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ABSTRACT

In the refrigeration industry, ice slurries are an alternative to reduce the use of refrigerants with high
greenhouse gas content. However, the production of these ice slurries requires the use of scraped surface
generators. These generators have high maintenance costs due to the wear of the scrapers caused by the ice
adhering to the generator walls and consume additional mechanical energy. Because of these drawbacks, it
is important to study the icephobic behavior of surfaces to find alternatives that significantly reduce ice
adhesion without consuming additional energy. Our study consists in experimentally characterizing the
icephobic behavior of different types of surfaces and in studying the detachment of ice from the surfaces by
flow. The objective is to understand the phenomena behind ice adhesion to select icephobic surfaces. The
final goal is to design an ice slurry generator without mechanical scraping.

Keywords: Secondary refrigeration, Ice slurry generator, Ice slurry, Phase change materials (PCM), Ice
adhesion, Hydro-scraping.

1. INTRODUCTION

The production of cold using refrigerants can have negative consequences for the environment and human
health. Therefore, there is a growing interest in developing innovative sustainable and energy-efficient
refrigeration production and transport techniques. Secondary refrigeration is a method of reducing the
amount of refrigerant used in conventional systems by limiting their use to cold production, while cold
transport is provided by environmentally neutral fluids such as ice slurry or gas hydrate slurry (Samah et al.,
2023a). Ice slurry-based cold transport is a crucial technology for the food industry, air conditioning, medical
care and other industrial applications (Kauffeld et al., 2010). Ice slurry is defined as a mixture of ice particles
suspended in an aqueous solution (solid-liquid mixture) with an average ice particle diameter of 1 mm
(102 m) or less (Egolf and Kauffeld, 2005). Ice slurry has many advantages, such as a good management of
electricity consumption thanks to its latent heat of fusion (storage) and a zero impact on the environment
(Kauffeld et al., 2010). There are several ice slurry generators, either with moving components directly
related to the ice extraction from the surface (Stamatiou et al., 2005), or without moving components (Samah
et al., 2023a). Methods with moving components have disadvantages such as low energy efficiency
(additional power consumption) and high maintenance costs or discontinuous ice slurry production. To
overcome these limitations, new experimental approaches to ice slurry production without moving
components have been developed to reduce ice adhesion: by using icephobic surfaces, hydro-scraping with
reduced surface cooling energy, hydro scraping within Helical Coiled Heat Exchanger (HCHX) made of Nylon
11 or Polytetrafluoroethylene (Teflon® or PTFE) (Samah et al., 2023a). However, these experimental methods
also have drawbacks. For example, the study of ice slurry production by hydro-scraping in the Helical Coiled
Heat Exchanger (HCHX) (Brooks et al., 2021, 2020), and the study of ice slurry production by hydro-scraping
(Barth, 2000) are carried out in compact exchangers which are not clear and do not allow visualization of ice
detachment phenomena on the surface. These studies deserve to be deepened with the visualization of the
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phenomena of tearing off the ice on the surface by the flow, that with variation of the velocity of flow and
the surface states to better understand the ice adhesion phenomena.

This study aims to understand the phenomena of ice adhesion and extraction by flow (hydro scraping) to
develop a method of ice slurry production without moving components (without mechanical scrapers). It also
aims to understand the effect of surface condition and flow velocity on ice detachment to select the most
optimal conditions. The originality of this study lies in the evaluation of the ice detachment length L, along a
surface as a function of the flow velocity and by visualizing the ice detachment phenomenon with a high-
speed camera. For this purpose, three types of surfaces (hydrophilic, hydrophobic and superhydrophobic)
were studied in a transparent rectangular box containing a 10 wt.% ethanol/water mixture.

2. MATERIALS AND METHODS

An experimental setup was developed to identify surfaces that allow optimal ice detachment by shear flow
of a 10 wt.% ethanol/water mixture (crystallization temperature is — 4.50 °C) through a nozzle generating a
jet. The objective is to better understand the phenomena of ice adhesion and detachment on several types
of surfaces to develop new ice slurry generators without moving components.

