to enhance
the heat transfer rates. Nevertheless, the scraper blades can
break the ice crystals formed. Thus, in the developed model,
the breakage phenomena must be taken into account in order
to better describe ice crystallization mechanisms inside the
SSHE.

It is assumed that a particle of size L is broken into two
particles of the same size L. Ice total volume is considered
unchanged by fragmentation [20]. Thus, the relation between
L,and L is given as follows:

L,=2"L 4)

So the particles net increase by breakage B, can be
expressed according to the equation as follows [19-21]:

B, =&N,.,,0'122"Ln(3/2L) - Ln(L)] 5)

where ¢ is the breakage rate parameter, N is dasher

. . . . scrap
rotation speed and ¢, is the ice volume fraction.
v, is the breakage power coefficient that is taken equal to

0 [19-21].

2.2. Energy balance equation

Energy balance is expressed in terms of volumetric
internal energy, U, as follows [20,21]:

au

Tt - QCirs + Qvisc = heS(T;'f - T) + nfyz (6)
with
7 =21xN )
and
surfaceexchange 2R
= = £ 8
VOlumecrys(allizer Rez _sz ( )

where 1) is the flow viscosity, ¥ is the shear rate, x is an
adjustment coefficient, S is the heat exchange area per unit
volume, R is exchanger radius and R,is the equivalent scraper
radius £, is the heat transfer coefficient between refrigerant
fluid (temperature T,) and seawater (temperature T). It is
assumed constant along the crystallizer under the condition
that the boundary layer is completely replaced after a scraper
pass [24,25].

The internal energy, U, is related to seawater temperature,
T, and ice volume fraction, ¢, by the following equation:

U=-AHp¢ +p, [C,Cp,+(1-C,)Cp IT )
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Table 1
Characteristic parameters correlations used in the model

Designations Expression of the correlation Units Reference

Ice suspension viscosity n=n, (1 +2.50 + 10.054)1_2 £2.73%10 660 ) (10) Pas 21,24,26

Heat transfer coefficient 12 W/m2K 24,25

. AP CPsw N N
on the seawater side Jo=| CSWISWTISW Tsaap b\ 1664 (11)
¢ 157
i -3
Ice density p =916.67 —0.15T +3x107*T* (1 kem* %7
With 0.01 < T <-100°C
Saturation temperature T, =—0.0575C +1.710523x10°C* ~ 2.154996x 10 C? ~7.53x10*P (13) © 28,29

sat

where AH is the specific fusion latent heat, Cp_and Cp_ are
salt and water specific heat capacities, p, is ice density, p_,
is seawater density and C, is the initial salt mass fraction.
Characteristic parameters of the developed model are given

by correlations summarized in Table 1.

2.3. Model discretization method

The developed mathematical model presented earlier is
based on PBE, which is a first-order partial differential equa-
tion, where crystal size distribution depends on time and
crystal size. PBE is coupled with energy balance described by
ordinary differential equation (ODE).

Much effort has been invested in developing appropri-
ate numerical resolution techniques for PBE such as finite
difference method, finite volume method, finite element
method and method of moments. This later is an alternative
to direct discretization approach, commonly used for PBE
numerical solution. It transforms PBE into a set of ODEs
[20,21,30].

Since the moment j is defined as follows:

M= j: In(L,t)dL (14)

Multiplying the equation PBE (Eq. (1)) by L/, and then
integrating both sides with respect to L (from L =0 to L =
), the transformed PBE leads to a set of the following linear
algebraic equations in terms of moments:

du, .

d—t} = ]Gu].f1 +NL + Bc].uj+1 (15)
with

B=¢eN (16)

scrap

And ¢, is a constant depending on j and given by:
¢=(2°-1).

The first four moments (j = 0-3) have physical signification
and represent, for a unit volume, particles total number (u),
sum of diameters (u,), sum of their surfaces (), and sum of
their volumes (), respectively [31-33].

