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Abstract

We present experimental results of the supercooling of different concentrations of ethylene glycol
(E.G.) and water droplets placed on a hydrophobic copper surface that is subject to two different
experimental techniques for cooling, a thermoelectric device, and liquid nitrogen. The temperature
evolution with time is recorded for many droplets and different thermophysical properties such as
the flash-freezing point, the freezing point, the melting point were studied. Besides, the effect of
the jump in temperature -from the supercooled temperature of the droplet to its freezing point- on
determining the initial solid fraction of that droplet is investigated. Notably, we found that the

nitial solid fraction decreases as the concentration of E.G. increases.
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1. Introduction:

The three common phases of matter are the solid, liquid, and gas states. Adding or removing
energy to matter can cause it to change its phase among these three states, where adding energy to
a solid might cause it to melt (i.e. become liquid) and adding energy to a liquid can transform it to
the gaseous state. These two processes absorb energy (usually thermal energy) to compensate for
the rise in entropy during phase transitions from solid to liquid or liquid to gas states. While the
system absorbs energy during the phase change, the temperature typically stays constant. The
opposite happens during a vapor-to-liquid phase change, where the condensing matter releases a
significant amount of heat -called the latent heat of condensation- during the process. The process
of solidification also releases heat energy called the latent heat of fusion. The temperature at which
phase changes of a pure substance occur depends on the pressure and is usually found in phase
diagrams of the given material'. Water is a unique material that is liquid at room temperature but
can be easily found in the gas (i.e. vapor) or solid (i.e. ice) phases under typical conditions on
earth. So, for pure water, the solid-to-liquid phase occurs at 0C° while boiling, in which liquid

changes to vapor, occurs at 100C°2.

1.1 Supercooling and flash-freezing of water:

When water is cooled below the freezing temperature (0C°) a stable solid phase (ice) will be
present, while heating ice to 0C° causes it to melt®>. Even though the critical temperature at which
the latter process happens is unique, the first is not. So, when one starts to warm ice, it will melt at

0C° every time. Contrary to that, the temperature at which a water droplet converts to ice upon



cooling is not unique. A droplet can be cooled well below 0C®° while still in the liquid state. This

is called supercooling’.

The supercooling process is very important in the food industry such that fresh fruits and
vegetables can be stored in temperatures below their freezing point for a long time without freezing
so that it will prevent the cells from damage®. Moreover, supercooling is necessary for cold-
tolerant organisms: animals, plants, fungi, and bacteria to survive. It contains ice-binding proteins
that prevent freezing and keep their body fluids liquid at a temperature below their normal

equilibrium freezing/melting point’.

Supercooled water remains in the liquid state until an ice microcrystal precipitates in it. At that
instant, the freezing process spreads through the supercooled water very rapidly in a process called
flash-freezing. This behavior has been observed in different systems in nature like the supercooled

water droplets in the clouds that condense into ice upon impact with airplanes®.

In 1938, N. Dorsey verified from the experimental data and that have been published in his epoch
about the properties of water, the possibility of supercooling and freezing of water. He also did
experiments on many water distilled and natural water. The results were compared with those
which have been believed in that time, his study took more than ten years, many incompatibilities

were found, and his final results were published in a paper in 19487 8.

In addition, there were several studies about the thermodynamics of the supercooled water. For
example, the freezing temperature of supercooled water droplets has been determined as a function
of pressure up to 3-kilo bars. The minimum value of the freezing temperature was determined at -
92C° and 2.00-kilo bars®. Other experiments were done in 1987 and in 1999 to study the density

and the heat capacity anomaly of supercooled water!'® !,



Supercooling process of water droplet splits into four stages: cooling stage of the water droplet,
flash-freezing process (known as recalescence), main freezing or solidification stage, and the
cooling stage of the ice!?. Despite there were a lot of researches done by physicists about this
phenomenon, flash-freezing water of a droplet remains unclear. In particularly during this stage a
small fraction of water droplet solidifies depending on the temperature at which the flash-freezing
occurred. This solid fraction will be sufficient for the droplet to jump from its initial temperature
to its equilibrium freezing point (0C°) in less than 20 ms as shown by nuclear magnetic resonance

(NMR) study of the flash-freezing process of a supercooled liquid droplet'

. Furthermore, There
were several methods to measure the mass of cold-tolerant fraction created from the flash-freezing
process of supercooled water droplets, one of them is based on the calorimetric measurement of

the heat'* whereas we will study the thermodynamics of flash-freezing and the dependence of

latent heat on the degree of supercooling temperature'®.