2.1. Experimental device of ice detachment study

To achieve this objective, a system is developed to allow the study of ice detachment by flow on several
surfaces, this system is presented in figure 1. This system is composed of an aluminium heat exchanger
(component 8 on figure 3). This exchanger is insulated on all 5 sides except the upper side on which the
surface samples to be studied will be glued with thermal paste. This system also includes a flat nozzle with a
rectangular outlet section Sy of 0.03 m x 0.002 m (component 9 on figure 3). The entire system is immersed
in a 10 wt.% ethanol/water mixture with an immersion height between the top surface of the exchanger and
the water interface of 0.02 m (2 cm). The ice detachment length Ly is defined as the maximum distance
between the nozzle outlet section and the un-detached ice layer.

Interface (air/liquid) of the

ethanol/water mixture. Surface sample
2 mm thick ice /
. B LD | | | Zcm/

Heat exchanger

Figure 1: Schematic representation of the system for studying ice detachment by flow.

Three types of treated (superhydrophobic, hydrophobic) and untreated (hydrophilic) AW1050H24 aluminium
surfaces are characterized to determine their icephobic behavior for the study of ice detachment by flow.
The first surface is an untreated (hydrophilic) aluminium exhibiting an average contact angle (CA) (average
between left and right contact angle) of 58.21° measured with an 8.4 uL drop of a 10 wt.% ethanol/water
mixture at an ambient temperature of 23 °C, as shown in Figure 2 (a). This surface forms an average contact
angle of 82.36° with deionized water (Samah et al., 2023b). The second surface, aluminium, is treated by
bonding a 13 um (1.3 x 107 m) thick PTFE adhesive tape manufactured by REKALRO. This ribbon consists of
a PTFE-coated fiberglass fabric, which provides additional properties of tear, tensile and puncture resistance.
This surface is characterized by an average contact angle of 91.38° measured with an 8.4 pL (8.4 x 10° m?)
drop of a 10 wt.% ethanol/water mixture, as shown in Figure 2 (b). Teflon® (PTFE) is currently one of the best
icephobic materials reducing ice adhesion strength due to its low dielectric permittivity of about = 2.1
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(Menini and Farzaneh, 2009), but its disadvantage is its low thermal conductivity. In our study case, the
thickness is very small (13 um thick) to avoid heat transfer problems. The third surface of AW1050H24
aluminium is treated with a commercial superhydrophobic coating "Ultra Ever Dry" (UED) applied in two
steps by spraying. A first coat (reference: 35808), is applied with a drying time of 50 minutes, followed by a
second coat (reference: 35809) with a drying time of 15 minutes, after treatment, the average contact angle
with deionized water is 157.59° in the Cassie state compared to that of the untreated surface which is 82.36°
(Samah et al., 2023b). An average contact angle of 151.50° measured with an 8.4 uL drop of a 10 wt.%
ethanol/water mixture is shown in Figure 2 (c). This coating is already characterized in a previous study
(Samah et al., 2023b).

@ (b) (©

Left CA=58.15°  Right CA=58.28° | Left CA=91.4° Right CA=91.37° | Left CA=151.56° Right CA= 151.45°

Figure 2: Three types of surfaces studied: (a) hydrophilic "untreated aluminium"; (b) hydrophobic "aluminium
treated with PTFE ribbon"; (c) superhydrophobic "aluminium treated with UED".