Ice crystal is considered as spherical particles. Total ice
volume fraction is given by [20,21]:

T

b= s a7)

In the sequel, the mathematical model developed for ice
suspension seawater crystallization in SSHE for freezing pre-
treatment of the new proposed hybrid desalination process is
expressed as follows:

%:N+Bul

it (18)

d
= (G + (NL) +(e,B,)

(19)

W _ (2Gu) + (NI)+ (c,Bu,)

5t (20)

s~ (361 +(NE)

dt 1)

dT _ 1
dt p, [CCp, +(1-Cy)Cp, ]

[5 (T, =T)+ni’ + gAHR[(?’GHz) + (NLi)]}

(22)

The set of five differential equations [Eqs. (18)—(22)]
of the developed mathematical model includes five state
variables (i, j = 0 to 3 and T) that are the model outputs.
The model accounts 11 parameters (T, n, h, p, &, B, &,
X, Nmap, T,). The four ones (T_, n, h, p,) are given by cor-
relations according to Table 1. Analysis of degree of free-
dom shows that the parameters (a, 3, €, X, Nsmp, T,) must
be specified to uniquely determine a feasible solution to
the proposed mathematical model. Therefore, these input
parameters will be set in from literature in the following
section.
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3. Model simulation
3.1. Model numerical resolution method

The mathematical model developed above for ice
seawater SSHE crystallizer is represented by a set of ODEs.
Fourth order Runge-Kutta method is commonly used for
solving such set of equations.

Fig. 3 presents the flow chart considered for solving
the mathematical model equations. It was developed using
FORTRAN.

3.2. Model simulation data

The developed phenomenological model concerning
the seawater freezing pretreatment process of the new
hybrid desalination technology was not suggested else-
where. Simulation of such model allows understanding of

Input:
e Crystallizer characteristics (Table. 3)
e Operating conditions(table. 4 and 5)

v

Initialization of unknown state variables

(},lo(t=0), Hl(tzo)» u2(t=0)>> ]J.}(t:()),,
T(t=0),) and crystallization kinetics
(N(t=0), G(t=0), By(t=0))

|

Computing of thermodynamics
proprieties according (table. 1)

}

Input computing time parameters (Nbpas,
PasTemps)

v

i=1, NbPas
t;= i*PasTemps

v

Calculation of new state variables
(resolution of model equations (Eqgs.18-23)

v

If T < Teu

l yes

Calculation of crystallization kinetics G, N,
B

A

No

> No

If ti=t

yes

A 4

Simulation results

End

Fig. 3. Flow chart for solving the mathematical model developed.

all occurred phenomenon and it permits to describe and esti-
mate ice crystallization characteristics in SSHE that aid the
complete design of the new freezing pretreatment process
since experimental plant is under development. Therefore,
simulation data were extracted from the literature studies of
the ice crystallization processes in the same crystallizer type
used for other solutions.

3.2.1. Crystallizer characteristics

Characteristics of laboratory scale SSHE crystallizer
employed for ice crystallization process of sorbet were used
according to Table 2 [19-21,34].

3.2.2. Operating condition

Data related to operating conditions include inlet
seawater characteristic quantities, refrigerant fluid tempera-
ture, and crystallization kinetics, as follow:

e Inlet seawater characteristic quantities are summarized
in Table 3 [29].

® The freezing point of seawater at 3.5% salt concentration
is equal to nearly -2°C, so the refrigerant fluid operating
temperature, T, is taken equal to -6°C.

¢ Kinetic data are presented in Table 4. It is must be noted
that kinetic data for ice seawater crystallization process in
SSHE are not available in literature; they were extracted
from studies conducted in the same kind of crystallizer
for ice crystallization from sorbet [19-21].

Table 2

SSHE characteristics used
Symbols Designations Model

values
m_,kg/h  Mass flow rate 50
V, m? Available volume of the freezer 3.87 x10™*
to the fluid

S,m™ Heat exchange area per unit volume 135.5
H, m Feature size of the freezer 0.4
N,.ntpm  Dasher rotation speed 450
N, Dasher scraper blades number 2

Table 3

Inlet seawater characteristic quantities
Symbols Designations Values
C, Initial salt mass fraction 0.035
T, K Initial seawater temperature 273.15
P, kg/m? Seawater density (0°C, 35 g/L) 1,028.11
A W/mK  Thermal conductivity (0°C, 35 g/L) 0.563
., m/s Velocity (0°C, 35 g/L) 1,449
AH, J/kg Specific fusion latent heat 334 x 10°
Cp, J/kg K Salt-specific heat capacity 880
Cp,, J/kg K Water-specific heat capacity 4,226
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Table 4
Kinetic data values [19-21]

