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Investigating Freeze Crystallization as
Promising Next-generation Water Purification
Technology for the Brewing Industry

Water purification is important in the brewing industry, even more so when the possibility of water scarcity in
the immediate future is considered. The current water purification technologies have the disadvantage that
they require many chemicals and are not easily paired with renewable energies. Freeze crystallization can
potentially be an alternative for which no chemicals are necessary. A multi-step process, consisting of a
commercial scraped surface crystallizer, in combination with a self-made pressing mold, were used to
investigate the possibility of purifying water with this technology. Results show that it is feasible to reduce the
residual alkalinity significantly. A pressing force of 7.7 kN (20.6 bar), and a holding time of 300 s, were found
to be sufficient. A seawater desalination-based design was then used to investigate water purification using

a single-step process, which consisted of a screw conveyor as scratcher, and a perforated, tapering cone for
ice pressing. The results showed good removal efficiencies for manganese, total organic carbon, residual
alkalinity, and nitrate depending on the rotational speed and coolant temperature. Heat flows, heat transition
coefficients, and ice crystal areas underpinned assumptions. Finally, one correlation was found to best reflect

experimental and calculated results.

Descriptors: brewing water, freeze crystallization and ice pressing, water purification, water treatment

1 Introduction

Water purification, and therefore water supply, is one of the most
significant problemsto be solvedinthe immediate future. Townsend,
forexample, already pointed out that water scarcity can significantly
lower the GDP of a country, if not prevented in a timely manner [1].
This is, of course, a prominent interest of the beverage industry,
and especially the brewing industry, where water is used in many
of their processes: mashing, boiling, fermentation, maturation,
separation and rinsing [2, 3]. As an average, 4.2 liters of clean
water are used to produce one liter of beer, and this quantity could
potentially be higher for small- or medium-sized breweries [4—6].
Therefore, avoiding waste can lower production costs. Small- and
medium-sized breweries are of main interest in this respect be-
cause of their out-of-date facilities, combined with the possibility
of their being willing to use different and innovative, yet not fully
developed, technologies more readily than large-scale plants [7].

Natural water sources cannot directly be used because of their

contamination with different ions and microorganisms. The most
common water pollution thatdisturbs the brewing process, including
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the beer taste afterwards, is normal calcification, which effects
the pH-value during mashing [8]. Iron and manganese concen-
trations influence yeast, thus disrupting the fermentation process,
taste, and flavor stability [9, 10]. Overfertilization in natural water
sources causes acceleration of nitrate concentrations, negatively
influencing the yeast as well [11]. Furthermore, the excessive
use of pharmaceuticals and pesticides lead to organic residues
in water with yet unknown impacts on humans as well as on the
brewing process [12].

The most predominantly used water purification technologies in
the brewing industry are the reverse osmosis and ion exchanger
technologies[13]. Both technologies are well known and widespread
but have the disadvantage of requiring a significant use of different
chemicals, rendering them unsuitable as environmentally friendly
processes[14]. Importantfactors for realization of new technologies
depend heavily on the cleaning process itself and the workability.
However, affordability and environmental friendliness are at least
as important as technical issues. Accordingly, an alternative and
prospective technological solution can be water purification via
freeze crystallization [15]. The process includes heat pumps to use
the thermal energy derived on conversion from electrical energy.
Thus, the advantage of small temperature gradients through heat
recovery leads to a high coefficient of performance (COP). As a
result, smaller energy production plants are necessary, thereby
reducing investment costs [16]. A rough calculation leads thereby
to a comparison of a theoretical energy demand of around 10 kWh/
m3 for freeze crystallization and less than 1 kWh/m? for reverse
osmosis, respectively. For any standard application reverse osmosis
as well as ion exchanger are reasonable in an energetic point of
view. However, the aim of the investigation is to develop a tech-
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nology which can be used to produce process water independent
from conventional energy sources. Considering this fact, reverse
osmosis is still expensive when powered by renewable energy
sources only and is therefore not economically viable for a self-
sufficient water supply or independent production of process water
[17,18]. Amore detailed calculation for freeze crystallization but for
seawater desalination confirmed this assessment [19]. Therefore,
with lack of necessary chemicals, the possibility to use renewable
energy sources in combination with heat pumps, and the chance
of arbitrarily scaling the process freeze crystallization appears
to be ideal to generate process water for the beverage industry.