To maintain the liquid level at 0.02 m (2 cm) between the studied surface and the air-liquid interface, the
system shown in Figure 1 is placed in a transparent box (PMMA) (component 2 in Figure 3). This whole system
is called surface testing section, it also consists of a high-speed camera (component 7) with a recording speed
of 750 FPS. The video recording of the ice layer formation and its detachment by the flow is performed using
the AOS Imaging Studio software version 4.7.2.4. The device also includes a second digital camera placed
above the exchanger to take pictures after the ice detachment (component 1). The ice detachment length Lp
is measured using IC Measure software version 2.0.0.286. A servo motor (component 15) equipped with a
wiper (component 14) is installed to allow dew that forms on the surface of the PMMA box to be removed
in the field of view of the high-speed camera during the cooling of the mixture to better visualize the
formation and detachment of ice by flow. The servo motor is controlled by a controller board (component
3), programmed with C++ code to allow the wiper to make a round trip every 4 seconds with an opening
angle of 120°. The nozzle is fed by a circulating cryostat (component Ill in Figure 4), with a variable mass flow
rate, the maximum flow rate being up to 0.167 kg s (10 kg min™). Finally, the PMMA box is fed by a filling
tube (component 12) with a mass flow rate of 0.151 kg s (9.08 kg min™?), the box having an outlet to the
circulating cryostat (component 6). The total mass of the liquid mixture in the experimental setup is
M; =12 kg.
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Surface testing section: 1 Digital camera.
Polymethylmethacrylate (PMMA) box 0.34 m x
0.146 m x 0.127 m (length, width, height).

ELEGOO UNO R3 controller board.

50 wt.% ethanol-water mixture inlet.

50 wt.% ethanol-water mixture outlet.

Liquid mixture outlet.

AOS Cesyco PROMON U750 high speed
monochrome camera and KOWA zoom lens.

Bewinner aluminum heat exchanger 0.16 m x 0.04 m
x 0.012 m (length, width, height).

ARIANA flat nozzle with 0.03 m x 0.002 m (width,
height) outlet section.

Nozzle swivel tube.

Nozzle supply tube.

Filling tube of the PMMA box with the liquid
mixture.

A-LED LIGHTING 15 Watt.
Wiper.

Servo motor SG90.

Surface sample.

Figure 3: Detailed schematic of surface testing section (component | in Figure 4).

Five T-type thermocouples are placed on the surface testing section to measure the temperature of the
mixture at different locations, represented in Figure 3 by red squares. Three T-type thermocouples are placed
between the surface sample (component 16) and the heat exchanger (component 8), shown in Figure 3 by
red stars. A thermocouple is placed on the surface sample 0.15 m (150 mm) from the nozzle outlet section,
represented in Figure 3 by a red circle. The purpose of placing only one thermocouple on the sample surface
is to minimize disturbance during ice formation and detachment. Tests were performed to verify the
homogeneity of the temperature along the sample surface, and the result shows an average difference over
several points that does not exceed + 0.5 °C. This result validates the use of a single thermocouple on the
surface. The measurement uncertainty of the thermocouples is + 0.028. The thermocouples are connected
to a KEYSIGHT Model DAQ970A data acquisition system linked to a computer.

The complete experimental setup is shown in Figure 4 and consists of two JULABO circulating cryostats
component Il and component Ill, a Grundfos pump (component 1V), an ABB Coriolis mass flow meter
(component V) and a surface testing section to study the ice detachment on different surfaces (component I).
The whole device is placed in a climate chamber set at 13 °C to improve the efficiency of the circulating
cryostats.

Surface testing section.
Recirculating cooler
JULABO model FP50-HE.
Recirculating cooler JULABO
model 601F.

Pump Grundfos model
ALPHAL 25-40 180.

Coriolis mass flowmeters
model ABB FCM2000 MC23.

Figure 4: Experimental setup to study ice detachment by flow on different surfaces with a 10 wt.% ethanol/water
mixture.
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2.2. Experimental parameters and protocols