1.2 Ethylene Glycol:

Ethylene glycol is a commonly used antifreeze in cars due to its antifreeze properties and a high
boiling point so it will not get vaporized easily inside the radiator so it uses to prevent the cooling
water of the radiator from converting to the ice during winter. The freezing of the radiator water
can cause significant damage to the cars, so antifreeze is used to drop the freezing point in radiators
to as low as -55C°. Yet, this temperature depends on the ratio of ethylene glycol to water. It’s
found that the concentration of 40% of E.G. is the best for a car coolant because the freezing point
at that ratio is -45.97C° and the highest specific heat possible. In addition, it has been shown that
the specific heat capacity and the freezing point decrease as E.G. concentration increases'¢. There
are many experiments done to measure the freezing point data with different concentrations of

E.G. to determine the solid-liquid phase diagram of ethylene glycol and water mixtures'” %,



1.3 Supercooling and flash-freezing in ethylene glycol:

While the supercooling and rapid freezing processes have been well-studied, a strong interest in
the field continues, which is reflected in the ever-increasing number of publications in this
interesting field. Furthermore, most, if not all, papers focus on pure water behavior, while the
behavior of other liquids has been poorly studied. For example, some experiments were done to
investigate the effects of soluble and insoluble nuclei on the freezing temperature of water droplets,
and they found that for the aqueous solutions the freezing point is reduced compared to the
corresponding value for pure water'® 2°. Other studies monitored the freezing process for pure and
salty water via high-speed imaging and computer simulations, using combined visual and infrared
imaging to deliver a three-dimensional and surface temperature information about their samples?!,
In this thesis, we experimentally study the supercooling and flash-freezing process for different

concentrations of E.G. using temperature vs. time supercooling curves.

Over the years, there is growing attention in the chemical physics area to study the behavior of the
aqueous solutions of E.G. For example, the phase behavior of E.G. as seen by dielectric
spectroscopy was studied?’. Moreover, the ice nucleation was investigated with different molar
mass*. E.G was also treated as cold thermal energy storage and the thermal conductivity and other

properties of E.G. were determined?”.

In this thesis, we will study the effect of different concentrations of E.G. droplets when supercooled
using different ways like thermoelectric device or liquid nitrogen, on the latent heat that released
when a fraction of the droplet solidifies as a result of jumping in the temperature from its initial
temperature to the equilibrium freezing point, in addition to other properties will be studied

through the analysis of data.



2 Experimental Setup:

We studied the behavior of ethylene glycol: water droplets with different concentrations as they
were cooled below their freezing temperatures. More specifically, the temperature of these droplets
was monitored as they were ‘super-cooled’ to below their freezing temperatures and went through
the liquid-to-solid phase change. We built a simple setup for these measurements of different
ethylene glycol concentrations in water. This chapter shows the different components and

procedures used in this research.

2.1 Sample Preparation:

We first prepared several solutions of water: ethylene glycol (E.G.) and then dispensed them as
droplets on a hydrophobic copper surface for further studying. We prepared different
concentrations of water and E.G. starting from 0% up to 45%. For example, to prepare 30% of E.G
in water, a volume of 6ml of E.G. was mixed with 14ml of water. This gives an E.G. concentration
of (6/ (6 +14)) * 100%, which is 30%. In the same way, solutions of E.G.: water with the
concentrations 0%, 15%, 22.5%, 30%, and 45% were prepared as shown in Figure 1, most vials

had their droppers to avoid any mistakes regarding the concentrations.

Figure 1: Glass vials with the different concentrations of E.G. used in this thesis.



2.2 Copper surface preparation:

Smooth copper sheets were rendered hydrophobic following an HDFT-coating procedure:

Firstly, we put a small amount of heptadecafluoro-1-decanethiol (HDFT) (0.1M = 0.1 mole/Liter)
in a glass container, then we immersed the copper sheet in it for 6 minutes. Secondly, we take it
out and put it in 50 ml of dichloromethane CH2CI2 for 20 seconds. Finally, after drying the surface,

it is ready to use as a hydrophobic surface.

