Mpemba effect from a viewpoint of an
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Introduction

Checking my email a few weeks ago, | found a ngs$a@m my close friend with the
title “This seams like something you could work’odihe link for this contest was all that the
body of the message contained. Whether | was abledrk out” Mpemba effect | am still
not sure, but | was intrigued by the matter the esanstance | realized the nature of the
problem.

Initial results

An empty icebox of the refrigerator in my lab, & Htre bottle of deionised water,
numerous beakers, and a 6 digit multimeter witlaldbated thermistor already plugged into
it were at my glance and | couldn’t resist settuqg an experiment and giving it a try.
Although | have heard the saying: “Several month&boratory can save you a few hours in
laboratory” some time ago, | immediately put a Fagontaining 30 ml of water at room
temperature with immersed thermistor into the iceb#fter it was frozen, the experiment
was repeated with all the parameters kept the shme¢he water was preheated to roughly 35
°C. The temperature was measured and collected/ eemond. The following data were
obtained,
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Fig. 1. Cooling and freezing of deionised wat& £ 30 ml) at~ 25 and 35 °C in a glass
beaker with no cover, without mixing.

During the time the experiments were conductedvehlraad several reports on the hot
water freezing more rapidly than a cold one, anehefound a “Mpemba effect experiment
kit” sold on a websité.The results shown in Fig 1 (obvious case of thebpa effect) were
thus expected. Taking into account some conclusitvag/n from reports | read, | feel that
some details of the experiment should be pointad Both experiments were done in the
same beaker (one at the time), the water was cHaaftgr first freezing, the thermistor was
placed in the centre of the sample, the beakeridplthe sample was placed on a metal
surface of a magnetic stirrer which was not covereffost but was not stirred. Since the
experiments were done in a subsequent manner itinvpsrtant to make sure that the
conditions (temperature) inside the icebox were emor less constant during both
measurements. By measuring the temperature innipéyacebox, | found that the conditions



in the icebox were far from constant, and thattémeperature drifted between -18 and -10 °C
with about hour and a half period. Although it ist fikely that in all reported cases of hot
water freezing prior to a cold one the differencehe temperature of the iceboxes was the
cause, it is possible that the matter derived cafis and misinterpretations of the results in
some cases. Therefore, all further experiments danée icebox were started at the
minimum of the temperature and thus conducted @& dbnditions uniformed as possible.
Some of the obtained results are shown in Fig 2.
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Fig 2. Cooling of 30 ml of deionised water in aebox with controlled conditions, without
mixing.

By inspecting the data presented in Fig 2 supetficithe conclusion that Mpemba effect is
observed in both cases (a and b) may be drawn. Howé the curves from a and b are
compared, significant differences become obviolgawith the fact that the warmer water
does not always take the shortest time to freede differences of the supercooling
temperature in the a and b curves are also more dbaious, but the explanation of this
results is far from it, since the same beaker, shateh of water and the same icebox were
used in all experiments.

Although not very informative and definitely notgaining the Mpemba effect, these
results emphasize the problem all scientists #msgarched freezing of water dealt with; poor
reproducibility> * 4 Whether freezing of water is indeed a phenomerefined partly by
chance as some authors claim, or these “hard taiexgifferences” are caused by the lack of
control of the experimental conditions | am noteatd say. However, the fact that a process
so common and important as water freezing is ndy fresolved and understood, is
astonishing.

The explanation

Since the results of the first few experimentsvadld almost no conclusions, a more
detailed literature search was needed in ordephdirue my investigations. | encountered a
number of theories on why hot water freezes moriekguthan the colder one, and the
phenomena most often accused of causing it are:
evaporation of the water
dissolved gasses
heat gradient induced convection
supercooling
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The nature and properties of contact between thelgaand the surface of the cooler, i.e.
melting of the frost enabling better thermal cortdut are also often mentioned but this
aspect will not be given further attention in tpegper, since enough data is provided to show
that Mpemba effect occurs even when melting of ffwst in icebox is hampered or
completely excluded?®

By stating this, the task of my research, this @latton and the contest in general becomes
resolving which of the stated phenomena is the nmegbrtant and which could possibly be
disregarded.

A careful consideration of the Mpemba effect allaygsto define one single necessary
condition for the effect to occur: As the initialyarmer water (at temperatufg) reaches the
temperature of the initially colder watet.) it's properties must be changed in the way that
the rate of further cooling (frorfi; to freezing) is increased or the temperature céZirey
(supercooling) is significantly lowered. This diféatiation may occur during the process of
heating the sample @&, or cooling it fromé,to 6. If this is not achieved, Newton’s law of
cooling and not to mention common sense, tell ueilpa effect is not possible.

Let me now pay attention to each of the four phesmmenstated above and discuss their
possible impact on the cooling of water.