The objective of our study is to characterize the surfaces that have less adhesion to ice. Three types of
surfaces (hydrophilic, hydrophobic, and superhydrophobic) are studied to form a 2 mm layer of ice in
immersion, and then a jet of liquid is sent through the nozzle to detach the ice longitudinally on the surface
to measure the ice detachment length Lp on each surface for different velocities. The variables in our
experiments are surface states (hydrophilic, hydrophobic, and superhydrophobic) and jet velocities that
range from 0 to 2.84 m s™%. For all our flowing ice detachment experiments, surface temperatures are set to
a target value of — 8 °C. The experimental protocol is as follows: First, the filling pump (component IV in
Figure 4) of the ice detachment study device is turned on and set to a power of 22 W to have a water level
of 0.02 m above the heat exchanger (component 8 in Figure 3) thus a mass flow rate of 0.151 kg s™*. Next,
the temperature of the circulating cryostats (components Ill and Il in Figure 4) that feed the heat exchanger
and the surface test section, respectively, is set to an initial temperature of 25 °C. Then, the temperature of
both recirculating coolers is lowered to the desired value (- 8 °C) until a 2 mm (0.002 m) ice thickness is
formed on the surface sample under investigation with a 10 wt.% ethanol/water mixture (the phase change
temperature is between - 4.5 °C). Meanwhile, the nozzle (component 9 in Figure 3) is directed upward to
maintain the flow of the aqueous mixture at a rate of 0.025 kg s through the tube feeding the nozzle to
avoid its heating before the ice detachment and not to disturb the formation of the ice layer on the surface
sample (component 16 in Figure 3). Next, the flow of liquid through the nozzle is stopped, and the nozzle is
directed toward the surface sample. Then, the mass flow rate through the nozzle is adjusted to the desired
value, and the cryostat circulating pump (component Ill in Figure 4), which feeds the nozzle, is turned on for
ice detachment by the flow of the agqueous mixture. Then, the filling pump (component IV in Figure 4) and
the cryostat circulating pump (component Il in Figure 4) are turned off when ice detachment is complete.
Finally, a picture of the surface is taken with a camera (component 1 in Figure 3), and the detachment length
(Lp) is measured with the image processing software IC Measure version 2.0.0.286.

Figure 6 shows an example of the evolution of the mass flow rate through the nozzle and the temperature of
the agueous mixture (10 wt.% ethanol/water) and the untreated aluminium surface during cooling. The initial
temperature of the mixture and the surface is 25 °C and is lowered to - 3.6 °C to achieve temperature
stability. Then, the surface temperature is lowered to the target value of — 8 °C to form a 2 mm ice layer, as
shown in Figure 5. It takes about 310 seconds to achieve a 2 mm layer. The flow through the nozzle is stopped
(step 1 in Figure 6), then the nozzle is directed downward (toward the surface) and a mass flow rate
of 0.109 kg s is initiated (corresponding to a flow velocity at the nozzle outlet of 1.83 m s71), to remove the
ice layer from the surface (step 2 in Figure 6). Finally, the flow is stopped when the ice layer is no longer
removed from the surface (step 3 in Figure 6).

t=0s, thickness : 0 mm t =310 s, thickness : 2 mm

Figure 5: Evolution of the thickness of the ice layer that forms on an untreated aluminium surface in a 10 wt.%
ethanol/water mixture at a set surface temperature of — 8 °C, (a): before crystallization; (b): after crystallization.
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Figure 6: Example of evolution of the mass flow rate through the nozzle and the average temperature of the
aqueous mixture (10 wt.% ethanol/water mixture) and the average temperature of the untreated aluminium
surface (hydrophilic) during the cooling process.

3. RESULTS AND DISCUSSIONS

3.1. Ice detachment by flow on the three types of surfaces studied

Figure 7 shows the evolution of the ice detachment length Lp as a function of the average velocity of the
aqueous mixture at the nozzle outlet, for the three types of surface samples studied: untreated aluminium
"Al" (hydrophilic), aluminium treated with Teflon® adhesive ribbon "PTFE" (hydrophobic) and aluminium
treated with Ultra Ever Dry coating "UED" (superhydrophobic). In our experiments, we calculated the flow
velocity Vy at the nozzle outlet using the following relationship Eq. (1):

_ Om

Ve =
N piSy

Eqg. (1)

This relationship uses the following data: the mass flow rate Qm, the density of the mixture p, (equal to
983.4 kg m™ at the liquid temperature T; of - 3.6 °C), and the nozzle outlet cross-section Sy equal to
6x107° m2
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Figure 7: Evolution of the ice detachment length as a function of the average velocity of the aqueous mixture at the
nozzle outlet, for the three types of samples studied: untreated aluminium "Al" (hydrophilic), aluminium treated
with a Teflon® ribbon "PTFE" (hydrophobic) and aluminium treated with the Ultra Ever Dry coating "UED"
(superhydrophobic).