This procedure causes a self-assembled monolayer (SAM) to grow on the surface, as depicted in
Figure 2 the heads ofthe HDFT molecule bond to the surface but the tails do not bond. This process
allows for growing a single molecular layer on the surface® * . SAM is highly hydrophobic,
which is beneficial in our experiment since it caused the droplets to ‘stand up’ or have a larger

thickness and proper placement on the thermocouple and for imaging.

mjm

Molecule Head

Copper Surface

Figure 2: Cartoon of a self-assembled monolayer on the copper surface.



2.3 Cooling setup:

We cooled our systems using the thermoelectric plate and liquid nitrogen, depending on the
temperature needed to cool the droplets. The thermoelectric device cooling is just up to about -

30C° while the liquid nitrogen has the boiling point -196C°.

The thermoelectric device operation (TED) depends on the Peltier effect which creates a
temperature difference at a junction of two different types of materials?®. It can be used as a cooling
or heating device depending on the direction of the electric current passing through it. In our
experiment we use TED as a cooling device as shown in Figure 3, we design a setup for cooling
of a water droplet, by putting the TED on a piece of copper that floating on a basin of water to
increase the thermal conductivity. We connect the TED with a power supply by its two terminals,
followed by placing the water droplet on the top of the TED and inserting a K-type thermocouple
inside the water droplet that connected to a data acquisition device (DAQ). Our DAQ has two
channels used to measure the temperature connected with a computer having a LabVIEW program

in order to get as much large as temperature range for every second.

Computer

LabVIEW Program

Ground =1+
" U [N~—/
i : Water or
ermocouple Antifreeze Droplet
Thermoelectric Device
Water basin

Power Supply

‘\>
L

T 0V 4+ y/\
3A k= A piece of copper

Figure 3: Setup of our experiment using the TED.



We also designed another setup that uses liquid nitrogen for cooling, as shown in Figure 4 we
place the water droplet or antifreeze droplet on top of a hydrophobic copper sheet which is put on
a Styrofoam box containing liquid nitrogen. We similarly insert two K-type thermocouples inside
the droplet to measure its actual temperature to reduce errors, an average temperature is obtained
by inserting such one of these thermocouples on the top of the droplet and the other one in its
center. We put a plastic petri dish on the droplet to be not affected by the condensation of the
supercooling process. Afterward, these two thermocouples were connected with a (DAQ)
connected with a LabVIEW program to monitor the time evolution of temperature. The
solidification of the droplet was being monitored with a microscope connected to the computer

and KaPa Capture Version 6.9.7 Program.

Computer

LabVIEW Program KaPa Capture
: Version 6.9.7 Program

Water or
Antifreeze Droplet

Copper Surface

Styrofoam Box Microscope

Figure 4: Setup of our experiment using liquid nitrogen.



2.4 The temperature measurement:

We measure the variation in temperature with time by two K-type thermocouples, such that the
thermocouple is an electrical device made of two unlike wires created a junction when it made
changes in temperature a small voltage will be created so that a wide range of temperature can be
measured. There are different types of thermocouples, one of these types is type K thermocouple
was developed in 1906 and was known originally as chromel versus Alumel thermocouple, which
we choose in our experiment because it inexpensive and has a wide temperature range, from -
270C° to 1372C°¥, also these thermocouples are microwires i.e. there diameter does not exceed
the 100 micrometers so it was suitable to be inserted inside the droplet which has a diameter of

about 4 millimeters.

Also, we make an additional experiment to make sure that the thermocouple that we use is
calibrated or not as NIST listed?’, so we use a diode as a thermometer by connecting the circuit
shown in Figure 5. We use the amplifier in the circuit to amplify the small temperature variations

in the forward voltage.

:

15 V I 50 K Q.
| \
0—0|| > -

Figure 5: The circuit we connect to use a diode as a thermometer.
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The current passing through the circuit is:

14 1.5
I= 2= 2=30pA 2.4.1

; V is the voltage difference in the circuit and R is the resistance.

While the diode connected in the circuit such that its forward current almost constant:
Iy = I(e®©V/%s ™ + 1) 2.4.2

; To 1s the diode reverse saturation current at room temperature, e is the electron charge, K is

Boltzmann constant and T is the temperature.

e
=T

243

That means T = constant * V, so we can use the diode as a thermometer.

We connect the diode and the thermocouple with DAQ by its two channels and we built a program
in LabVIEW and from the data we make a comparison between the temperature of the diode and

the thermocouple and the results were very close to each other as we will see in data and analysis.