1. Evaporation of the water

Some authors believe that the increase of vapwizatte of the water at higher
temperatures is responsible for the Mpemba eftéatvever, several scientists weighed the
samples prior and after the freezing. The diffeesnic mass never exceeded 3 %. Although
there is undoubtedly less water to be frozen dftdérwater reache&, such a minor change
couldn’t have significantly changed the time neettedwater to freeze. The heat consumed
by the vaporization process is not negligibhg.gH = 43.99 kJ mol at 25 °C) but again, as
the 4. is reached, the cooling curve should be continmede or less the same as the cold
water curve. Therefore, | find that the vaporizatghenomenon is not a relevant cause of the
Mpemba effect. Unfortunately this claim is not slenfo prove experimentally, since it would
request a comparison of cooling curves for a clasadl open sample. By sealing a sample,
not only the vaporization, but also thermal corurcwould be hindered making impossible
to examine each effect separately.

2. Dissolved gasses

It is known that the equilibrium constant for theogess of gas dissolving in water
decreases with an increase in temperature. Thisisnéeat there is more gas dissolved in
cooler water, but also that the process of disaglgasses is exothermic. Thomas, one of the
authors claiming gas dissolution is the main factsponsible for Mpemba effect, gives a
number of experimental data indicating that thigmlstands.In his research he noticed great
differences in the time needed to freeze the whateunt of water depending on the initial
temperature. However, the dependence of time nefedelde formation of the first ice nuclei
on the initial temperature was far less expresblEimechanism of the effect of dissolved
gasses was given by Thomas.

An attempt to explain the phenomenon that degasséer (by boiling it for a while) freezes
quicker than non-degassed one was given by Wojoieski et aP According to their theory,
gas molecules stiffen the arrangement of the wateund them reducing convection in the
sample. This means that the viscosity of the wsttieuld be significantly increased as gasses
dissolution is favoured. In 1903. Ostwald showeid thias not true in the case of any air



contained gas. Namely, saturating water with carbaxide, oxygen or nitrogen, did not
change the viscosity of the sample in referenqaite water.

A few other possibilities might come to mind corsidg the mechanism by which gasses
could affect the time of water freezing;

a) by lowering the temperature of phase transition
b) by inducing a negative heat flow

We can dismiss the point under a) since all tha datThomas’ research show that the
freezing temperature is very close to 0 °C. Thisxgected if we take the concentration of the
dissolved gasses and the cryoscopic constant adrwuatio account. On the other hand, as
warmer water contains less gas it is logical taasthat during cooling more and more gas
is being dissolved in it. As already stated, thiscpss is exothermic which means that it
“produces” heat, which should slow down the proce$scooling, not speed it up.
Additionally, such a fast establishing equilibrivmould cause the warm and cold water to be
exactly the same as initially warmer sample reathescold water temperature. Hence, this
couldn’t cause the Mpemba effect. However, it isgplole that the process of dissolving (and
expelling) gasses was much slower. If this wascdmee differences in gas concentration in
degassed and saturated water could cause sigtificifferent behaviour of degassed and
saturated samples during cooling (letting the meidma aside). In that case | don’t see how a
significant difference in the concentration, su#fitt to increase the cooling rate, could be
induced by quickly heating the water by 10 or 15 RGs worth noting that Mpemba effect
was observed even in such cases. Auerbach gav&tiaragon of 5 min needed to saturate 1
cm water column with gases under normal conditisvtgch indicates that, as Aurebach put
it, “...degassed water does not remain so.” Intaaidi Auerbach investigated the influence of
dissolved gases on supercooling temperature anddfaw correlation between these
variables.

3. Heat gradient induced convection

An extensive review regarding thermally driven foowas given by KowalewsKiln this
paper the experimental and theoretical approachethe problem of convection in fluid
during cooling and phase change are described tail.d€he propagation of the ice front
formed in supercooled water and the flows indudestaby, as well as flows occurring in
fluid placed in differentially heated cavities ateown.

| believe that an explanation on how this is relate the Mpemba effect is needed.
Namely, heat flows depend on the temperature gnadiwhen a warm sample of water is
placed in a cold environment, the part of it nexithe walls of the container gets cooled
quickly while the inner part remains its temperatuA temperature gradient is thereby
induced inside of the sample which causes conwedigat transport. The greater heat
gradient gets, the convection is more expressed,tla@ overall cooling of the sample is
faster, since the heat gradient on the containdls wsa maintained. It is now important to
point out that convection has both properties meguito cause Mpemba effect; the flow
induced during the cooling from, to 6. continues throughout the cooling, undoubtedly
enhancing the heat transfer from the water sanmhplether words, the hotter water initially is,
the more convective flow is induced in it, which kaa the cooling to the freezing point
faster. As was already mentioned, the convectawdldepend on the viscosity of the media.
As viscosity of the water increases exponentiallihvdecrease in temperature (Fig. 3) the
convective flow is much easier to induce at higtemperature$.Although convection is



reduced during cooling, it is reasonable to asstiraethis effect is sustained throughout the
cooling process, accelerating cooling of the itlitihotter water even after it reachés
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Fig. 3. Dependency of absolute viscosity of puagevon temperatufe.

