
1 
 

EFFECTS OF STATIC MAGNETIC FIELDS ON SUPERCOOLING AND FREEZING 1 

KINETICS OF PURE WATER AND 0.9% NaCl SOLUTIONS 2 

 3 

Laura Otero1, Antonio C. Rodríguez, and Pedro D. Sanz 4 

Institute of Food Science, Technology and Nutrition (ICTAN-CSIC). c/ José Antonio Novais, 10, 5 
28040 Madrid, Spain 6 

 7 

ABSTRACT 8 

Previous papers in the literature show no agreement on the effects of static magnetic fields 9 
(SMFs) on water supercooling and freezing kinetics. Hypothetical effects of the SMF orientation 10 
and the presence of ions in the sample are also unclear. To shed light on this matter, we froze 11 
10-mL pure water samples and 0.9% NaCl solutions subjected or not to the SMFs generated by 12 
two magnets. We found that the relative position of the magnet poles affected the magnetic field 13 
orientation, strength, and the spatial magnetic gradients established throughout the sample. 14 
Thus, the SMF strength ranged from 107 to 359 mT when unlike magnet poles faced each other 15 
whereas it ranged from 0 to 241 mT when like magnet poles were next to each other. At both 16 
conditions, we did not detect any effect of the SMFs on the time at which nucleation occurred, 17 
the extent of supercooling, and the phase transition and total freezing times in both pure water 18 
and 0.9% NaCl solutions. More experiments, under well-characterized SMFs, should be 19 
performed to definitively evaluate the ability of SMFs in improving food freezing. 20 
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1. INTRODUCTION 25 

Static magnetic fields (SMFs) can visibly affect water. For example, water droplets can levitate 26 
in air when they are in a magnetic field of 10 T or higher (Beaugnon and Tournier, 1991; Ikezoe 27 
et al., 1998). Weaker SMFs of the order of one third of a tesla can still produce a 0.25-μm 28 
depression in the water surface (Chen and Dahlberg, 2011). At these conditions, some water 29 
properties such as the viscosity, the surface tension force, or the refractive index, among 30 
others, seem to be affected (Cai et al., 2009; Hosoda et al., 2004; Pang et al., 2012; Pang and 31 
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Deng, 2008a, b; Toledo et al., 2008), but the experimental data published in the literature 32 
generally have low reproducibility and little consistency.  33 

The mechanisms explaining the effects of SMFs on water properties are not clear (Otero et al., 34 
2016).  Most theories conclude that SMFs affect the hydrogen-bond networks, but there is no 35 
agreement on how they are affected. Some authors claim that SMFs cause the weakening of 36 
hydrogen bonds (Wang et al., 2013; Zhou et al., 2000), whereas other researchers consider that 37 
SMFs enhance the bonding among water molecules (Chang and Weng, 2006). Rearragements 38 
in hydrogen bonding can substantially affect the interactions between water molecules and, 39 
consequently, impact on some water properties that govern kinetics of some processes such as 40 
freezing or vaporization (Szcześ et al., 2011; Toledo et al., 2008). In this sense, Inaba et al. 41 
(2004) found that exposition to 6 T increased the freezing point of water by 5.6 × 10-3 °C and, 42 
therefore, they concluded that SMFs strengthened hydrogen bonding between water molecules. 43 

In recent years, the ability of static and/or oscillating magnetic fields to improve food freezing 44 
has been investigated by many research groups (Erikson et al., 2016; James et al., 2015; Lou 45 
et al., 2013; Otero et al., 2017) and some patents have been developed and commercially 46 
implemented (Owada, 2007; Owada and Saito, 2010; Sato and Fujita, 2008). It is generally 47 
assumed that the application of magnetic fields during freezing inhibits ice nucleation and allows 48 
the product to remain largely supercooled, that is, unfrozen at a temperature well below its 49 
freezing point. A tentative explanation for this behavior could be an enhancement of H-bonding 50 
produced by SMFs. Thus, findings reported by Senesi et al. (2013) suggest that the 51 
strengthening of hydrogen bonding can favor water supercooling. It is well-known that the 52 
greater the extent of supercooling attained before nucleation, the larger the amount of ice 53 
instantaneously formed when nucleation occurs and, consequently, the shorter the phase 54 
transition time and the smaller the size of the ice crystals (Zaritzky, 2011). Small ice crystals 55 
reduce cellular damage and quality losses in frozen food (Petzold and Aguilera, 2009; Zaritzky, 56 
2011). Therefore, if the application of SMFs during freezing were effective in increasing 57 
supercooling, it could be an interesting strategy for improving food freezing. Moreover, SMFs 58 
are also supposed to impact on some water properties that govern freezing kinetics such as the 59 
freezing point, the internal energy, or the specific heat of water (Inaba et al., 2004; Pang et al., 60 
2012; Zhou et al., 2000) and, therefore, some effects of SMFs on freezing times should also be 61 
expected. 62 