2.5 The DAQ and the LabVIEW program:

We connect the two thermocouples that we use in our experiment with the DAQ by its two
channels, such that every channel has a negative and positive input, we connect the green leg of
the thermocouple with the positive input and the red leg with the negative input which also
connected to the ground of the DAQ to get more precise data. So we use the DAQ as shown in
Figure 6 to measure the real temperatures and convert it into digital numeric values that controlled
by the software program LabVIEW in the computer, this process known as ‘Analog-to-digital

converters’’.
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Figure 6: The DAQ

LabVIEW program is a visual graphical programming language that helps to visualize any
experiment that needs to get a large number of measurement data every small interval time. This
program has two windows are associated to each other, the first one is the block diagram as shown
in Figure 7 (a), which uses to design the representation of the system we have, using all controls
needed and tools, and the second one is the front panel that will be ready to run and take all
measurement data as the system in the block diagram is wired together. These measurement data

saved and the graph appear on that window as shown in Figure 7 (b)*' *%.

Figure 7: (a):Block diagram of LabVIEW (b)The front panel window of LabVIEW
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3 Theory:

The droplet supercooling process, as shown in Figure 8, can be described by four distinct stages:

1. The cooling stage of the liquid droplet, in which the droplet is cooled from its initial
temperature to below the equilibrium freezing temperature until nucleation occurs.

2. The flash-freezing process or a recalescence stage, during which supercooling drives rapid
kinetic crystal growth (initial solid fraction) from the crystal nuclei, depending on the
temperature at which flash-freezing occurs, there is an abrupt jump in the temperature such
that this solid fraction releases latent heat of fusion until the droplet reaches to the
equilibrium freezing temperature.

3. The main freezing or solidification stage, in which the droplet is completely frozen.

4. The cooling stage of the ice, during which the solidified droplet temperature is reduced to

near the ambient air temperature® 34,

25

20

15 1. Cooling stage

© 10
g 3. Solidification stage
® 5 ) .
g 4. Cooling stage of the ice
E 0
= 0 20 0 100 120
-5
10 2. Flash-Freezing process
-15

Time(s)

Figure 8: temperature transition of the supercooling of a water droplet with four stages.
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This study is to develop an experimental method to measure the abrupt transition in temperature
for different concentrations of water and E.G. droplets. Furthermore, the numerical model
developed was able to predict the initial solid fraction of the droplet depending on the temperature

dependence of the latent heat.

3.1 The temperature dependence of latent heat:

The objective of this study is to investigate a simple numerical model that can be applied to see
the influence of the variation in temperature on the properties and the dynamics of the supercooling
process. At atmospheric pressure, the flash-freezing stage in the supercooling process, that takes
less than 20 ms can be regarded as a thermodynamically adiabatic system, which means that the

heat transferred from the ambient are negligible.

In the supercooling process of a water droplet, the portion of the droplet that solidifies during the
flash-freezing stage will be sufficient for the temperature to increase from its initial temperature
to the equilibrium freezing point (0C®). This is caused suddenly due to the release of an amount of

heat called latent heat.

The relationship between the latent heat and the entropy (S) is:

L=TAS ;AS = S,ater — Sice 3.1.1

To calculate the entropy difference of supercooled water and ice at any temperature T, the heat

capacity as a function of temperature (C(T)) of supercooled water and ice can be used, such that:
S(T) = S(Ty) — ff"‘@ dr’ 3.1.2

; Tm: the melting point
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Then the latent heat can be expressed as:
L(T) =T AS = T[Swater (T) — Sice(T) | 3.1.3

When a liquid is supercooled below its melting temperature, the latent heat is defined as the

enthalpy difference between supercooled water and ice like™:

L= Ly~ f;" [ey(T) = ci(D)] dT 3.1.4

; cw and c; are the specific heat capacity for supercooled water and ice respectively'>.

3.2 Determination of initial ice fraction for water droplets:

We suppose that the energy released by the supercooled water with mass (m) used up by raising
the temperature of both the (ice) solid fraction with mass (fs * m) and the remaining water
droplet with mass (m — fs * m) from its initial temperature to the equilibrium freezing

temperature AT as an adiabatic system>®.

