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Thermographic study of freezing water drops: An insight on Mpemba effect
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Despite decades of research, the Mpemba Effect challenges scientists, prompting further investigation and refinement of existing hypothese:
This work uses optical tools such as thermography to analyze and study the Mpemba effect on drops. We analyze times and contac
angle changes with temperature with an easily controlled experiment. This work contributes to the ongoing discourse surrounding the
Mpemba Effect, emphasizing the need for interdisciplinary collaboration and experimental rigor to unravel the complexities of this intriguing
phenomenon. A deeper understanding of the Mpemba Effect enhances our knowledge of thermodynamics and fluid dynamics and open:
avenues for practical applications in fields such as cryopreservation, meteorology, and materials science.
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1. Introduction water. As the water cools, it generally contracts and becomes
denser. However, there is a temperature range (betw&en 0

The Mpemba Effect is a fascinating phenomenon in physicgnd 4C) where water expands as it cools. This unusual be-
that shows an unusual observation in the cooling process dfavior is due to the unique structure of water molecules. This
hot water. Named after Tanzanian student Erasto Mpemba@nomalous expansion” [21] could lead to changes in water
who noticed it in the 1960s, the Mpemba Effect refers tomolecule distribution and promote ice crystal formation. In-

the counter-intuitive phenomenon where hot water can freezglitively, this contraction could lead to a rearrangement of the

faster than cold water under certain conditions [1]. water molecules, potentially promoting the formation of ice

The exact mechanisms behind the Mpemba Effect are noc[rystals more quickly.

entirely understood, and the phenomenon has sparked nu- The Mpemba effect is counter-intuitive and challenges
merous scientific investigations and debates. Various faceur fundamental understanding of how heat transfer and
tors, such as evaporation, dissolved gases, and convecti§i¢€zing work. Investigating the mechanisms behind this
currents, may contribute to the observed effect, making it ;phenom_e_non requires creative thmkmg, critical data_analy5|s_,
complex and intriguing study area [2-6]. Despite ongoingand a willingness to c_hallenge estab_hshed_assumptlons. This
research, a definitive explanation remains elusive, adding tBhénomenon can be intellectually stimulating and encourage
the mystery and allure of the Mpemba Effect in the realm ofStudents to think outside the box. The experimental study in-
thermal physics [7,8]. Even though it is a well-known phe_volves'de3|gn|ng and bU|Id|n.g practlgal setups, coIIectlng anq
nomenon and has been studied for years, it lacks theoretic&@!yzing data, and developing physical models. Then, in this
models to help interpret experimental results. Only the workdVork, we detailed an experiment of freezing water drops.

by Kell et al. [2] and Vynnycky and Mitchell [9] provide ex- Thermography and drops offer a unique lens to explore
perimental and theoretical evidence for the effect. Parallel tdiquid droplets’ thermal signatures and dynamic properties.
the study of the Mpemba effect, many studies about freezWhen applied to droplets, thermography becomes a powerful
ing drops have been done [10-13]. The freezing of drops is ool for investigating the heat distribution, cooling, and phase
multifaceted phenomenon presenting fundamental scientifigansitions associated with these minuscule entities.
challenges and practical applications across various fieldsand This study uses traditional and thermographic optical
industries [14-19]. The Mpemba effect is an example of atechniques to investigate the Mpemba effect. Using a ther-
false positive in science [20]. mographic camera, we measured the cooling curves and the

There are several questions to be analyzed in freezingarious temperature changes and processes over time. Mean-
phenomena. One aspect often considered is the rate of codkhile, with the optical camera, we measure the contact angles
ing. Hot water starts cooling down rapidly when it is in a at different stages of the cooling process for drops of varying
freezing environment. The rate of heat loss is initially highvolumes at hot and room temperatures. We use these geom-
due to the larger temperature difference between the hot w&try measurements to analyze the volume change during the
ter and the surrounding environment. As the temperature ¢§00ling process.
the hot water approaches that of the cold water, the rate of The paper’s organization is as follows: the next section
heat loss decreases. Another aspect is to analyze the therntldscribes the experimental setup to simultaneously record
volumetric changes because they depend on the density tiermographic and visible videos of the water drop’s freez-
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ing phenomena. In Sec. 3, we present our results showhe same as the room temperature. We repeated this proce-
ing the four stages of the cooling phenomena from the hoture four times for different drop volumes.