Symbols Designations Values
A, s'm? Nucleation coefficient 108

B, ms!' K Growth coefficient 3x10°
E, m? Breakage coefficient 5

X Viscous dissipation 17

L, um Initial crystal size 5

3.3. Simulation results and discussion

The model developed in this paper is used to simulate ice
suspension seawater crystallization process phenomena and
parameters trends for seawater pretreatment in SSHE. Many
simulation results have been obtained. The most important
ones are ice volume fraction and ice suspension temperature.

Simulation results were obtained by integrating the five
differential equations [Egs. (16)—(19)] for total residence time,
t, expressed as follows:

V

t, v (23)
where ¢_is total residence time, V_ is volumetric flow rate
and V is the available volume of the fluid in SSHE.

The model predicted variation of ice suspension tem-
perature (ABCD) inside SSHE is depicted in Fig. 4.

Before point (A), it shows a rapid decrease of seawater
temperature from the inlet temperature at T, = 0°C to reach
the initial freezing point at T_ =-1.9°C. Thus, within this first
time, ice crystallization operatmg condition (T > T_,) are not
satisfied. Then, seawater temperature continues to drop until
the point (B) at T, =-3.9°C that represents the minimum tem-
perature value reached by the suspension at about t = 0.3 res-
idence time. This period (AB) corresponds to the beginning
of ice crystallization mechanisms.

Subsequently, a gradual increase in ice suspension tem-
perature can be observed in the time period from point (B)
to (C). The suspension temperature, from point (C) to (D),
increases further but at a slower rate. At this time period (CD),
suspension temperature still lowers than T_ and ice crystalli-
zation continuous. At the SSHE outlet, it can be seen that the
ice suspension reaches nearly an equilibrium temperature.

Ice volume fraction evolution predicted by SSHE model
is presented in Fig. 5.

Before point (A): T> T, (cf. Fig. 4), so it can be deduced
that ice crystals have not yet been formed. Ice crystallization
starts when suspension temperature reaches initial freezing
temperature value (T_, = -1.9°C) at point (A). Thereafter,
ice volume fraction shows an increase and hence, ice crys-
tals continuous to be produced until ice suspension reaches
SSHE exit.

The variation of suspension temperature accompanied
by the increasing of ice volume fraction can be interpreted
by the beginning of ice crystallization phenomena at T< T
that continuous until the SSHE inlet. Indeed, ice volume frac-
tion increase resulted in a large amount of heat production
and increasing of solute concentration in unfrozen seawater.
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Fig. 4. Model predicted suspension temperature vs time.
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Fig. 5. Model predicted ice volume fraction vs time.

These can explain the increase of suspension temperature at
the time period from point (B).

Therefore, a positive effect is expected in terms of
pretreated water quality and process performance. The
suspension temperature increase implies lower growth ice
crystallization rate and leads to smaller crystals; hence, high
purity of ice produced [19,35].

The all obtained results using the developed phenome-
nological model allow predicting satisfactory and physically
interpreted trends.

In the lack of industrial and experimental data for ice
suspension crystallization from seawater in SSHE, a com-
parison of the obtained simulation results according to the
developed model with other ice crystallization studies was
performed. Two ice crystallization processes modeling case
studies were exploited. The two models studies comprise of
coupled kinetics, population, and energy balances.

The first case study is a computer-based dynamic model
of KNO,-water solution eutectic freeze crystallization in
Figs. 6(a) and (b) shows model predicted mean values of ice
suspension temperature and ice volume fraction. In this case,
appropriate study experiments were under development to
show the model reliance. However, it has concluded that this
model plays an important role to identify the significant vari-
ables which have to be measured and aids the design of the
complete apparatus [36].

The second case study is a mathematical model of ice
crystallization process of sorbet in a continuous SSHE [20].
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Fig. 6. Model predicted mean values for KNO,-water solution
eutectic freeze crystallization of (a) ice suspension temperature
and (b) ice volume fraction [36].