Then the energy balance is given by:

Lxf,xm = ¢;*xfyxm=*AT +c,, *(m — f, *m) *« AT 3.2.1

And the initial solid fraction is:

£ = L_(@CVX—CAWT)AT) «100% 3.2.2

3.3 The initial solid fraction for different concentrations of E.G. droplets:

To find the initial solid fraction for the different concentrations, if we follow the same steps as

for a water droplet, we will get the following equation:

fiEGow = ClEGy% o «100% 33.1

LeG.%—((CsEG%—ClE.GU%)*AT)



15

; CLEG.% and cs E.G.% are the liquid specific heat and the frozen specific heat respectively for the

different concentrations of E.G.

In general, we can find the specific heat capacity for a mixture from the pure components®’, which

are E.G. and water in our case, by using the following equation:

CEG% = X1 % Cpure E.G. + X2 * Cyaqter. 3.32

where x;and x, are the concentrations of E.G. and water respectively.
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4 Data and Calculations

In this chapter we present the data we got from our experiment for the water droplets and for the
different concentrations of E.G. droplets, and study how the physical properties vary with the

variation of the E.G.%.

4.1 Thermoelectric cooling device with and without water droplets:

According to Newton’s law of cooling, the rate of loss of heat of a body is directly proportional to

the temperature difference between the body and its surrounding™ i.e.
dr
E“(T_Tf) 4.1.1

; where T is the temperature of the body at any given time, t is the time and Ty is the final
temperature of the body (which is typically the temperature of the surroundings, but need not be
so here, since it might be the target cooling temperature in the cooling device). Rearranging and

integrating both sides of the equation we get:

fT daTr
To T’—Tf

= [, —Kdt’ 4.1.2

In this equation Ty is the initial temperature of the body and K is a positive proportionality constant
that represents the rate at which the body heats or cools.

Solving Equation 4.1.1 gives the following equation:

T =T+ (T, — Ty )e Xt 4.1.3

Similarly, Newton’s law of heating describes the change in temperature in a body which is colder

than its surroundings. In this case too, the rate of change of the body’s temperature is directly
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proportional to the temperature difference between the surroundings and the body. The solution of

the heating case in Newton's law is*:
T =T, — (Tp — To)e Xt 4.1.4

We first examine experimentally the cooling and heating behavior of the thermoelectric device
without water droplet and compare it to Newton’s law for both cooling and heating. We use a very
thin K-type thermocouple to measure the variation of the temperature with time as shown in Figure
9. No cooling s started initially, then when we turn on the device (at time around 18 seconds on
the x-axis) the temperature decreases from its initial value (T, = 15°C) down to the final
temperature of cooling (Tr = -2°C). We then turn off the cooling device and the system warms up
starting from (T= -2°C) to the final temperature (T; = 15°C). Inspecting Figures 9 and 10 shows

that the device agrees with the Newton’s law of cooling and heating quite closely.
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Figure 9: The temperature evolution with time for the thermoelectric device without a water
droplet.
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Figure 10: The temperature evolution with time for Newton’s law of (a) cooling and (b)

heating.

When placing a water droplet over the tip of the Type-K thermocouple on the thermoelectric device
(TED) such that the thermocouple tip is completely submerged in the water droplet, the cooling -
as well as the heating- curve changes completely, as we see in Figure 11 (a). When we cool the
water droplet, it reaches to a temperature of -5.7°C, which is well below its equilibrium freezing
point (0°C), while still in its liquid state. This is called supercooled water. A sudden rise (or jump)
in temperature to 0°C then takes place within a few milliseconds and is referred to as flash-
freezing. During flash-freezing a small fraction of the droplet solidifies and this freezing process
is sufficient to raise the temperature up to the freezing point of water. The phase change of the rest
of the droplet then proceeds much slower, and it takes around one minute for the droplet to
completely solidify. The frozen droplet then cools down to the final cooling temperature for the
given settings of the TED. After the temperature stabilizes at its lowest value, we turn off the
current through the TED and let it warm up naturally. Instead of observing the typical asymptotic
(i.e. exponential) change in the temperature in accordance with the Newton’s law of cooling and

heating, the temperature has a clear plateau at 0°C (which is the melting point of water) for more
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than half a minute. The temperature finally rises to the ambient value after that. Figure 11 (b),
displays what we expect from Newton's law for cooling and heating and the actual behavior of the
temperature of the water droplet. The supercooling, the flash-freezing and the melting processes

are quite apparent when comparing the two curves.