and environment temperature to complete frozen drops. We In these experiments, we recorded the thermographic
emphasize the results of comparing the energy provided forideos at 99 frames per second and analyzed them using the
the Peltier cell to the energy used by the phase change phResearchIR 4 software. We traced two indicators in each
nomenon. We end the paper with a discussion and conclusiorideo to follow the temperature with time, as Fig. 2b) illus-
on our experiments. trates. The first indicatot;, was placed at the drop’s center,
while the second indicatoF?, was placed on the Peltier. The
purpose of the Peltier indicator was to have a reference for
the actual drop temperature and to know when the measure-

In this section, we present the experimental setup and th&€nt would begin since we take the data when the Peltier is
methodology to analyze the freezing of drops. Also, Weon._An example of thetyplca_ll temperqturg evolution obtained
present our results by dividing the freezing process into foufuring €ach measurement is shown in Fig. 2a). We observe

stages. We focus the analysis on the specific freezing energ{i}:h information; to describe it, we use the point marked as (a
and the geometry through the contact angle. 0 k). We can observe four behaviors: a monotonic cooling

period from a to d. We observe the recalescence from d to e.
Drop is freezing from e to h. The drops are frozen from h to

i. Ati-time, we turn off the Peltier and observe the heating
To investigate the Mpemba effect using thermography, wedrocess of the solid drop to the melting point from j to k when
used the experimental setup shown in Fig. 1. The setup conihe drop reaches the€ G at k-time.

prises two optical imaging systems: a thermographic cam- We have selected four points in the curve’s cooling seg-
era (TC), a visible CCD camera (VS), and a Peltier cellments to analyze the energy involved in these processes. The
(PC), where the two water drops are deposited to be frozedirst four points (a-d) are spaced by3 of the amplitude from

The thermographic camera is a FLIR x6540sc with a MWIRthe start of the measurement to the recalescence event, while
50 mm 1:2.0 USL lens. This device has an Indium Anti-

monide (InSb) detector, boastirtgl0 x 512 pixels spatial =
resolution. The TC operates withinleb — 5.5 um detection } S N N - T Temperature||
range in the mid-wave infrared band and can discern temper- e
ature differences as small as 20 mK. The second system (VS
consists of a lens with a focal distance of five centimeters and

a CCD Thorlabs camera.

We analyze the freezing process of two drops at different
temperatures, which we will call the hot and the room tem-
perature drops. The methodology used for the experiments
is as follows: First, we simultaneously started video captures
with the thermographic camera and the CCD camera. Sec-
onds after, the hot/room-temperature drop was deposited in
the Peltier cell and immediately turned on. We recorded both
videos (thermographic and optical) that tracked the cooling a)
process from the initial temperature (hot/room-temperature)
to the starting freezing of the drop, then turned-off of the
Peltier, and the heating of the drop until its temperature was

2. Experimental setup and drop analysis

2.1. Imaging systems
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FIGURE 2. a) A cooling-heating temperature graph was obtained
with the FLIR image software. The points marked from a to h
are the selected moments of the droplet freezing process. The
solid arrow shows the time from the start of cooling to the recales-

: - o R cence (RT), while the dotted arrow shows the time from the cooling
FIGURE 1. Experimental setup: TC is the thermographic camera, start to the drop freezing (FTATiecal i the temperature variation
PC corresponds to the Peltier cell, and the VS (green box) is thecaused by the recalescence. b) Infrared images, C and P, are the
optical visualization system formed by an aperture, a lens with aindicators for obtaining the cooling curves. c) Example of visual-
focal distance of five centimeters, and a CCD camera. ization of the drop and the measure of the contact angles.
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the points from e to h are also spaced {3 of the maxi-  12.5, 15, 17.5 and20uL) for room and hot temperature dis-
mum temperature from the recalescence to the freezing pointilled water.
From the cooling curve, we also obtained the amplitude max-
imum value of the recalescencAT eca) in €ach measure-
ment.