Although known for many years, freeze crystallization never mo-
ved beyond basic research besides at a few demonstration plants
[20]. The general process of freeze crystallization is based on the
physical effect of ion expulsion from growing crystals when ice is
formed, by lowering the temperature of the solution to the freezing
point, and further thermal energy is extracted. In pure crystals,
concentrated brine is trapped within intercrystalline channels or
pores. The volumes of those channels increase along with the
concentration of ions in the feed water until complete volumes
can be seen [21, 22]. Changing operation conditions, such as the
temperature or turbulence of the solution, or intensifying the heat
contact, causes variation in growth rates. Higher growth rates
lead to more complex ramifications in the ice crystal, and to more
narrow channels with higher streaming resistance and less ion
expulsion [22]. This happens when the solution surrounding the
ice has a higher concentration, and thus a lower freezing point,
than the rest of the solution. This inhibits further crystal growth at
this point of the ice front, but forces growth at another point, which
then causes liquid inclusions. This is preventable through higher
turbulence of the liquid to reduce the concentration gradient near
the ice front [23].

This freezing process is already familiar within the food industry
where itis used to concentrate juices [24—26], milk [27], milk protein
[28], coffee [29-33], and sugar solutions [34], but not for cleaning
water. Frequently-used freezing technologies include block ice,
round cell, suspension- and plate-crystallization [21, 35-39]. The
main point of these experiments is that it is not possible to obtain
potable water without any post-treatment, and the typical process
is washing the product with melted clean water, which leads to a
loss of product.

Therefore, this study, based on previous investigations on water
purification processes and several post-treatments [15], investi-
gated freezing crystallization, in combination with pressing, as a
batch-process, consisting of a continuous screw crystallizer and
a pressing mold for a 50-ton press to purify water as a source for
the brewing industry. Furthermore, based on these results, a new
plant was developed that combines freezing and pressing to gain
a continuously potable water-producing test plant.

2 Materials and methods
2.1 Reagents

Samples were prepared prior to experiments using tap water from

Nomenclature
Symbols
A Area [m?]
C Constant [-]
c Concentration [mg/1]
d Diameter [m]
F Pressing force [N]
Fr  Froude number
g Gravity [m/s?]
h Heat transition coefficient [W/(m? K)]
K Hardness [° dH]
l Length [m]
m Mass [kg]
m Mass flow rate [kg/s]
n Rotational speed [1/5]
Nu  Nusselt number [-]
Pr  Prandtl number [-]
q Volumetric flow rate [m?3/s]
R Removal efficiency [%]

RA  Residual alkalinity [mmol/l]
Re  Reynolds number [-]
t Time [s]
u Velocity [m/s]
w Mass fraction [%]
Greek
a Heat transfer coefficient [W/(m? K)]
15 Screw pitch [°]
4 Coefficient [-]
£ Coefficient [-]
n Dynamic viscosity [Pa*s]
9 Temperature [°C]
K Coefficient [-]
A Heat conductivity [W/(m K)]
p Density [kg/m?]
Q Volume fraction [%]
Subscripts
a Axial
B&A Bott & Azoory
B&L Bel and Lallemand
e Equivalent
el Electrical
f Fluid
fl  Flow
i Inner
l Liquid
m Mixture
o Outer
r Rotor shaft
) Stirred
s Solid
St Stein
Sc  Screw/scraper
TWH Total water hardness
t Tangential
W Vessel wall
Z Zlokarnik
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Fig.1  Microscope with camera and cooling chamber

Mannheim, Germany, which is quite contaminated with carbonates.
Further additives, simulating any contaminations like iron chloride,
ammonia nitrate, manganese sulfate and urea, were purchased
from Sigma-Aldrich. The ions and concentrations of the feed were
thereby chosen by really occurring values and substances. These
concentrations, as can be seen for the TOC and nitrate concentra-
tions, are realistic for harsh conditions as standing water bodies
which can occur in rural or remote areas [40—42]. Additionally, an
initial solution volume of 30 | was prepared and utilized until ex-
hausted. The crystallizer was consistently flushed with test solution
prior to experiments.

2.2 Sample analysis

To determine the ion concentration in the water, brine, or melted
ice, a Dr. Lange CADAS 200 photometer was used. Test kits for

calcium, magnesium and total water hardness (LCK327), nitrate
(LCK 340), total organic carbon (TOC) (LCK 380), iron (LCK 521)
and manganese (LCK 532) were purchased from Hach Lange
GmbH. The value for TC was thereby calculated from the photo-
meter measuring the total inorganic carbon as well.