However, the experimental data reported in the literature do not give clear evidence of the 63 
effects of SMFs on either water supercooling or freezing kinetics. Thus, when freezing water 64 
under SMFs, Zhou et al. (2012) observed that supercooling increased with the SMF intensity 65 
(up to 5.95 mT); Aleksandrov et al. (2000) noted the opposite, that is, supercooling decreased 66 
when increasing the SMF strength (71-505 mT) whereas Zhao et al. (2017) did not detect any 67 
SMF effect (0-43.5 mT) on either supercooling or the phase transition time. Nevertheless, when 68 
freezing 5-mL 0.9% NaCl samples, these latter authors found that SMFs enhanced 69 
supercooling and reduced the phase transition time by about 55%. They suggested that an 70 
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enhanced mobility of Na+ and Cl- ions under SMFs could be responsible for a larger thermal 71 
diffusion coefficient and, consequently, for a shorter phase transition time. However, their 72 
results differ from those reported by Mok et al. (2015) who also froze 2-mL 0.9% NaCl samples 73 
between two neodymium magnets.  Depending on the magnets arrangement, the phase 74 
transition time increased by 17% (480 mT, unlike magnet poles faced each other: attractive 75 
position) or reduced by 32% (50 mT, like magnet poles faced each other: repulsive position) 76 
compared with the control.  Therefore, the authors concluded that the direction of the field 77 
forces might play a relevant role in the freezing process. 78 

The comparison of the results obtained by different laboratories is often difficult due to two 79 
major reasons. On the one hand, the SMFs actually applied in the experiments are frequently 80 
not reported rigorously and the spatial magnetic gradients established throughout the sample 81 
are completely ignored. On the other hand, the number of replicated experiments sometimes is 82 
insufficient to capture the stochastic nature of ice nucleation and the statistics are unclear. 83 
Therefore, there is an urgent need to perform well-defined experiments that can be replicated 84 
and confirmed by different laboratories. To do so, the SMFs applied to the sample should be 85 
characterized accurately and carefully controlled. When assessing the effects of SMFs on 86 
supercooling, enough number of freezing experiments with and without SMF application should 87 
be replicated to characterize the probability functions correctly. Furthermore, when comparing 88 
freezing kinetics, the sample size and the cooling rate should be adjusted so that differences in 89 
the duration of the characteristic steps of the freezing process can be easily detected.  90 
Moreover, when assessing the efficacy of SMFs in improving food freezing, the sample size 91 
should be appropriate to exhibit the spatial magnetic and thermal gradients established in real 92 
foods during freezing. In this case, the temperature evolution should be recorded not only at the 93 
sample center, as is usual in the literature, but also at the surface. Otherwise, the detection of 94 
the exact time at which nucleation occurs is difficult due to the thermal gradients that are 95 
established throughout the sample.  96 

To give evidence of the effects of static magnetic fields on water supercooling and freezing 97 
kinetics, we performed freezing experiments with 10-mL pure water samples subjected or not to 98 
the SMFs generated by two magnets. We designed and constructed a device for holding both 99 
the sample and the magnets and ensuring identical SMFs in repeated experiments. To study 100 
any hypothetical effect of the direction of the field forces, the magnets were arranged either in 101 
attractive or in repulsive position in different experiments. The SMFs generated in each 102 
condition were characterized by solving the Maxwell’s equations that define the magnetostatic 103 
problem. Experimental SMF measurements were then performed to corroborate the modeled 104 
results. During the freezing experiments, we recorded the temperature evolution at the sample 105 
center and the surface. The freezing curves were then analyzed to obtain some characteristic 106 
parameters representing the main steps of the freezing process; namely, the time at which 107 
nucleation occurred, the temperature at the sample center when nucleation was triggered, the 108 
extent of supercooling attained at the sample center, and the phase transition and total freezing 109 
times. To study any effect due to the presence of ions in the sample, freezing experiments were 110 
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also performed in 0.9% NaCl solutions and the results obtained were compared with those of 111 
pure water.  112 