To observe the freezing process in real-time and mea-

sure the contact angles, we used the optical system shown ] ] ]
in Fig. 2c). We recorded the standard videos at 33 framed his section presents the results in two physical aspects: the

per second, and the contact angle was determined using t§€0ling process on time and contact angle behavior. These
ImageJ Drop Analysis plug-in, developed by [22]. two aspects give insights into understanding the physical phe-
We need more detailed explanations of some of these diffomena needed to observe the Mpemba effect.
ferent behaviors. While the cooling stage (a-d) is straight-
forwardly understood, the recalescence (e-h) stage is not aB-1.
ways analyzed or described. Recalescence is a physical phe-
nomenon that occurs during the freezing of water droplets. IFigure 3 shows the relevant findings which characterize the
is the sudden temperature rise that occurs when a supercoolé@oling process. In all the graphs, the filled circles represent
water droplet freezes due to the release of latent heat. Duflata of drops at room temperature, while the empty squares
ing the recalescence stage, the water droplet becomes opadi§®resent values obtained from hot drops.
[23]. Also, the energy transfer involved in the freezing pro- ~ AS we mentioned, there are four stages of droplet freez-
cess requires description. In the following section, we preserifld based on their temperature: liquid-cooling, supercooling,
our results for nine different drop volumes 8.5, 5, 7.5, 10,  freezing, and solid-cooling. Other authors categorize them

3. Cooling process: temperature and geomet-
ric features

Cooling, recalescence and freezing processes

40 40 ‘
¢ R
O i & ¢
@ 30¢ —~30 # T
E % % i
8 * ¢ t  E ; b & -
e B
¢ R
§ H
0 ‘ ‘ * b) 0 ‘
a) 5 10 15 20 5 10 15 20
Volume(y L) Volume(yu L)
20 40
¢ R
g : ¢ ~ i H 08
}—
15 é & @ o
O ® g :
& 10 é + $ 20
. ¢ 0o ¢ -
i o
5] 2 é C 10 . $
? : ’
: d ° 5 10 15 20
C 5 10 15 20
) Volume(p L) ) Volume(u L)