For a better understanding of the dependency between ice particle
size and its purity, crystal structure analysis was conducted using a
self-made cooling chamber (Fig. 1). Inthis chamber, the temperature
could be adjusted fitting the crystallization temperature, and thus,
ensuring a stable ice shape from sample collection until analysis.
Consistent lighting was achieved via several light-emitting diodes
(LEDs), placed at the inner top and bottom of the chamber, which
made it possible to change between incident light and transmitted
light. Therefore, the LEDs could be switched on separately. In
addition to white LEDs, ultraviolet LEDs were installed as well.
Furthermore, double-glazing was utilized in combination with
enclosed moisture traps to prevent any condensed vapor while
ensuring light for the microscope.

Two Peltier elements from RS Components (Supercool® PC-
072-14-06) cooled the chamber, while one computer fan from
Thermaltake (Contac 21) each aided with heat dissipation. Heat
convection within the chamber was improved by a small fan (SEPA
MFB25B12), while cooling reservoirs (cooling ribs) ensured heat
storage when the chamber was open to place the sample. A Peltier
element controller purchased from uwe electronic (UETR-MOST-
16A and Peltier-Cooling Unit 12V) powered the Peltier elements.
The microscope itself was a SZ30 from Olympus, combined with
an ImagingSource camera (DFK 23G445) with a resolution of
1,280 x 960.

The image analysis software, ImagedJ from the National Institutes of
Health, USA, was used [43]. Crystals were manually identified and
measured because of their complex geometry and low contrast to
the surrounding liquid (Fig. 2). The camera provided a resolution of
11.316 pixel/um. For further evaluation, the median of the crystal
area and the standard deviation were calculated.

All samples were taken directly after crystallization, or after leaving
the cone, and were then placed into the cooling chamber. Overall,
tests were consistently carried out three times.

Fig. 2

Exemplary images of non-pressed (left) and pressed ice (right) with traced particles (ls.q;. = 50 nm)




59 July / August 2018 (Vol. 71)

BrewingScience

2.3 Data analysis

Experimental results were used to calculate the
removal efficiency (R) using the concentration of
theice (¢c;c.)and the feed (cgeq) (EQ. 1). For cla-
rity, the removal efficiency is shown as a box plot,
which allows an easier understanding of the data
and their distribution. Therefore, the box is divided
in a 25" and 75" percentile, and the median and
the mean values are shown as line and square,
respectively. Furthermore, the outliers are shown
as 5" and 95" percentile. However, all removal
efficiencies for all ions for one test parameter are
included in one box.

The residual alkalinity was calculated using

equation 2, equation 3, and equation 4 but with Fig. 3
the total water hardness instead of carbonate
hardness only [44].
_ Crce 0
k={1- Creed *100% (Eq. 1)
CCa2+
K = .
ca* =715 (Eq. 2)
CMg2+
Kug+ = Eq. 3
Mgt T 434 (Eq. 3)
K. _ KCa2+ _ KMg2+
RA=—""_35 7 (Eq. 4)
5.6

3 Experimental setup and results

Based on a multi-step plant, the purification of water was analyzed.
Subsequently, a single-step plant was built, which is described and
evaluated further on in the paper. The setups were investigated
to determine whether they can be used to produce process water
for the brewing industry, and what the dependencies of pressing
force, holding time, coolant temperature, and rotational speed are
on ice purity.

3.1  Multi-step plant (semi-batch process)

One easy way to produce ice is to use a scratcher with a fixed heat
transfer surface and a double jacket for the coolant. Such Scraped
Surface Crystallizers (SSC) already exist for the production of ice
slurry for cooling purposes [45].

3.1.1 Experimental setup

An SSC was, therefore, obtained from Wittmann Kaltetechnik GmbH
& Co. KG. This plant was equipped with a screw as scratcher and
forced conveyor, a double jacket in which the coolant vaporized,
and an outlet which was positioned orthogonally to the conveying
direction at the top of the plant (Fig. 3). A pressing mold, provided
with a double jacket for coolant to prevent the sweating effect,
in combination with a commercial 50 t press was used for post-

Screw

Stamp
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Double jacket

i

Double jacket

Perforations

Coolant inlet

Schematic sectional drawing of the screw crystallizer and the pressing mold

treatment. Acooling temperature that was appropriate either to the
freezing temperature of the solution or the cooling temperature of
the crystallizer was chosen. Outlet of the concentrated solution
was achieved via 44 evenly-arranged perforations at the lower part
of the pressing mold, where the main pressing takes place. [15]

3.1.2 Results and discussion

Producing ice from usual tap water with such a screw crystallizer,
and pressing it with a force of 7.7 kN (20.6 bar), for a holding
time of 300 s, results in different ice qualities, as can be seen
in figure 4. The separated ice has an ice has an already-lower
concentration than the feed. Pressing the ice results in an even
lower concentration and standard deviation, which allows for the
customization of the ice concentration by adjusting the pressing
force and/or holding time.