This paper provides reliable data, collected under easily reproducible conditions, for evaluating 113 
the effects of SMFs on supercooling and freezing kinetics. In this way, it increases the 114 
knowledge on the ability that magnetic fields have to improve food freezing. 115 

 116 

2. MATERIALS AND METHODS 117 

 118 

2.1. Samples 119 

Ultrapure water (type I, Milli-Q system, Millipore, Billerica, MA, USA) and 0.9% NaCl (Sigma-120 
Aldrich Corp., St. Louis, MO, USA) solutions in ultrapure water were used in this study. Before 121 
each experiment, 10 mL of freshly prepared sample (samples were not reused) was located in a 122 
12-mL glass vial (outer diameter: 23.2 mm, height: 38.1 mm) and tempered in a thermostatic 123 
bath for, at least, 60 min to achieve a uniform temperature of 25 ± 0.5 °C. 124 
 125 
2.2. Freezing experiments 126 

Freezing experiments were performed by immersing the sample in a thermostatic bath (model 127 
Haake F3-K, Fisons Instruments, Inc., Saddle Brook, NJ, USA) filled with ethanol and 128 
maintained at −25 ± 0.2 °C. The samples were frozen at different conditions, both with and 129 
without SMF application.  130 

In SMF experiments, two neodymium magnets (diameter: 35 mm, height: 20 mm) axially 131 
magnetized (S-35-20-N, Webcraft GmbH, Gottmadingen, Germany) were employed to generate 132 
different static magnetic fields. A device was specially designed and fabricated for holding both 133 
the sample and the magnets at fixed positions and, thus, ensuring identical SMFs in repeated 134 
experiments (Fig. 1). Basically, it consisted of two blocks of polymethyl methacrylate (PMMA), 135 
80 mm × 80 mm × 28 mm, joined by four Teflon® bolts. Both PMMA blocks had a cylindrical 136 
blind hole to lodge the magnets and two removable PMMA lids (80 mm x 80 mm x 3 mm) that 137 
allowed the magnet manipulation to change the relative position of their poles. The sample was 138 
located on a glass support between the magnets in such a way that the sample center was 139 
equidistant and aligned with the geometric center of both magnets. In all the freezing 140 
experiments, the distance between the PMMA blocks was set at 32 mm; that is, the distance 141 
that allowed obtaining the maximum field intensity at the conditions tested. To test any 142 
hypothetical effect of the direction of the field forces, the magnet poles were placed in attractive 143 
or repulsive positions; that is, with unlike or like poles faced each other, in SMF-A and SMF-R 144 
experiments, respectively. A similar device, but with solid PMMA blocks (that is, with no holes 145 
and lids to lodge magnets), was employed to hold the sample in control experiments with no 146 
SMF application.  147 
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Before the experiments, the sample holder was immersed in the cooling medium at −25 °C for, 148 
at least, 30 min. Once the system was tempered, the sample was placed on the glass support 149 
between the PMMA blocks and the freezing experiment started. During the experiments, three 150 
T-type thermocouples were employed to measure the temperature at the geometric center of 151 
the sample, the glass-vial surface, and the cooling medium. For each condition tested, freezing 152 
curves were obtained from the temperature data at the sample center. The temperature at the 153 
glass-vial surface was used to detect the time at which nucleation occurred, while the 154 
temperature of the cooling medium was monitored to verify that it remained constant during the 155 
experiment. All thermocouple measurements were recorded every second by a data acquisition 156 
system (DAQMaster MW100, Yokogawa, Tokyo, Japan). Freezing experiments were 157 
considered finished when the sample center reached -20 ºC. All the freezing experiments were 158 
independently repeated thirty times. 159 

 160 

2.3. Characterization of the static magnetic fields applied during freezing experiments 161 

The SMFs generated between the magnets, arranged either in attractive or in repulsive position, 162 
were modeled and simulated by using the commercial software COMSOL Multiphysics® (v. 4.2, 163 

COMSOL AB, Stockholm, Sweden) and the corresponding AC/DC Module. The computational 164 

domain included the magnets, the liquid sample, and the air between them. Other components 165 
made with non-magnetic materials, such as the PMMA blocks, the Teflon® bolts and nuts, the 166 
glass vial and support, and the plastic cap of the sample vial were not taken into account. Due 167 
to symmetry, only one quarter of the entire domain was modeled. 168 

Simulations were performed using the finite element (FE) method to solve the Maxwell’s 169 
equations that define the magnetostatic problem:  170 