FIGURE 3. The following data has been collected regarding the freezing process of water drops as a function of their volume. a) The time
from the beginning of cooling to the point of recalescence (RT). b) The time from the beginning of cooling to the point of drop freezing
(FT). c) The time from recalescence to drop freezing (FT-RT). d) The temperature amplitude during recalescence, with the inset showing the
percentage related to the maximum temperature achieved in each measurement. In all the graphs, the filled circles represent data of drops
room temperature, while the empty squares represent results obtained for hot drops.
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into two general stages: nucleation/supercooling and solidiplays a role in it, Fig. 3d) shows this relation. The value of
fication [24]. The statement suggesting “hot water can freezéhe recalescence is, on averag2 °C for the room temper-
faster than cold water” can be ambiguous without proper conature drops and3.22 °C for the hot drops. The inset shows
sideration. Then, it is crucial to clarify whether this refers tothe percentage relative to the maximum temperature achieved
the time it takes for ice to begin forming or the time neededin each measurement.
for the entire sample to freeze [5]. With the latter consider-
ation in mind, the first time we measured was RT time. Af-3.2. Specific freezing energy
ter it, recalescence occurs, and the falling temperature rises )
momentarily before stabilizing. This increase in temperaturéVe observed water subcooling before the recalescence and
during the cooling process is understood because the soli§olidification stage for all drop-freezing tests. It was pro-
ifying material releases latent heat, which can cause a brigtoS€d, in contrast to the phenomenon of change of state of
temperature increase [10,13]. As a result of recalescenc¥/ater at 0C, that the specific energy required to achieve drop
the droplet transforms from a supercooled liquid to a mixturgT€€Zing is larger than simply the product of the droplet mass
of water and ice with uniform temperature, the equilibriuma”d the latent heat since the entire droplet _chang_es to the solid
temperature. During freezing, the phase change propagat€ite at temperatures well below the freezing point.
from the droplet base while the rest remains at equilibrium ~ Equationi) defines the specific total freezing eneigy;
temperature. Ice nucleation of a supercooled droplet has ra®S the sum of the latent heat of freezing of water and three
domness, and its occurrence requires a significant degree 8Pecific energies: the energy yielded from the time the drop
supercooling [11]. Figure 3a) shows this time (RT) for the reaches OC to the instant before nucleatiof{_,), the en-
different volumes; we observed no clear tendency of volumé&rdy change present at recalesceng ¢), and the energy
dependence with this time. However, the hot drops tend tyielded from the (_and of re_calescence to total solldlflca'qon
reach point d faster than the room temperature drops. (Ee—r). The specific energies were calculated by following
The second period we analyzed was FT [Fig. 3b)], whichth® expression26), (2b) and 2¢) wherec, = 4.22 kJ/kgK
includes the actual freezing stage. In this period we can ob$ the specific heat of water at0 andL = —333.7 kJ/kg is
serve the Mpemba effect since it is evident the difference ifatent heat for freezing.
the time it takes, on average, for the hot drops to freeze com-

pared to those at room temperature. However, this observa- Eye=Eo-a+ Eg-c+ Ee—p + L, @)
tion is clearer for large volumes. In contrast, it might be neg- Eo_a=cp- DNoa, (2a)
ligible for small volumes (1 to L) because the drop’s mass

is tiny and they have no significant thermal inertia. When the Eq—e =cp- Age, (2b)
drop hits the Peltier, its temperature decreases relatively fast, B =cp Do, (20)

especially if it is a hot droplet. Thus, the difference between
experiments is minimal. It was noticed that a temperaturevhere Ao, = 7, — T, is the difference of drop tempera-
difference>= 20°C between the hot and the room droplet is ture from0° to the point d Ay = T, — T} is the difference

needed in our system for the Mpemba effect to be notablesf temperature from the recalescence and the point d, and
Also, the experimental results show that the FT grows slowly

with the volume. 400

We measured the time it takes from the recalescence to :] g“::L c’) ]g“'l:L 5 :g“::L ; gg“t[]
the total solidification of the drop (FT-RT), which is generally 410 = = = =
the time reported in most Mpemba effect studies. As shown
in Fig. 3c), there is a dependence between the volume and thi: -420 ¢

time for both cases (hot/room temperature). However, the in-
crease in time with respect to volume is more pronounced for
drops at room temperature than for hot drops.

Finally, we analyze the energy involved in the complete

R E0O0

-430 | 6
440 | g =

E, [kJ/kg]

cooling process. Since the power of the Peltier cell is a con- :

stantP, = 25.83 W, these values of time can be associ- 4507 < o)

ated with the amount of energy necessary to freeze the drog amn| i] o

E; = P-(FT—RT). Directly from this relationship, we can P 8

infer that the energy required to freeze a drop at room tem- 470 [ . . |

perature is greater than that required to freeze a drop at ho 0 5 10 15 20 25
temperature and that there is a dependence on the volume. Volume (uL)

Another aspect that caL_Jght our gttention was the amplig,gyre 4. Specific freezing energy for different drop volumes for
tude of the recalescence; since this is an effect of latent heajot and cold drops. The filled circles represent data of drops at

we expected it to be related to the volume of the drop, butoom temperature, while the empty squares represent results ob-
we found that it is not linearly related. However, the volumetained for hot drops.
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FIGURE 5. a) The average contact angles for the drops at room temperature (first row ) and the drops with hot water (second row). b)
Percentage difference in the contact angle between the different selected points (see Fig. 2), the first row corresponds to the drops at root
temperature while the second corresponds to the drops with hot water.