Overall, results show that it is possible to reduce the hardness of
well water by freezing the water to ice and subsequently separating
the ice from the concentrated solution by pressing.

28
2.6 V777 Tap water
2.4 NS Unpressed
= 22] B Pressed
S 204
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Fig. 4  Purity of tap water, unpressed ice, and pressed ice

Ovaporization = —14.5 °C, Mpeeq press = 1,000 g,
Opress = 0°C, tpress = 300's, Fpress = 7.7 kN)
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Table 1 Results of the experiments with tap water using an SSC
in combination with a pressing mold

Description Unit Parameter
Heat flow (W] 519.7
Temperature difference [K] 27.1
Logarithmic temperature difference [K] 234
Screw pitch [deg] 12
Screw diameter [m] 0.045
Inner vessel diameter [m] 0.047
Length cooling area [m] 0.137
Inner heat transfer area [m?] 0.020
Heat transition coefficient [W/(m2 K)] 678.5
Rotational speed [1/min] 10.0
Pressing power press [kN] 7.7
Holding time press [s] 300

3.1.3 Key technical data

The whole plantwas a commercial product. Thus, no detailed design
data are known or canbe used for analyses. Nevertheless, different
correlations that can be used for the evaluation of the experimental
results already exist. Forthese correlations, aknowledge of various
parameters is required. These are listed in table 1.

3.2 Nusselt correlations

It was not possible to determine any heat transfer coefficients se-
parately. Thus, two general and two specific Nusselt correlations
were compared for usability. One was suggested by Stein [46]
(Eqg. 5) and is used to characterize spiral agitators during cooling
processes, and another was suggested by Zlokarnik [47] (EqQ. 6)
and considers cooling in @ common stirring tank. The third one
was suggested by Bel and Lallemand [48] (Eq. 7) and specifically
describes the heat transfer for a scrape crystallizer, similarly to
the fourth one suggested by Bott and Azoory [49] (Eq. 8). Liquid
properties for water were obtained using calculations provided by
the Verein Deutscher Ingenieure (VDI) [50].

5 e 0,14
Nug; = 0.48 = Reg3 = Pr3 « (ﬂ> (Eq. 5)
nW,m
2 0.08
1 3 77fm
Nuy = 0.242 * (Res * Prz + 4000) A (Eq. 6)
nW,m
Nugg; = (Re, + Re,)%165 « pro211 (Eq. 7)
Nuggs = C * Ref®® x Fr) 0% + pr0s7 (Eq. 8)

The VDlinvolves calculating the usual Reynolds number for stirred
vessels (Reg), as listed in Eq. 9 [50]. The axial (Re,) (Eq. 10) and
tangential (Re;) (Eq.11) Reynolds numbers were, in contrast, used
by Bel and Lallemand [48]. Bott and Azoory, in turn, used a flow
Reynolds number(Ref)(Eq. 12)[49]. Fromthe Nusselt correlations,
the heattransfer coefficients could be calculated using equation 13.

_pm*n*dSc2

Reg = (Eq.9)
Mm
d;—d
Reg = Pmtta > (i = &) (Eg. 10)
Mm
* Uy * d;
Re, = Pm * U * & (Eq. 11)
Mm
sn*xd; *d
Res = Pm *1* Qi * e (Eq. 12)
m
Nu * A
a= = (Eq. 13)
d;

Some correlations used different velocities; for example, the axial
(u4)(Eq.14) andthe tangential (u;) (Eq. 15) [48]. Other parameters,
such as the equivalent diameter (Eq. 16) and the Froude number
(Eq. 17), were used from Bott and Azoory [49].