∇×H��⃗  = 0�⃗                                            (1) 171 

∇ ∙ 𝐵�⃗ = 0                       (2) 172 

where H��⃗  represents the magnetic field intensity and B��⃗  is the magnetic flux density or magnetic 173 

field. Eq. (1) implies that 𝐻��⃗  is a conservative vector field and therefore it can be expressed as 174 

the gradient of a scalar magnetic potential Vm.  175 

Furthermore, B��⃗  depends on the material in which fields are present through the constitutive 176 

equation: 177 

B��⃗  = µ0�H��⃗ +M���⃗ �                                       (3) 178 

where µ0  is the magnetic permeability of vacuum and M���⃗   is the magnetization. In linear 179 

materials, 𝑀��⃗  can be obtained from Eq. (4): 180 

𝑀��⃗ = 𝑋 · 𝐻��⃗                                                                (4) 181 

where X  represents the magnetic susceptibility. For 0.9% NaCl samples, X was calculated 182 
according to the Wiedemann’s additivity law: 183 
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𝛸0.9% 𝑁𝑁𝑁𝑁 = 𝑉𝑤𝑤𝑤𝑤𝑤·𝛸𝑤𝑤𝑤𝑤𝑤+𝑉𝑁𝑤𝑁𝑁·𝛸𝑁𝑤𝑁𝑁
V𝑤𝑤𝑤𝑤𝑤+V𝑁𝑤𝑁𝑁

                                         (5) 184 

where Vwater and VNaCl are the volume of pure water and NaCl in the solution, while Χwater and 185 

ΧNaCl are the magnetic susceptibility of pure water and NaCl, respectively (Lide, 2003-2004). 186 

In magnets, which are non-linear, B��⃗  was expressed as the sum of a proportional term and the 187 

magnet remanence Br���⃗ : 188 

B��⃗  = µH��⃗ +Br���⃗          (6) 189 

where µ = 1.05·µ0 is the permeability of neodymium. 190 

Moreover, two boundary conditions were considered for the resolution of the problem: 191 

𝑛�⃗ ∙ 𝐵�⃗ = 0       (7) 192 

𝑉𝑚 = 0       (8) 193 

Eq. (7) assumes that the SMF lines do not cut any of the infinite planes which contain both 194 
magnet axes, while Eq. (8) refers to the middle plane between both magnets, where the SMF 195 
lines are perpendicular, involving Vm constant, which has been taken zero. 196 

Different computational grids were used for the numerical solution of the problem in order to 197 
provide a mesh independent solution. After solving Eqs. (1) - (8), the SMF strength and the 198 
direction of the field lines were obtained in the domain considered to characterize accurately the 199 
SMFs applied in the sample during freezing. 200 

To corroborate the simulated results, the magnetic field strength was measured, using a 201 
teslameter (model GM07 equipped with a thin semi-flexible transverse Hall probe TP002, Hirst 202 
Magnetic Instruments LTD, Falmouth, UK) with an accuracy better than ± 1%, at seven different 203 
positions between the magnets arranged both in attractive and repulsive position (Fig. 1). 204 
 205 
2.4. Analysis of the freezing curves 206 

Freezing curves were analyzed to obtain some characteristic parameters of the freezing 207 
process: the time at which nucleation occurred, the temperature at the sample center when 208 
nucleation was triggered, the extent of supercooling attained at the sample center, and the 209 
phase transition and total freezing times (Fig. 2a).  210 

The time at which nucleation occurred, tnuc (s), was recognized in the freezing curves as the 211 
time at which a sudden temperature increase took place at the vial surface due to the release of 212 

latent heat from the sample. At that moment, Tc
nuc (°C) was the temperature at the sample 213 

center. When Tc
nuc was lower than the freezing point of the sample (Tfp = 0 °C for pure water and 214 

Tfp = −0.6 °C for 0.9% NaCl solutions), the extent of supercooling attained at the sample center, 215 

ΔTc (°C), was calculated as the difference between Tfp  and Tc
nuc. In other cases, no supercooling 216 

existed at the sample center and ΔTc was considered to be zero. 217 



7 
 

The phase transition time, tpt (s), was defined in this paper as the time span between nucleation 218 
and the end point of freezing. The end point of freezing was identified from the slope of the 219 
freezing curve recorded at the sample center (Rahman et al., 2002). To do so, the first 220 
derivative of the freezing curve was obtained by using the software Matlab (v. 7.11.0.584 221 
(R2010b), MathWorks Inc., Natick, MA, USA) and analyzed (Fig. 2b). During the freezing 222 
plateau, the slope is zero because temperature remains constant at the initial freezing point due 223 
to the release of latent heat. When ice formation starts to decrease, the slope starts to increase 224 
up to a maximum that indicates the phase change is completed (Rahman et al., 2002). In this 225 
paper, this maximum is considered to be the end point of freezing. 226 