If we examine the cooling curves given in Figs.ntl 2, it is easy to notice a plateau
as temperature reaches 4 °C. Auerbach explaingalisiervation by keeping in mind that this
is the temperature where colder water becomesdiersse than warmer wateAs it reaches
this temperature, the convection is hindered, stheedensity gradient becomes zero (at the
maximum of the function). After that, as colder gras becoming less dense, it rises through
the column of water inducing probably the greatesivective flow during the whole cooling
process. This causes the sample to be cooled weckly right after 4 °C is reached. It can
also be seen that the plateau is less expresgbeé itooling curve of initially warmer water,
since in those samples “usual” convective flowsgaeater even at 4 °C.

Additional confirmation for the importance of comtige flow is the fact that, Mpemba effect
was significantly reduced when the sample was wigsly mixed throughout the cooling
process using a magnetic stirrer (Fig 4).
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Fig 4. Cooling and freezing of deionised wa¥=30 ml) atz 25 and 35 °C in a glass beaker
with mixing.

To summarize, the convective flows induced by Igeatlients during cooling are most
certainly responsible for the Mpemba effect. Altgbumore experimental confirmation is
needed, the shape of the cooling curve caused éyalomaly of water corroborates this
statement, along with several investigations surnredrby Kowalewski. However we can'’t
ignore the fact that Mpemba effect still existseewhen the sample is mixed (although
reduced). This fact brings us to the final pointhis elaboration, supercooling.

4. Supercooling

This phenomenon is probably one that causes mostblgms” i.e. lack of
reproducibility in the investigations of water feéeg. Even throughout my humble set of
experiments great differences in the temperaturgupércooling were observed and in some
cases it even appeared to be absent. It is imgdddrare in mind that complete absence of
supercooling prior to a phase transition is notsgms, since supercooling is necessary in
order to form initial ice crystal. However, in soroases supercooling is simply not noticed
during the experiment because it is localized am whalls of the container. Although the
temperature is significantly lower than 0 °C at $ite where ice crystals starts to grow (on the
walls of the beaker) in the middle of the sample thay not be notable. Hence the significant
differences in conclusions drawn by Auerbach andrids® ®> Namely Auerbach measured
the temperature just a few millimetres from thelwélthe vial and observed supercooling in
all cases, whereas Thomas placed the temperatoserse the middle of the sample and
commented that no significant supercooling was eske

| feel that the effect supercooling has on the tmeeded to freeze a sample of water
should be briefly addressed. As | stated earler rate of cooling depends on the temperature
gradient between the sample and the surroundindre®zing (supercooling) temperature is
lowered, the time needed to achieve this temperahareases, since the cooling rate for that
last few degrees diminishes drastically. This ig/wken a slight change in the supercooling
could prolong freezing notably.

The main problem however is not to explain how scpaing could affect freezing time, but
how supercooling itself could be influenced byialitemperature. In his work Dorsey gave



attention to almost every thinkable factor definsypercooling temperature. As a result, a
new theory of phase transition, which we could ealigeneral heterogeneous theory” was
born? According to this theory, the temperature of sapeling may be lowered or increased
by preheating, depending on the nature of the sampdl its container. It may also vary by
subsequent freezing and melting. The heterogetiggyheory supposes allows that even two
samples of water taken from the same bottle maferdi§ignificantly in supercooling
properties. Applying this knowledge to the problefriMipemba effect gives us no simple an
unambiguous explanation. It however allows thateffect may or may not occur under the
same conditions.

Conclusion

The statement by J. D. Brownridge, “Hot water \iideze before cooler water only

when the cooler water supercools, and then, onllgafnucleation temperature of the cooler
water is several degrees lower than that of thentader. Heating water may lower, raise or
not change the spontaneous freezing temperatsovenmarizes in great part the conclusions
that may be drawn from almost all the data | havkected myself and others presented
earlier. However, the effect of convection, whigthances the probability of warmer water
freezing first should be emphasized in order toresp a more complete explanation of the
effect.
The fact that this effect is not fully resolved tluis day, was an indication to me that
fundamental problems lie underneath it, but stiid not expect to find that water could
behave in such a different manner under so simdaditions. Once again this small, simple
molecule amazes and intrigues us with it's magic.
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