4xq
Ua = 2_ 12 (Eq. 14)
m* (df - d?)

d
ut=n*di*n+ua*<l—sc) (Eq. 15)
Sc
- 0.25
= —_m Eq. 16
de Z*ﬁ*<0.0703*p12n*g) (Eq. 16)

n? x d?
= Eq. 17
Fr d, *g (Eq. 17)
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Fig.5 Schematic flow chart of ascrew crystallizer with integrated
press section and cooling unit (Color depth indicates the

changing concentration)
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Because ice particles within the solution can change the overall
properties of the suspension, they were considered for all cha-
racteristic parameters. For example, the density of the mixture was
calculated using an equation from Bel and Lallemand (Eqg. 18) [51],
where the solid density was calculated using Eq. 19 suggested
from Levy [52]. The calculation for the heat conductivity of the
mixture was suggested by Brunel [53] and Jeffrey [54] (Eq. 20,
Eqg. 21, and Eq. 22). Levy [52] published a correlation to calculate
the solid heat conductivity for ice water (Eq. 23), as did Reid [55]
and Thomas [56] for the mixture viscosity (Eq. 24).

1
Pm = W W] (Eq. 18)
Ps P
ps =917 % (1 +1.73%107* % 9) (Eq. 19)

A =A% (L4 3% @5 % B+ 3 % @2 « B2 xy) (Eq. 20)

J— AS
&= A, (Eq. 21)
+(e—l 1)+ 3 (e—l) (s+2>
= * — — % *
4 e+2 4/ \16 " \e12) " 2%e+3
(Eq. 22)
Ag =224 +5975% 1073  (— 91156 (Eq. 23)

Nm =M * (1 + 2.5 % @ + 10.05 * @2 + 0.00273 * e(166*¢5))
(Eq. 24)

3.3 Single-step plant (continuous process)

The following single-step plant was designed based on seawater
desalination. Since the purification rate to produce potable water
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Technical and sectional drawing of the screw crystallizer with integrated pressing

Table 2 Basic design parameters of the screw crystallizer.
Description Unit Parameter
Screw pitch [°] 47.2
Screw diameter [m] 0.079
Inner vessel diameter [m] 0.084
Length cooling area [m] 0.525
Heat transfer surface [m?] 0.14
Drive power of gear motor and [kW] 0.55
transmission
Torque of motor and transmission [Nm] 60
Maximum rotational speed [1/min] 67
Cooling capacity heat pump [kWel] 55

from seawater must be around 80, and for well water, between
5 and 10, depending on the source, the design for seawater is
more critical, and therefore should be sufficient to produce the
process water. Compared to the multi-step plant, a larger plant
design with an increased vessel diameter and height, as well as a
larger screw, was used. Furthermore, the setup was placed upon
a frame designed to absorb and distract the pressing forces. As
changeable parameters, the coolant temperature and the screw
rotational speed should change the heat transfer, thus increasing
the ice mass production and the inner turbulence improving the
ice quality. A schematic drawing of the single-step plant can be
seen in figure 5.

3.3.1 Experimental setup

The plant consists of several components: a gear motor, different
bearings to absorb radial and axial forces, as well as coupling and
shaft support to connect the shaft with the drive motor (Fig. 6).
The drive motor is equipped with a gear to increase the maximum
torque. The connection of the shaft with the shaft support, the
coupling, and the attachment of the gear motor is realized via pins.

The ice, which is produced at the inner
surface of the vessel, is transported via the
screw conveyor to the upper part of the plant
where it is pressed through a perforated,
tapering cone. It then leaves the plant as a
compact mass, ideally without any inclusions
or attached liquid. For cooling purposes, a
water/ethylene glycol solution is pumped
through the double jacket and cooled down
in a separate cooling machine. The coolant
then transports along the flow direction of
the ice. Therefore, the inlet is installed at
the lower and the outlet at the upper part
of the vessel.

The dimensions of the crystallizer were
chosen by requirements for force absorption
(wall thickness, bearings, shaft support, cou-
pling and metal framework) and by available
sources (screw, gear motor and heat pump).
The parameters of the crystallizer can be
seen in table 2.
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Table 3 Design parameters for the new screw crystallizer and the perforated, tapered cone
Description Unit Parameter
Stein Zlokarnik Bel & Lallemand Bott & Azoory
Re, - 0.15;
; Rec - a=0.19, Regs; _
Reynolds number [-] s =550.5 Re; - 1848.9 fl=21.1
Nusselt number [-] 59.7 74.4 5.1 10.6
Inner heat transfer coefficient [W/(m2 K)] 403.3 502.4 34.5 71.5
Heat transition coefficient [W/(m2 K)] 281.7 326.7 33.3 66.4
Heat flow [W] 760.3 881.8 89.9 179.2
Specific heat flow [kJd/kg] 411.2
Outlet diameter of the cone [m] ~ 0.084
Tapering of the cone (ﬁ) [m/m] ~ 1.00
i
Length of the cone [m] 0.065 0.076 0.008 0.015