W
o

andA., = T, — Ty is the difference of temperature from Figure 5a) displays the average contact angles for drops
the recalescence to the complete freezing. The total specifett room and hot temperatures (first and second row, respec-
freezing energy was calculated for 5, 10, 15, and 20 dropletsvely) for four selected volumes. Due to the difference in
L. The results, shown in Fig. 4, clearly depend on volumewater density, there was a 25% initial variation in the contact
In other words, the energy per unit mass removed from thengle (at point a) between the room temperature and hot tem-
droplet by the Peltier cell to achieve solidification is higherperature drops. We observed a decrease in the contact angles
for droplets of smaller volume than for droplets of larger vol- for both temperatures (from b to e), a return to their initial
ume. From the results, there is no apparent difference beralues in the case of room temperature drops, and an increase
tween the hot and cold drops when the volumes are smalbf 8% for hot drops (at point h). To better visualize these
however, the higher amount of energy for the room temperehanges, we plotted the percentage difference in contact an-
ature drop to totally freeze is more evident when the volumegles between the different selected points (a to h) in Fig. 5b).
of the drop increases. The most significant changes occurred between a and b, and
e and f during the cooling process. These corresponded to
the first third of the cooling and from the recalescence max-
3.3. Geometric changes: Contact angles imum to the first third of the nucleation. We also observed
that the changes were minor for the hot droplets compared
We measured the left and right contact angles of each drofw the room-temperature ones. This difference indicates that
at specific times (a to h, as shown in Fig. 2a) using the Droghe energy required to freeze the drops at room temperature is
Analysis plug-in for ImageJ [22]. The plug-in allowed us to higher than in the case of hot droplets. Therefore, if we have
save the coordinates of the knots used to find the contact am-Peltier with constant power, the time required to freeze the
gles of the drop. We saved the knots for each drop and eadlmom-temperature drops should also be higher. This observa-
time in .txt files and processed them in MATLAB. In the lit- tion indicates the Mpemba effect.
erature, there are many forms to measure the drops’ contact On the other hand, we noticed a change in the drop
angle [25]. volume in each experiment; to verify this, we calculated it
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FIGURE 6. Graphical scheme for calculating the drop volume depending on the contact angle. a) Three-dimensional view of a spherical cap
with radiusR, b) Two dimension schemé:is the contact angle measured,is the distance between the edge of the drop and the center of
it, ho is the high of the drop and is the alter intern angle.
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FIGURE 7. Calculated volume depending on the contact angle for the a) Room temperature drops and for the b) hot drops.

through the contact angles. Based on its contact angles, the Combining both Eqs3) and @), we obtained the volume
drop geometry was assumed to be a spherical cap to estimatéthe drop for the selected times (a to h);and R were ob-

its volume. This simplification does not consider gravity ef-tained with a MATLAB script, fitting a circular geometry to
fects and is valid because the contact angles are lesS@Ran the known knots of the drop, previously acquired. Figures 7a)
This approximation would not be appropriate for hydropho-and 7b) show the calculated volume depending on the contact
bic surfaces with a higher contact angle. Figure 6a) schemangle for the room temperature drops and hot drops. Notice
tizes the spherical cap model of radi&s while Fig. 6b) that in both graphs, the volume diminishes from the start of
presents a 2D visualization closest to the experimental imthe cooling to the recalescence, consistent with the variation

age. of the contact angles.
Then, the volume of a spherical cap [26] can be calculated Verification was carried out in order to gain better insight
using the following expression: into the variation of the calculated volume. This verification
v — zho(?ﬂg +R2) 3) consisted of multiplying the volume by the change in tempgr-
6 ° o ature from one measurement moment to another and dividing

wherery is the distance from the center of the cap to the edgét by the time between measurements, as follows:
of it, and hg represents the drop height. Through trigono-

metric relationships, for angles less th&o?, h, can be ex- M — PPC,

pressed as a function of the contact arfgéend the radius of At pCd
the spherical capR, as shown in Eq/4).