C)

==
=]

The freezing point  The melting poifit
/

=]

emperature(
L

=0
Jump ig temper

supercoolin
P_m E

-15
Time(s)

(a)

25

Temperature(°C)

120 140 160 180

-15
Time(s)

(b)



20

Figure 11: (a)The temperature evolution with time for the thermoelectric device with a water
droplet,(b) the comparison between the result of the temperature evolution with time for the

thermoelectric device without and with a water droplet.

4.2 Further studies of water droplets:

We start our experiments with water droplets (i.e. ethylene glycol solutions with 0%
concentration), in order to analyze some of their properties like the flash-freezing point, the

freezing point, and the melting point, in addition to other properties that we will discuss later.

Figure 12 shows the results of multiple trials of supercooling and flash-freezing with a water
droplet. We insert the two K-type thermocouples in the water droplet as shown in the inset in
Figure 12 (a), in that figure for the first thermocouple the flash-freezing point (FFP1) is -12.2°C
and for the second thermocouple (FFP2) is -11.9°C, also the freezing point for the two
thermocouples (FP1), (FP2) respectively are -0.2°C, 0.1°C, so the jump in the temperature from
the initial temperature to the equilibrium freezing temperature for the first and second
thermocouple (AFF1), ( AFF2) is 12°C. Notice that the first thermocouple is closer to the cooling
surface than the second one, which causes the second thermocouple to stay at zero temperature for
a longer time than the first one. This is because the droplet freezes from the bottom-up after the
initial flash-freezing. So, the temperature of any part of the liquid stays at zero until that part
freezes, where the temperature of the ice starts dropping gradually. Points in the droplet which are
above the ice will stay at zero until that liquid freezes so that its temperature starts dipping below
zero. As a result, the thermocouple placed lower in the droplet will be surrounded by ice sooner
than the higher thermocouple and will only stay at 0°C for a shorter time immediately after flash-
freezing. It is also seen from the figure that the melting point for the first thermocouple (MP1) is

1.7°C and for the second thermocouple (MP2) is -1.3°C.
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Figure 12: The evolution of temperature with time for the water droplet (0% E.G.). (a): The first

trial. (b): The second trial. (¢): The third trial.
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Table 1 summarizes the different properties for the several trials of the water droplet freezing and

melting.

Table 1: The results of the different properties for the water droplet from Figures 12 (a), (b), and

(c).
Figurel2 | FFP1(°C) | FFP2(°C) | FP1(°C) | FP2(°C) | MP1(°C) | MP2(°C) | AFF1(°C) | AFF2(°C)
(a) 122 -11.9 0.2 0.1 1.7 13 12 12
(b) 147 133 1.9 -1 0.6 1.9 12.8 12.3
(© -10.8 9.4 1.2 13 1.6 1.9 9.6 8.1

Based on this temperature behavior, we can find the initial solid fraction for the water droplet as it

flash-freezes and its temperature suddenly jumps to the equilibrium freezing point. Let us first look

at the previous trials and take the average value for the previous properties we have studied in

Table 1 for the two K-type thermocouples:

The average value for the flash-freezing point is -12.05°C, while the average value for the freezing

point is -0.9°C and the average value for the melting point: -0.9°C. Thus, the average value for the

jump in temperature upon the flash-freezing event is 11.13°C.

Equation 3.2.2 gave the solid fraction for the water droplet as:

fs

The specific heat capacity is 4.200% “ and 2.093

_ cw AT
" L—((ci—cw)*AT)

* 100%

KJ

Kg.K

41for water and ice respectively, and the

latent heat for the water is 334;;—; 42, Based on these numbers, the initial solid fraction for the water

droplet is 15.1%.
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Inspecting table 1, we see that the results of our experiment for the water droplet are very close to

each other.

Now we use droplets with different concentrations of ethylene glycol and water in order to study
the same properties above (i.e. supercooling, flash-freezing, melting, ...etc.). We do our

experiments with E.G. concentrations of 0%, 15%, 22.5%, 30%, and 45%.