Table 4 Final design parameters of the perforated cone
Description Unit Parameter
Inlet diameter of the cone [m] 0.084
Outlet diameter of the cone [m] 0.049

) Ao
Tapering of the cone ™ [m/m] 0.34
L
Length of the cone [m] 0.167
30
— Test results
. . ///"'
sl T Polynomial fit -
—
=
j =
204 //
s e

-
) ?L/ y = -3.1597E-04*x*+0.7209*x+-383.65 ; R* = 1.00
7

Heat loss [W]
3 o
1 1

0+———1——T— ———T—TT
900 920 940 960 980 1000 1020 1040 1060 1080 1100
Flow rate coolant [kg/h]

Fig. 7 Heatloss of the crystallizer at a mean coolant temperature

of 2 °C for different flow rates

Using the given parameters by the plant, in combination with the
Nusselt correlations, the results in plant parameters are shown in
table 3. For this, an outer heat transition coefficient of 1,000 W/
(m2 K) was assumed, as it was achieved during seawater experi-
ments. The coolant inlet temperature was estimated to be around
—18.0°C and the well water around 18.5°C. This generates a
temperature difference of 18.5 K and a logarithmic temperature
difference of 19.5 K. Further design parameters, such as the
tapering and the length of the cone, can be taken from table 3,
which shows that the outer diameter of the cone, as well as the
tapering of the cone, has almost no change on the design of the

cone. This is due to the low concentration of impurities in the
water, causing only a small amount of liquid which is not frozen
during the freezing process.

The parameters from Stein and Zlokarnik look reasonable, but the
ones from Bel and Lallemand and Bott and Azoory look quite low.
Nonetheless, numbers and results from experiments will later be
checked for consistency.

The final dimensions of the cone are listed in table 4. Besides the
calculated parameters, the cone was designed to desalinate water,
which should also be sufficient for well water.

For further calculations, the plantwas analyzed for heatlosses. This
was determined by filling the whole plant with water, then cooled
down to 2°C for different flow rates, then the heat transmission
was determined (Fig. 7). Lower temperatures were not possible
because of the freezing temperature of water, whereby the amount
of frozen water could not have been quantified.

3.3.2 Results and discussion

In section 3.2.1, the described setup is used to investigate different
mean coolanttemperatures and rotational speeds for their influence
on the removal efficiency, heat flow, heat transition coefficient, and
crystal area. For this reason, tap water was mixed with several
chemicals, as already described in chapter 2. In table 5, all test
parameters listed. Arotational speed below 27 1/min was not feasible

Table 5 Test parameters of the screw crystallizer with integrated
pressing section
Test Rotational speed Mean coolant temperature
[1/min] [°C]
1 40 —3.9
2 40 -8.6
8 40 -11.5
4 27 -8.7
5 67 -8.7
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140
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Fig. 8 Overview of water and ice purity from the feed, the un-

pressed ice, and the pressed ice for different test para-
meters

or the gear motor would have been too weak to continually power
the screw and pressing the ice. Similar behavior would have been
the case for temperatures below —11.5°C, which is due to the fact
that the lower the coolant temperature, the harder the ice gets.

Figure 8 presents an overview of the results for all the test para-
meters shown. Negative numbers are thereby due to the residual
alkalinity, which is calculated as a ratio as shown in equation 4.
Obviously, a first purification takes place when the ice is formed
and transported upwards. However, most times there is not a
significant difference between the feed and the unpressed ice.
The largest effect is achieved within the pressing section of the
cone, where a significant drop of the concentrations after the ice
left the cone can be seen. The best results are achieved when the
ice is generated with an average rotational speed and a moderate
cooling temperature. All parameters will be discussed in detail.

As can be seen in figure 9, the highest mean coolant temperature
gives the best purification results for all impurities. Furthermo-
re, the purification drops with decreasing coolant temperature.
Nevertheless, a significant drop of all concentrations below the
limit concentration can be seen. Only the total organic carbon
concentration is too high, which is due to a very high starting
concentration. Unfortunately, the iron concentration could not be
measured, due to corrosion.