In the experiments, the mass flow rate varies from 0 to 0.17 kg s™*. This implies a flow velocity ranging from
0to 2.87 m s%. Figure 7 shows that the ice does not detach from the aluminium surface treated with the UED
superhydrophobic coating, for all the flow velocities studied. This is in agreement with existing research (Lei
et al., 2021), as superhydrophobic surfaces are very rough and ice adhesion occurs by mechanical anchoring
in the substrate asperities. The increase in surface roughness leads to an increase in the contact area and the
number of potential anchoring sites (Zou et al., 2011). There are four mechanisms that can explain the
phenomenon of ice adhering to a surface (Samah et al., 2023a): the mechanical mechanism, the chemical
mechanism, the electrostatic mechanism, and the boundary layer mechanism (He et al., 2017; Landy and
Freiberger, 1967; Lliboutry, 1964). For the untreated aluminium surface (hydrophilic), it is noticed that under
a speed of 0.6 m s%, no ice detachment is visible on the surface. Above this minimum speed of 0.6 m s, ice
detachment becomes possible and the evolution of the detachment length Ly as a function of speed is linear.
To detach all the ice along the 160 mm (0.16 m) exchanger, a speed of about 2.87 m s™! is required. Finally,
for the aluminium surface treated with PTFE adhesive tape, the minimum ice detachment velocity on this
surface is equal to 0.15 m s, which is four times less than the minimum detachment velocity on the
untreated aluminium surface. To detach all the ice along the heat exchanger, a speed of about 1.37 m s™is
required, half that of the untreated aluminium surface. This shows that Teflon® has good icephobicity
characteristics and low ice adhesion compared to the untreated aluminium surface (hydrophilic) and the UED
treated aluminium surface (superhydrophobic). This result is in agreement with the results of (Brooks et al.,
2021, 2020), and the results of ice adhesion tests on Teflon® (PTFE) of (Fillion et al., 2017). The use of a
Teflon® (PTFE) coating or adhesive ribbon on the ice slurry generator will reduce the amount of energy
required for ice detachment from the surface, provided that the Teflon® coating or adhesive ribbon is thin
enough not to penalize heat transfer. The ice growth rate results show that ice growth is faster on the
superhydrophobic surface due to its roughness which has more nucleation sites. Ice growth is slower on the

smooth untreated aluminum surface due to its low roughness (fewer nucleation sites).
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Figure 8: Example of the result of the detachment length "Lp" (m) of the ice by flow for the case of an aluminium
surface treated with the adhesive ribbon PTEF for an average surface temperature of - 7.54 °C: (a) Vy = 0.64 m s
and Lp=0.057 m; (b) Vy=0.86 ms™*and L, =0.08 m; (c) Vv =1.08 ms™and Lp = 0.113 m; (d) Vy=1.41 m st and
Lp=0.16 m.

Figure 8 shows the results of ice detachment length L, on an aluminium surface treated with Teflon (PTFE)
adhesive ribbon for different flow velocities and an average surface temperature of - 7.54 °C. Ice detachment
on this surface is by adhesive peeling, i.e., the ice is completely removed from the surface without leaving
any residue, and the ice layer is soft (needle-like morphology), which allows the ice to disintegrate into
particles under flow agitation. The reason for this soft ice texture is due to the presence of ethanol. The use
of additives reduces the ice cohesion (Samah et al., 2023a). If pure water is used to produce the ice, it will
have a hard texture and will come off the surface in one piece without disintegrating into particles (Samah
et al., 2023b).