ho = R(1 — sin(90° — 0)). 4

®)
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FIGURE 8. Volumetric thermal change for the a) Room temperature drops and for the b) hot drops.

wherePp is the power of the Peltier cell, thg is the spe- Using the contact angles, we obtained the volume of wa-
cific heat of the water drop at an arbitrary moment of cool-ter droplets. We verified it against a characteristic curve
ing/freezing, ang is the density of water, which depends on showing the anomalous water density changes with tempera-
temperature. ture close to the freezing point.

The curves resulting from the calculation presented in  We did not comment on the inverse thermal process, from
Eqg. (5) are shown in Figs 8a) and 8b). The U shape of thethe frozen drop to the melting point. However, it will be ex-
curve corresponds to the expected behaviour of the quotieriting to have an insight into it since, according to our ob-
Ppc/pca, that reflects the anomalous behavior of the densityservations, the behavior between drops at room and hot tem-
of water, which is maximum near€, temperature reached perature is different, which implies that the water drop pos-
between moments a-b and b-c. This result demonstrates theésses a molecular memory. This study would be an interest-

the contact angles obtained and the change observed in tirgy extension of this analysis for heat transfer laboratories at
shape of the drop are consistent with the known thermal chaxindergraduate-level.

acteristics of water. Finally, we conclude by emphasizing that, inspired by the
Mpemba effect, the study of the freezing of water droplets
) ] . is crucial for various fields or conceptual aspects. Related
4. Discussion and conclusions to conceptual topics, recent studies on the Mpemba effect
discuss the thermodynamic equilibrium concept as a starting
The Mpemba effect, cold water freezes slower than hot wapoint for these experiments [8], which raises questions about
ter, is a challenging phenomenon that opens the opportunitihe notion of local equilibrium [27] and provides an excel-
to discuss the physical properties of water. lent opportunity to explore those. Understanding the freez-
Our research employs optical techniques like thermograing process of water droplets is essential in cryopreservation,
phy to examine the Mpemba effect on droplets without af-to improve techniques for preserving biological materials at
fecting the temperature of cooling drops. We scrutinize alHow temperatures. Insights into phenomena like recalescence
terations in the freezing process, selecting specific behaviatan enhance cryopreservation methods’ efficiency and suc-
changes on time and contact angles relative to temperatuess rates by optimizing freezing protocols [23,28]. In mete-
variations through a straightforward experimental setup. Ouprology, studying the freezing of water droplets aids in pre-
study used two non-invasive techniques: thermography andicting weather patterns and understanding cloud formation
image analysis in the visible range. processes [23]. The freezing behavior of water droplets is
It has been observed that drops at room temperature argignificant in materials science for applications like ice-air jet
hot drops exhibit different cooling dynamics. While many technology and surface engineering for ice adhesion preven-
articles analyze the changes in contact angle and drop heigtibn coatings [29]. These hot topics of applications motivate
during freezing, only a few studies have been conducted ons to learn different, non-invasive techniques in the analysis
the cooling process before recalescence. When we analyzed fluids. Also, interpreting our experiments requires consid-
the energy involved in the freezing phenomena, we found nering various variables and other explanations for phenomena
apparent difference between the hot and cold drops when theich as recalescence or water anomalous density behavior
volumes are small; however, the higher amount of energy reaear £C. These are examples of the scientific methodology
quired for the room-temperature drop to freeze is more evistudents need to understand the physics of actual and quotid-
dent when the volume of the drop increases. ian phenomena by collecting data and drawing conclusions.
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