Figs. 7(a) and (b) show model predicted mean values of ice
suspension temperature and ice volume fraction. A com-
parison of the calculated simulation results from this model
with the experimental data for different operating conditions
shows that the model predicted very satisfactorily tendencies
within a 10% error limit.

It can be clearly shown from this comparison analysis
that the obtained simulation results trends of the main key
variables (i.e., ice suspension temperature and ice volume
fraction), calculated from the developed ice seawater SSHE
pretreatment crystallizer model, are confirmed by the trends
obtained for the same kind of ice crystallization process con-
ducted from other solutions. Therefore, the developed model
allows adequate estimation and physically interpretable
trends of ice suspension temperature and ice volume fraction.

It can be used to correctly describe and predict the SSHE
behavior main aspects and phenomena for the proposed new
seawater freeze pretreatment process.

4. Parametric sensitivity study

In this section, the developed mathematical model was
exploited for a parametric sensitivity study in order to iden-
tify the main input variables having an appreciable impact
on ice seawater crystallization process performance. This
later is evaluated in our study by ice volume fraction and ice
suspension temperature evolution within the studied SSHE
crystallizer.

Generally, the principal input variables affecting the
ice crystallization in SSHE are (1) freezing temperature
(i.e., refrigerant fluid temperature), (2) residence time
(i.e., seawater flow rate), and (3) scraping action (i.e., dasher
rotational speed) [19,37]:

a
=
a
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=
&
5
s} 20 a0 B0
b FResidence iime, s
0.4 .
= —
= 0.3
E
@ g2
=
2
0.1}
a
o
n] 20 0 50

Residence time, =

Fig. 7. Model predicted mean values for ice crystallization
process of sorbet, of (a) ice suspension temperature and (b) ice
volume fraction [20].

1. The refrigerant fluid temperature determines the heat
removal rate of the crystallizer and provides the driving
force for ice nucleation and growth.

2. The flow rate determines the time available to remove
heat from the seawater, and consequently, affecting the
ice nucleation and growth.

3. The dasher rotational speed improves the heat transfer
rate between the crystallizer wall and the seawater, influ-
encing ice nucleation and growth.

As it can be noted, all the above three variables affect
both ice nucleation and growth and hence, ice crystallization
process

4.1. Operation parameters intervals tested

The above three operating parameters variation intervals
used for sensitivity study are taken from the same bibliogra-
phy studies of similar systems already used in the simulation
section. Table 5 summarizes the usual intervals considered.

4.2. Refrigerant fluid temperature effect

Figs. 8 and 9 present, respectively, the ice suspension
temperature and the ice volume fraction evolutions during
seawater freezing crystallization within the SSHE for dif-
ferent refrigerant fluid temperature. Dasher rotation speed
and seawater flow rate are fixed, respectively, at mean values
(450 rpm) and (50 kg/h) of the considered intervals.

Fig. 8 indicates that ice suspension temperature evolution
curves have the same profiles for different refrigerant fluid
temperatures, T, studied.

The seawater temperature profiles show a rapid decrease
from the inlet temperature to reach the same initial freezing
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point T_ in point (A) but at different times. Then, ice suspen-
sion temperature continues to drop until its minimum value
at point (B) which differs among refrigerant fluid tempera-
ture considered. As it can be seen, when this later decreases
from —-6°C to —10°C, ice suspension temperature minimum
(B) is rabidly reached with a decrease of about 1°C. While
at SSHE outlet, the equilibrium temperature (point D) is
reached at the same ice suspension temperature (-2.1°C).
Fig. 9 shows that ice crystallization starts (point A) at dif-
ferent moment under different refrigerant fluid temperature.
When refrigerant fluid temperature decreases, ice crystalli-
zation begins more rabidly and ice volume fraction increases.
The decrease of refrigerant fluid temperature from -6°C to
-10°C leads to an increase of ice volume fraction from 29% to
67%. Thus, a decrease of 1°C of freezing temperature implies
an increase of ice volume fraction evaluated by almost 10%.
Based on the above results, we can deduce that refriger-
ant fluid temperature, T, has a strongest effect on ice volume

Table 5

Process operating parameters data test
Operating parameters Values
Freezing temperature (T ), °C -6 to-10
Seawater flow rate (m_, ), kg/h 25-75
Dasher speed (N, ), rpm 250-750

Time (s)
L 0 L] 0 5 30

wro (°C)

n tomperat
\
|
|
|
|
i
|
||
|

Fig. 8. Ice suspension temperatures evolution at different
refrigerant fluid temperature.