The total freezing time, ttot (s), was the time required to lower the sample temperature from 227 
25 °C (initial sample temperature) to −20 °C. 228 

 229 
2.5. Statistical analysis 230 

The statistical analysis of the characteristic parameters recorded in the freezing experiments 231 

(tnuc, Tc
nuc, ΔTc, tpt, and ttot) was performed using the software program IBM SPSS Statistics v. 232 

23.0.0.0 for Windows (IBM Corp., Armonk, NY, USA). The Shapiro-Wilk and the Levene tests 233 
were employed to check the normality and homoscedasticity of the data, respectively. In those 234 
cases in which the data conformed a normal distribution, a one-way analysis of variance 235 
(ANOVA) was performed to detect whether the means of the characteristic parameters 236 
registered in control, SMF-A, and SMF-R freezing experiments were all equal or not. When the 237 
assumption of normality was not confirmed, the non-parametric Kruskal-Wallis test was 238 
employed to compare the characteristic parameters of the different freezing experiments. The 239 
significance level was set at 5%. 240 
 241 
3. RESULTS AND DISCUSSION 242 

 243 

3.1. Characterization of the static magnetic fields produced during the experiments 244 

The static magnetic fields produced by the magnets during the SMF-A and SMF-R freezing 245 
experiments were simulated by solving the mathematical model described in section 2.3. Fig. 3 246 
clearly shows that the relative position of the magnet poles in the experimental device affected 247 
the magnetic field direction, strength, and the spatial magnetic gradients established throughout 248 
the sample.  249 

Figs. 3a and 3b depict the magnetic field direction and strength in the complete computational 250 
domain when the magnets were arranged in attractive and repulsive position, respectively. The 251 
magnetic field strength decreased when increasing the distance to the magnets as expected. 252 
For each magnet, magnetic field lines spread out from the north pole, curve around the magnet, 253 
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and return to the south pole. Moreover, when the magnets were arranged in attractive position, 254 
the field lines between both magnets ran directly from one magnet to the other.  255 

Figs. 3c and 3d reveal that substantial spatial magnetic gradients were established in the water 256 
samples during the SMF-A and SMF-R experiments.  In both cases, the magnetic field strength 257 
reached its maximum intensity at the sample surface closest to the magnets (359 mT and 241 258 
mT in the attractive and repulsive arrangements, respectively). These maximum intensities were 259 
about 4 orders of magnitude larger than that of the Earth’s natural magnetic field (0.045 mT in 260 
Madrid according to the National Center for Environmental Information (n. d.)). Then, magnetic 261 

field strength progressively declined towards the sample center and, thus, minimum B��⃗  values 262 

were found at the center of the top and bottom edges of the sample in SMF-A experiments (107 263 
mT) and at its geometric center in SMF-R experiments (close to 0 mT). Therefore, the 264 
arrangement with unlike magnet poles faced each other produced a stronger magnetic field in 265 
the sample as expected. When like magnet poles were faced each other, the SMF strength was 266 
significantly weaker and it vanished at the geometric center of the sample. Therefore, this 267 
configuration seems to be less appropriate to evaluate the effects of SMFs.  268 

To corroborate the results obtained from the mathematical model, the magnetic field strength 269 
was measured, by using a teslameter, at seven points between the two magnets arranged both 270 
in attractive and repulsive position. Fig. 4 shows that the maximum difference found between 271 
the experimental and the modeled data was 30 mT. Taking into account the inherent inaccuracy 272 
on situating the probe at an exact position during the measurements, the experimental data 273 
agreed well with the results obtained by the mathematical model.  274 

The SMFs established between the magnets when freezing 0.9% NaCl solutions were very 275 
similar to those calculated for pure water samples. The magnetic susceptibility of 0.9% NaCl 276 
has a value very close to that of water; namely Χwater = -9.046·10-6 and Χ0.9%NaCl = -9.067· 10-6. 277 
Therefore, no significant changes were observed in the strength and orientation of the magnetic 278 
field vectors when freezing pure water or NaCl solutions (data not shown). 279 