For an easier perception, all test results for different mean coolant

140
120 I Feed
1 v//1-3,9 °C; unp.
100 & -39 °C; p.
80 {i} XXX -8,6 °C; unp.
60 ¥ ™ -8,6 °C; p.
5 1 ¢ BXXX-11,5°C; unp.
= K
© %
= 8
s &
Q -
c AN N
5 N
o N K
N X
NN
IN N
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N &
NN NS

T

8

[mg/ll NO3[mg/l] Mn [mg/l]

Fig.9 Overview of water and ice purity from the feed, the un-

pressedice,and the pressed ice for different mean coolant
temperatures at a rotational speed of 40 1/min.

temperatures are also shown in table 6.

As already described, the removal efficiencies are shown as a box
plot (Fig. 10). The position of each box varies largely with the mean
coolant temperatures, showing that the lower is the temperature,
the lower is the removal efficiency. The best value for —3.9°C is
around 96 %, where it is around 88% and 79 % for —8.6 °C and
—11.5°C, respectively. Furthermore, the spreading of the 25" and
75" percentiles is the least for the highest temperature.

Analysis of the crystallized area also reveals significant diffe-
rences, depending on the coolant temperature. The deviation of
the crystallized areas of the unpressed ice is rather small com-
pared to the ones from the pressed ice, where the differences
are quite clear. Furthermore, the higher the crystal area is the
better the quality is of the ice. This indicates that any inclusions
or attached liquid is pressed away by the volume reduction within
the cone. It also shows that the crystal area is a characteristic for
the purification rate.

Observation of the heat flow shows that, with increasing coolant
temperatures, the heat flow decreases, as expected. Also, an ex-
pected behavior shows the heat transition coefficient, which drops
when the heat flow increases. This is due to a higher amount of
produced ice mass within the vessel, and thus a lower turbulence.
Overall, it shows that changing the coolant temperature influences
the heat, and thus the product flow, as well as the purity, due to

Table 6 Overview of the test results from experiments with different mean coolant temperatures at a rotational speed of 40 1/min
Parameters Unit Feed -3.9°C -8.6°C -11.5°C
unpressed pressed unpressed pressed unpressed pressed

TC [mg/] 88.2 53.2 16.4 80.5 23.5 82.1 30.9
TOC [mg/] 27.6 22.3 3.29 21.0 5.10 16.8 6.40
NO3 [mg/l] 120.0 89.5 13.7 89.2 15.5 94.5 25.7
Mn [mg/l] 0.255 0.176 0.03 0.169 0.034 0.182 0.053
RA [°dH] 16.9 12.2 0.66 12.0 2.10 12.8 3.50
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Fig. 10 Removalefficiency, heattransmission coefficient, heatflow,
and crystal area for different mean coolant temperatures
at a screw rotational speed of 40 1/min

turbulences preventing the formation of a concentration gradient
next to the ice front.

Also interestingly, no liquid inclusions in the images of ice particles
are visible. Only liquid surrounding the crystal and its ramifications
can be observed, which mightbe due to the small size of the crystal,
a result of the scraping. The larger side of the crystal was formed
during scratching and the thin side during crystal growth (Fig. 2).

Based on the measured outer heat transfer coefficient, the heat
transition coefficient for each Nusselt correlation was calculated
and compared to the experimental value (Fig. 11). No correlations
from Stein, Zlokarnik, or Bel and Lallemand fit with the experimental
values. The correlation from Bott and Azoory, conversely, fit quite
well. Only the correlation for the lowest coolant temperature is
significantly different from the calculated one. The differences may
have been caused by a missing value in the calculations, consi-
dering the ice fraction and the accumulation of the ice, which is
not known exactly but occurs because of the pressing resistance
caused by the cone.

Varying the rotational speed of the screw should change the
turbulence within the vessel, and, therefore, the flow caused by a
larger heat transition coefficient. This, in turn, should improve the
ice purity because of a lower concentration gradient next to the
growing ice front. All results can be seen in figure 12 and table 7.

Temperature [°C]

Fig. 11 Overview of heat transition coefficients determined expe-

rimentally and calculated depending on the mean coolant
temperature, at a screw rotational speed of 40 1/min

The concentration of the unpressedice is, again, slightly lower than
the feed; however, most of the purification takes place within the
cone. Nevertheless, increasing the rotational speed improves the
purification in the first step, but further increase does not further
enhance the results.