Ice volume fraction

3
Time (5)

Fig. 9. Ice volume fractions evolution at different refrigerant
fluid temperature.

fraction more than on crystallizer outlet ice suspension tem-
perature. Indeed, decreasing refrigerant fluid temperature
improved heat transfer and implies that ice suspension
temperature decreases more rapidly (Fig. 8, AB). That facil-
itates further ice crystallization and thus ice volume fraction
(Fig. 9) and consequently solute concentration in unfrozen
seawater solution increase. This explains the later increasing
of suspension temperature at crystallizer outlet (Fig. 8, BC)
leading to the same equilibrium temperature (D). This can be
explained by the compensatory effect due to the ice volume
fraction increase within the crystallizer.

4.3. Flow rate effect

Figs. 10 and 11 depict seawater flow rate variation effect
on both ice suspension temperature and ice volume fraction,
respectively, during seawater freezing crystallization in the
system investigated. While Dasher rotation speed and freez-
ing temperature are considered, respectively, to 450 rpm
and -7°C.

Ice suspension temperature curves (Fig. 10) have practi-
cally the same variations (ABCD) regardless to the studied
flow rate. Nevertheless, when the crystallizer seawater flow
rate varies from 25 to 75 kg/h, outlet ice suspension tempera-
ture (equilibrium temperature, point D) decreases slightly by
about 0.1°C.

mow'= 25kgh ——
s = 50 kg'h
ngw = 75 kghh

Ice suspension temperature (°C)
=
=
-4

Fig. 10. Ice suspension temperatures evolution with different
seawater flow rate.

Iee vohame fraction
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Fig. 11. Ice volume fractions evolution with different seawater
flow rate.
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Fig. 11 shows that lower ice volume fraction is obtained
by increasing the seawater flow rate. Its increase from 25 to
75 kg/h leads to the ice volume fraction decrease from 62%
to 23%.

Thus, we can deduct that there is no significant seawater
flow rate, m_,, variation influence on ice suspension tempera-
ture. Nevertheless, the slight decrease observed is due to the
decrease of ice suspension residence time.

Furthermore, a decreasing of seawater flow rate and thus
increasing contact time (residence time) permit enhancing
heat transfer between seawater and refrigerant and conse-
quently increasing ice crystallization rate, which allows con-
siderably increasing the ice volume fraction.

4.4. Dasher rotation speed effect

Figs. 12 and 13 present, respectively, ice suspension
temperature and ice volume fraction evolutions at different
dasher rotation speed with similar flow rate and freezing
temperature which are fixed, respectively, to 50 kg/h and
-7°C.

Fig. 12 shows that ice suspension minimum temperature
value (point B) changes clearly with the dasher speed vari-
ation. When this later varies from 250 to 750 rpm, ice sus-
pension minimum temperature decreases by nearly 0.7°C.
At SSHE outlet, ice suspension reaches the same equilibrium
temperature.

Time ()
13 P % k]

‘Vsorap=250rpm
Vetrap=450pm
Vcrap=550pm
15 Vierap=750rpm

uipension temperature (“C)
=

Iee

Fig. 12. Ice suspension temperatures evolution at different
dasher speed.
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Fig. 13. Ice volume fractions evolution at different dasher speed.

Fig. 13 indicates that ice volume fraction increases with
increasing of dasher speed. The variation of dasher speed
from 250 to 750 rpm implies ice volume fraction increase
from 28% to 49%.

Indeed, dasher speed increase avoids ice crystals deposi-
tion at freezer wall. This enhances the heat transfer rates and
consequently ice suspension temperature decrease and ice
volume fraction increase. Furthermore, higher dasher speed
generates energy amount dissipated into the seawater sus-
pension which leads to a slight warming effect. This warming
partially compensates the heat transfer rate improvement.
Thus, at SSHE outlet, ice suspension reaches the same equilib-
rium temperature regardless to the considered dasher speed.