 280 

3.2. Effect of static magnetic fields on water freezing 281 

Typical time-temperature plots obtained during conventional freezing experiments of pure water 282 
are shown in Figs. 5a and 5b. During the freezing process, thermal gradients were established 283 
along the samples. Thus, the temperature at the glass-vial surface, a rough indicator of the 284 
temperature at the sample surface (vial-wall thickness < 1 mm), was always lower than that at 285 
the sample center. The static magnetic fields applied in this paper did not affect the shape or 286 
the appearance of the freezing curves and the time-temperature plots obtained in SMF 287 
experiments were similar to those depicted in Fig. 5 (plots not shown).  288 

The freezing curves clearly exhibited the three key steps of the process: precooling, phase 289 
transition, and tempering. In the precooling step, the cooling of the sample implied the removal 290 
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of only sensible heat. Once the freezing point of pure water (Tfp = 0 °C) was reached at the 291 
sample surface, ice nucleation did not occur immediately in any case, but all the samples 292 
supercooled to a temperature well below Tfp. Then, after reaching a certain extent of 293 
supercooling, ice nucleation suddenly occurred. 294 

Fig. 6a certainly shows the stochastic nature of ice nucleation. Thus, and according to the 295 
literature (Heneghan et al., 2002; Reid, 1983), we found that ice nucleation did not occur at the 296 
same time or after reaching the same extent of supercooling in repeated experiments. At the 297 
conditions tested in this paper, ice nucleation was triggered between 67 s and 175 s after 298 
immersing the sample in the cooling medium when the temperature at the sample center ranged 299 
between 10.4 °C and -11.1 °C.  300 

Fig. 6a revealed no effect of the SMF application on both tnuc and  301 

Tc
nuc (p > 0.05, Table 1). Due to the thermal gradients established, Tc

nuc is the temperature at the 302 
hottest point in the sample when nucleation occurred and, therefore, ΔTc represents the 303 
minimum supercooling reached throughout the sample.  Obviously, the later the nucleation 304 

occurred, the lower Tc
nuc, the larger the extent of supercooling reached throughout the sample 305 

and, consequently, the larger ΔTc (Fig. 6a). For example, in Fig. 5a, ice nucleation was triggered 306 
early, namely 75 s after the onset of the freezing experiment. At this moment, the sample 307 
surface was supercooled (ΔTs  ~ 10.6 °C), but the temperature at the sample center was still 308 

above Tfp (Tc
nuc= 10.1 °C), that means, ΔTc = 0. Therefore, ice nuclei were formed only at the 309 

sample surface where enough extent of supercooling had been reached. By contrast, in Fig. 5b, 310 
ice nucleation was triggered much later, namely, 132 s after immersing the sample in the 311 
cooling medium. At this time, the sample was completely supercooled (ΔTs ~ 19.5 °C and ΔTc = 312 
6.6 °C) and, therefore, ice nucleation took place throughout the whole sample and not only at 313 
the surface. When no SMFs were applied, complete supercooling of the whole sample before 314 
nucleation or, in other words, ΔTc > 0 °C, occurred in 14 of 30 experiments. This proportion was 315 
similar to that observed when the magnets were arranged either in attractive or in repulsive 316 
position (16 of 30 experiments and 18 of 30 experiments, respectively). Moreover, in these 317 
experiments in which supercooling occurred at the sample center (ΔTc > 0), ΔTc was not 318 
significantly affected by the SMF application (p > 0.05, Table 1) and, thus, mean ΔTc values 319 
were close to 5 °C in all cases (Table 2). Therefore, in contrast to some results reported in the 320 
literature (Aleksandrov et al., 2000; Zhou et al., 2012) and according to Zhao et al. (2017), we 321 
did not find any effect of SMFs on water supercooling. 322 

After nucleation, crystal growth occurs by the addition of water molecules to the nuclei formed. 323 
During the phase transition step, the temperature at the center of the sample remained constant 324 
at Tfp until all the water was converted to ice and the latent heat of crystallization was removed 325 
(Figs. 5a and 5b). Fig. 7a confirms previous data in the literature (Le Bail et al., 1997; Otero and 326 
Sanz, 2000, 2006) that show that the larger the extent of supercooling attained throughout the 327 
sample (or, in other words, the longer the nucleation time), the larger the amount of ice 328 
instantaneously formed at nucleation and, therefore, the shorter the phase transition step. In 329 
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this paper, the phase transition time ranged between 381 s and 462 s in repeated experiments 330 
and no effect of SMFs was detected (p > 0.05, Table 1). Once all water was transformed into 331 
ice, the sample temperature decreased while sensible heat was removed during the tempering 332 
step (Figs. 5a and 5b). We did not observe any effect of SMFs on the rate of heat removal 333 
during the freezing process and, thus, the total freezing times did not differ significantly in 334 
control, SMF-A, and SMF-R experiments (p > 0.05, Table 1). 335 