Figures 9 and 10 show the images of the ice detachment by flow on the aluminium surface treated with PTFE
adhesive tape and on the aluminium surface treated with Ultra Ever Dry "UED" coating, respectively for a
flow velocity of about 2 m s, It can be seen in Figure 9 that the ice detachment from the PTFE surface is
adhesive, i.e., the entire ice layer detaches from the surface without leaving any ice residue on the surface.
Then, the ice that detaches from this PTFE surface disintegrates into ice particles due to the presence of the
additive (ethanol) that makes the ice layer soft during crystallization and flow detachment. It can be seen
that after 1.35 seconds, the entire ice layer is detached from the PTFE surface. The ice detaches in the same
way on the untreated aluminium surface.
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t =548 ms

Soft ice
fragment

t=1.065s t=1.35s

Figure 9: lllustration of ice detachment by flow on an aluminium surface treated with PTFE tape, for an average
surface temperature of - 7.54 °C, a mass flow rate of 0.13 kg s (7.5 kg min™!) thus a nozzle outlet velocity of
2.11 m s7! for the 10 wt.% ethanol/water mixture.

For the aluminium surface treated with the UED superhydrophobic coating, the ice does not detach from the
surface for all flow velocities studied (see Figure 7). This is due to the roughness of the superhydrophobic
surface. However, after 9.9 seconds, a reduction in ice thickness is observed near the nozzle outlet due to
the breakup of ice crystals in this ice layer (see Figure 10). Thus, this type of ice breakup is called cohesive
detachment because the ice does not completely detach from the surface. The aluminium surface treated
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with UED superhydrophobic coating has higher ice adhesion than the untreated aluminium surface treated
with PTFE ribbon.

(@) e ) N TS

2o Nozzle /
7 e /

t=0s t=3.06s

(d)

t=4.56s t=35.57s

(2) (h)

t=991s t=11.35s

Figure 10: lllustration of ice detachment by flow on an aluminium surface treated with Ultra Ever Dry coating
"UED", for an average surface temperature of - 6.78 °C, a mass flow rate of 0.12 kg s™* (7.11 kg min™?) thus a nozzle
outlet velocity of 2.01 m s for the 10 wt.% ethanol/water mixture.
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4. CONCLUSIONS

This study focused on understanding the mechanisms of ice adhesion and detachment by flow for ice slurry
production, and for developing a method for ice slurry production without mechanical scrapers. It also
examined the effect of surface condition and flow velocity for ice detachment to identify optimal conditions.
The results showed that the ice adhesion is by mechanical adhesion (mechanical inking) on the aluminium
surfaces treated with the UED superhydrophobic coating, due to the surface condition (rough surface) which
is very different from the untreated aluminium surfaces and the surfaces treated with PTFE ribbon. In
addition, the results indicated that a minimum flow velocity of 0.6 m s™tis required for ice detachment on an
untreated aluminium surface (hydrophilic), whereas a minimum flow velocity of 0.15 m s™is sufficient for ice
detachment on an aluminium surface treated with PTFE adhesive tape. This indicates that PTFE has effective
ice repelling properties and reduces ice adhesion compared to the untreated aluminium surface. The
experiments revealed two distinct modes of ice detachment: adhesive detachment on surfaces with lower
roughness (such as untreated aluminium surfaces and aluminium surfaces treated with PTFE adhesive
ribbons), and cohesive detachment of the ice on surfaces with higher roughness, such as the aluminium
surface treated with a UED superhydrophobic coating. In the case of cohesive detachment, the ice layer does
not fully separate from the surface, but the crystals within the layer break apart. The use of a PTFE coating
or adhesive ribbon on the ice slurry generator could reduce the energy required to remove ice from a surface.
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NOMENCLATURE
Symbols Subscripts
L Length (m) D Detachment
M Mass (kg) / Liquid
Q Mass flow rate (kg s™) N Nozzle
S Section (m?) Abbreviations
T Temperature (°C) CA Contact angle
% Velocity (m s™2) UED Ultra Ever Dry
Greek PTFE Polytetrafluoroethylene
yZ Density (kg m™) PMMA Polymethylmethacrylate
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