Therefore, the dasher speed, Vsmp, variation appears
to has a very slight effect on SSHE outlet ice suspension
seawater temperature than on ice volume fraction.

The overall parametric sensitivity study results obtained
proves that the ice seawater produced quantity is strongly
influenced by the variation of operating parameter studied.
Whereas the ice quality has not significantly influenced,
since the minimum temperature reached by ice suspension
is still greater than —6°C, the temperature of (Na,SO,, 10H,0)
precipitation which would alter the purity of ice crystals
produced.

5. Conclusion

A phenomenological model of ice suspension seawater
SSHE crystallizer has been developed for a proposed new
seawater pretreatment process. The mathematical model is
based on combining energy and PBEs taking into account
main phenomena involved in the SSHE crystallizer such as
nucleation, growth, and breakage. To our knowledge, such
phenomenological model was never suggested for freezing
seawater pretreatment in such crystallizer.

Obtained simulation results showed that the developed
model is able to describe SSHE behavior main aspects and
predict physically interpretable trends. These results were
confirmed by comparison with studies of the same ice crys-
tallization process from other solutions since appropriate
experiments are under development to show model’s reli-
ance. The developed model is able to satisfactorily describe
SSHE behavior main key aspects and phenomena (i.e., ice
suspension temperature and ice volume fraction). Further,
subsequent parametric sensitivity study that consists of a
precise identification of appreciable parameters impact on ice
seawater crystallizer process is conducted using this model.

At the SSHE outlet, it can be seen that the ice suspension
reaches nearly an equilibrium temperature (-2.1°C). Which
means that the ice quality has not significantly influenced;
since the minimum temperature reached by ice suspension
is still greater than —6°C, the temperature of (Na,SO,, 10H,0)
precipitation which would alter the purity of ice crystals
produced. Whereas the ice produced quantity is strongly
influenced by the variation of freezing temperature (i.e.,
refrigerant fluid temperature), residence time (i.e., seawater
flow rate), and scraping action (i.e., dasher rotational speed).
The variation of these parameters has enabled to have up to
65% of produced ice.

We can conclude that the developed model can be useful
to gain a deeper understanding of the involved phenomena
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so as identifying ice suspension seawater crystallization
significant variables in SSHEs. Thus, it allows to complete
design of the new freezing pretreatment process and to opti-
mize the proposed hybrid seawater desalination process
performance.

Symbols

n — Number of crystals per meter (of the
crystallizer) per cubic meter of the solution
at the outlet of the SSHE, m™

—  jth order moment, m’

—  Time variable, s

—  Residence time, s

—  Crystal size variable, m

Initial crystal size, m

—  Crystallizer minimum diameter, m

—  Crystallizer maximum diameter, m

—  Growth rate of the crystals, m s™

Nucleation rate, m™ s™

Net increase of crystals number by

breakage, m™ s

—  Function dirac

—  Saturation temperature, °C

freezing temperature, °C

—  Ice suspension temperature, °C

—  Inlet seawater temperature, °C

—  Surface nucleation constant, m? s K?

—  Growth constant, m s K™!

—  Volume of the crystallizer, m®

Ice fraction

—  Dasher rotation speed, r s™

Dasher scraper blades number

—  Breakage power coefficient

Breakage constant, m™

—  Mass fraction of solutes in the unfrozen

phase

Initial mass fraction of solute (salt)

Mass density of ice, kg m™

Mass density of seawater, kg m™

—  Thermal conductivity, W/m K

Volumetric internal energy, ] m=

Heat flow through the wall of the

crystallizer, W

Heat production caused by viscous

dissipation, W

—  Viscosity, Pas

Effective shear rate, s

—  Viscosity of the unfrozen phase, Pas

—  Viscous dissipation coefficient

Specific fusion latent heat, ] kg™

—  Solute specific heat capacity, ] kg™ K™

Water specific heat capacity, ] kg™ K™

—  Convective heat transfer coefficient,

Wm?2 K™

Ratio of the periphery over the surface of

the section, m™!

m, —  Inlet mass flow rate, kg s™

V. —  Inlet volume flow rate, m®s™!

Nbpas —  Number of steps

Pas Temps —  Time step of calculation, s
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