 336 

3.2.3. Effect of static magnetic fields on freezing of 0.9% NaCl solutions 337 

The time-temperature plots obtained during control experiments in 0.9% NaCl solutions (Figs. 338 
5c and 5d) were similar in shape and appearance to those recorded for pure water except in the 339 
temperature at the freezing plateau (Tfp = −0.6 °C). When static magnetic fields were applied, 340 
the freezing curves were not visually affected and the SMF plots seem to be identical to the 341 
control ones (plots not shown). 342 

As occurred in pure water, we did not detect any effect of the SMFs applied, whichever the 343 
direction of the field forces, on supercooling. In 0.9% NaCl solutions, ice nucleation occurred 344 
between 77 s and 154 s after immersing the sample in the cooling medium (Fig. 6b) and tnuc 345 
distributions were similar in control, SMF-A, and SMF-R experiments (p > 0.05, Table 1). 346 
Depending on the nucleation time, the samples were supercooled in a greater or lesser extent 347 

(Figs. 5c and 5d) and, thus, Tc
nuc ranged between 8.3 °C and −9.8 °C (Fig. 6b). When no SMFs 348 

were applied, complete supercooling of the entire sample, that is, ΔTc > 0, occurred in 18 of 30 349 
experiments. Similar proportions, 15/30 and 17/30, were observed in SMF-A and SMF-R 350 
experiments, respectively. ΔTc, when existed, ranged between 0.5 °C to 9.2 °C and no effect of 351 

SMFs on either Tc
nuc or ΔTc was detected (p > 0.05, Table 1).  352 

The phase transition and total freezing times were similar in control, SMF-A, and SMF-R 353 
experiments (Fig. 7b, Table 2). Thus, in contrast to the results reported by Mok et al. (2015) and 354 
Zhao et al. (2017), we did not find any effect of SMFs, whichever the direction of the field forces, 355 
on the freezing kinetics of 0.9% NaCl solutions (p > 0.05, Table 1). 356 

 357 

4. CONCLUSIONS 358 

 359 

During SMF experiments, significant spatial magnetic gradients were established throughout the 360 

samples despite their relatively small size and their location close to the magnets. Thus, B��⃗   361 

values ranged from 107 to 359 mT and from 0 to 241 mT in different points of the sample in 362 
SMF-A and SMF-R experiments, respectively. At these conditions, we did not find any SMF 363 
effect, whichever the field orientation, on either supercooling or freezing kinetics of both pure 364 
water samples and 0.9% NaCl solutions.   365 
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Our results make it clear that an accurate characterization of the static magnetic fields actually 366 
applied in the entire volume of the sample is essential to assess the SMF effects on freezing. 367 
Otherwise, the real SMFs applied could be over- or underestimated, hypothetical SMF effects 368 
could be masked by large spatial magnetic gradients, incorrect conclusions could be drawn, and 369 
comparisons among different laboratories would be impossible.  370 

Future research works could be focused on evaluating the effect of more uniform static 371 

magnetic fields, in a wider B��⃗  range and in smaller samples, to better elucidate any SMF effect 372 

on supercooling and freezing kinetics. In any case, it is important to note that, when freezing 373 
real foods, very much larger spatial magnetic gradients than those observed in this paper 374 
should be expected and this could hamper the implementation of this technology in the food 375 
industry. 376 
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TABLE 1  478 

p-values obtained after applying the Shapiro-Wilk test to check the normality of the data and the 479 
Kruskal-Wallis and ANOVA tests to compare the characteristic parameters of control (no SMF 480 
application), SMF-A, and SMF-R freezing experiments. tnuc: Time at which nucleation occurred 481 

(s), Tc
nuc: Temperature at the sample center when nucleation occurred (°C), ΔTc: Extent of 482 

supercooling at the sample center (°C) if exists (ΔTc  > 0), tpt: Phase transition time (s), and ttot: 483 
Total freezing time (s). 484 

 485 

 Shapiro-Wilk ANOVA Kruskal-
Wallis  No SMF SMF-A SMF-R 

Pure water samples      
tnuc 0.003 0.002 0.014 -- 0.408 

                    Tc
nuc 0.000 0.000 0.004 -- 0.440 

ΔTc 0.191 0.063 0.170 0.996 -- 
tpt 0.001 0.015 0.113 -- 0.619 
ttot 0.079 0.126 0.097 0.068 -- 