The cause for this behavior can be seen in figure 13. The heat
flow, as well as the heat transition coefficient, increase when
the rotational speed is raised from 27 1/min to 40 1/min. This
can be expected due to an increased turbulence of the liquid.
It also shows an increase in the ice crystal area, indicating a
better removal efficiency. A further increase to 67 1/min does not
improve the heat flow, transition coefficient, or the crystal area,
and thus, the removal efficiency. Apparently, a higher rotational
speed leads to a collapse inthe turbulence and the corresponding
consequences for all other factors. This cannot be due to the ice
mass because of the lower heat flow, which is even lower than
for 27 1/min. It is more likely that the radial upwards flow, caused
by the screw, gets disturbed by flow separation and/or the higher
axial flow. Unfortunately, the reason cannot be determined in
detail with this plant.

A comparison of experimental and calculated heat transition
coefficients show a similar curve characteristic as the previous
coefficients (Fig. 14). The results from Stein and Zlokarnik appear
too high, whereas the one from Bel and Lallemand is too low, and

Table 7 Overview of the test results from experiments with different rotational speeds at mean coolant temperature of -8.7 °C
Parameters Unit Feed 27 1/min 40 1/min 67 1/min
unpressed pressed unpressed pressed unpressed pressed

TC [mg/I] 88.2 77.7 33.0 80.5 23.5 77.9 23.4
TOC [mg/l] 27.6 16.6 7.90 21.0 5.10 19.8 6.20
NO, [mg/l] 120.0 90.5 30.4 89.2 8.5 86.5 16.0
Mn [mg/] 0.255 0.188 0.064 0.169 0.034 0.172 0.048
RA [°dH] 16.9 12.5 4.00 12.0 2.10 11.8 2.40
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does not really change with increasing rotational speed. Again,
the correlation from Bott and Azoory shows the best accordance.

For further plant designs, the correlation from Bott and Azoory
appear within reasonable limits. This is underpinned by the fact
that the mean outer heat transfer coefficient was around 1,254.3
W/(m?2 K), which is slightly better than estimated, but still indicates
that the limiting factor is the inner heat transfer.

3.4. Test plant optimizations

Further optimizations on the test plant will help investigate heat
transfer, depending on various parameters, and help improve pu-
rification with even higher mass flow rates (Fig. 15). Therefore, a
new screw will be designed that will have a smaller gap between
vessel and screw, to faster convey the ice upwards. An installed
return of the press water and a purge will prevent accumulation
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Fig. 13 Removal efficiency, heat transmission coefficient, heat
flow and crystal area for different rotational speeds at a
mean coolant temperature of —-8.7°C
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Fig. 15 Schematic flow chart of an optimized screw crystallizer
with integrated press sectionand cooling unit (Color depth
indicates the changing salt concentration)

of impurities within the liquid and will guarantee a continuous pro-
cess. Furthermore, a sensor for force measurement will show the
dependencies of parameter variations, the corresponding force,
and thus, the influence on the ice quality.

4 Conclusions

Investigation of a new method for water purification by utilizing well
water to produce process water for the brewing industry shows
good results with regards to removal efficiency. It even allows for
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adjusting the process parameters, depending on the water source
and the necessary purification rate. Further, in contrast to other
freeze crystallization plants, this new method prevents the loss of
product through washing the ice.

The multi-step process in this method, consisting of a commercial
scraped surface crystallizer in combination with a cooled pressing
mold, showed that the application of a force of 7.7 kN (20.6 bar)
for a holding time of 300 s was sufficient for purification.

Another investigation, based on a seawater desalination plant,
was designed, with a screw as a forced conveyor, and a perfora-
ted, tapering cone for pressing, to determine if water purification
can be achieved by a single-step process. Experiments showed
good results depending on ice purities, heat flows, heat transition
coefficients, and crystal sizes from rotational speeds and coolant
temperatures. Comparing these results with correlations from the
literature showed that the correlation from Bott and Azoory could
be used to design a single-step plant.

Further optimizations of the plant including a purge, a return flow,
a force measurement, and an improved screw design will help find
design parameters for such plants. It will also allow more tests to
determine whether this kind of method can also be used to purify
waste water from the brewing industry, with its high loads.

However, this plant was built to investigate whether the technolo-
gy can be used to purify water for a possible use in the brewing
process. Related to this, these tests will help to develop and com-
mercialize a plant as an alternative product to reverse osmosis and
ion exchanger technologies.
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