0.9% NaCl solutions      
tnuc 0.005 0.067 0.415 -- 0.830 

                    Tc
nuc 0.000 0.001 0.008 -- 0.742 

ΔTc 0.073 0.611 0.730 0.577 -- 
tpt 0.027 0.042 0.022 -- 0.827 
ttot 0.917 0.576 0.814 0.837 -- 

 486 

 487 

  488 
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TABLE 2  489 

Mean ± standard error values of the characteristic parameters of control (no SMF application), 490 

SMF-A, and SMF-R freezing experiments. tnuc: Time at which nucleation occurred (s), Tc
nuc: 491 

Temperature at the sample center when nucleation occurred (°C), ΔTc: Extent of supercooling 492 
at the sample center (°C) if exists (ΔTc  > 0), tpt: Phase transition time (s), and ttot: Total freezing 493 
time (s). 494 

 495 

 No SMF SMF-A SMF-R 
Pure water samples    
tnuc 99 ± 4 103 ± 4 106 ± 5 
Tc

nuc 2.6 ± 1.3 1.5 ± 1.3 0.5 ± 1.3 
ΔTc   4.8 ± 0.7 4.8 ± 0.6 4.8 ± 0.7 
tpt 430 ± 4 430 ± 4 425 ± 4 
ttot 605 ± 2 611 ± 2 605 ± 2 
0.9% NaCl solutions    
tnuc 115 ± 4 110 ± 4 110 ± 3 
Tc

nuc -0.9 ± 1.2 0.2 ± 1.2 -0.5 ± 1.0 
ΔTc   5.6 ± 0.5 5.4 ± 0.7 4.3 ± 0.5 
tpt 437 ± 3 440 ± 4 440 ± 3 
ttot 637 ± 3 635 ± 2 636 ± 2 

 496 

 497 

  498 
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FIGURE CAPTIONS 499 

 500 

Figure 1 Schematic draw of the device fabricated for holding the sample and the 501 
magnets during the SMF freezing experiments. (1): PMMA block, (2) 502 
Neodymium magnet, (3) Removable PMMA lid, (4): Teflon® bolt, (5): Teflon® 503 
nut, and (6): Sample vial. (a-g): Positions at which the magnetic field strength 504 
was experimentally measured. 505 

 506 

Figure 2 (a) Characteristic parameters of the freezing process (tnuc: Nucleation time, Tc
nuc: 507 

Temperature at the sample center when nucleation occurred, ΔTc: Extent of 508 
supercooling at the sample center, tpt: Phase transition time, and ttot: Total 509 
freezing time) obtained from the freezing curves. (─): Temperature at the 510 
sample center. (---):  Temperature at the vial surface. (b): Slope of the freezing 511 
curve at the sample center. 512 

 513 

Figure 3 Magnetic field direction and strength (mT) calculated by solving the 514 
mathematical model described in section 2.3. (a-b): Complete computational 515 
domain when the magnets were arranged in either attractive or repulsive 516 
position, respectively.  (c-d): Detail of the water sample when the magnets were 517 
arranged in either attractive or repulsive position, respectively. 518 

 519 

Figure 4 X-component of the magnetic field strength at the points defined in Fig. 1. Χ: 520 
Experimental measurements. ○: Modeled data. 521 

 522 

Figure 5 Temperature evolution at the sample center (─)  and the vial surface (---) during 523 
freezing experiments in (a-b): pure water and (c-d): 0.9% NaCl solutions with no 524 
SMF application. (a and c): Typical experiments with partial supercooling of the 525 
sample (ΔTc = 0 °C) and (b and d): Typical experiments with complete 526 
supercooling of the whole sample (ΔTc > 0 °C). ΔTc: Extent of supercooling 527 
reached at the sample center just before nucleation. Key steps of the process:    528 

( ): precooling, ( ): phase transition, and ( ): tempering. 529 

 530 

Figure 6 Temperature (°C) and extent of supercooling (°C) at the sample center when 531 

nucleation occurred in ( ): control, ( ): SMF-A, and ( ): SMF-R experiments. 532 
a) Pure water samples and b) 0.9% NaCl solutions.   533 
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 534 

Figure 7 Phase transition time (s) in ( ): control, ( ): SMF-A, and ( ): SMF-R 535 
experiments. a) Pure water samples and b) 0.9% NaCl solutions.   536 
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