4.3 FEthylene glycol droplets:

Even though there were several studies that studied the thermophysical properties of the different
concentrations of E.G. and water, like the thermal conductivity, the viscosity, the vapor pressure,
the specific heat, and the freezing point*’, a detailed study of the supercooling and flash-freezing
of ethylene glycol is lacking. we will find experimentally the flash-freezing point, the melting

point, in addition to other properties depending on the different concentrations of E.G.
A) 15% E.G. droplets:

When we put two K-type thermocouples in the antifreeze droplet, we notice that the general
behavior will be the same as water, but the temperature of the different properties will decrease as
the concentration of E.G. increases. For example, when we use a 15% E.G. droplet we deduce
from the results illustrated in Figure 13 (a) that the flash-freezing point for the first thermocouple
is -17.6°C while for the second thermocouple is -17.8°C. We repeat our experiment with this
concentration three times as shown in Figure 13 (b), (c), and (d) in order to confirm the

reproducibility of the results.
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Figure 13: The evolution of temperature with time for the antifreeze droplet (15% E.G.). (a): The

first trial. (b): The second trial. (¢): The third trial. (d): the fourth trial.



26

In the same way that we have found the initial solid fraction for the water droplet, we can find the

initial solid fraction for different trials of 15%E.G. As shown Equation3.3.1:

fsEGco =

ClLEG.% AT

LeG.%—((¢sEG%—CLE.G.%)*AT)

x 100%

To find the specific heat for 15% E.G*’, we have the following:

Ciswr. = o5 * 3820 + 0o % 4.225 = 41642

We also assume that the frozen specific heat for the different concentrations of E.G. is one half the

liquid specific heat. So the frozen specific heat for 15% E.G. is 2.0821 KZ—]K. Finally, the latent heat

for this concentration is 320;—;.42

This gives an initial solid fraction of 10.17% for the 15% E.G. f50,5.¢.,Which is less than the initial

solid fraction for the water droplets.

Table 2 below summarizes the different properties of the several trials of 15% E.G. droplet.

Table 2: The results of the different properties for 15% E.G. droplet from Figure 13 (a), (b), (c),

and (d).
Figurel3 | FFP1(°C) | FFP2(°C) | FP1(°C) | FP2(°C) | MP1(°C) | MP2(°C) | AFF1(°C) | AFF2(°C)
(a) -17.6 -17.8 -14.1 -7 -0.2 -6 3.5 10.8
(b) -12.8 -13.1 -10.5 -8.5 -1.9 -5.4 2.3 4.6
(©) -16.8 -17.4 -6.9 -7.5 -4.7 -6 9.9 9.9
(d) -15.9 -15.8 -6.7 -6.5 -4.8 -6.3 9.2 9.3
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B) 22.5% E.G. droplets:

We will use one K-type thermocouple from now on, since the results of the two thermocouples are
basically the same. Figure 14 shows the cooling behavior of several 22.5% E.G. droplets. Notice
in Figure 14 (a), (b), (c), and (d) that the freezing point is about -15°C, the melting point is about
-8°C, and the jump in temperature from the flash-freezing point up to the freezing point is about

5°C, which are all less than the corresponding values for 15% E.G.

Also notice that the droplet takes more time to melt in the second, third, and fourth trials, while it
melts suddenly in the first trial. This behavior is indicative of the large fluctuations in the
experiment conditions like the rate of cooling or heating in each trial as well as the statistical nature

of flash-freezing.

30

500

Temperature(°C)

Time(s)

(a)



28

15

10

600

500

200

100

(=3

o n o N
! — —

(Do)o4n3ed2dWa]

-25

-30

Time(s)

(b)

20

10

400

o o o
— [N

(Do)a4n1ed2dWa]

-30

-40

Time(s)

(©)



29

20
15
10

0 100 200 30 400 500

-10

Temperature(°C)
(9]

-15
-20
-25

-30
Time(s)

(d)
Figure 14: The evolution of temperature with time for the antifreeze droplet (22.5% E.G.). (a): The

first trial. (b): The second trial. (¢): The third trial. (d): the fourth trial.

Table 3 below shows the different properties we deduce from Figure 14 (a), (b), (c¢), and (d) for

22.5% E.G. droplet.

Table 3: The results of the different properties for 22.5% E.G. droplet from Figure 14 (a), (b), (c),

and (d).

Figurel4 | FFP(°C) | FP(°C) | MP(°C) | AFF(°C)

(a) -15.6 -8 -10 7.6
(b) 22 185 | -4 3.5
(© 22 -15 -9 7

(d) 21 182 |9 2.8
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Now the initial solid fraction for 22.5% E.G. f,25045.¢. 15 7.21%. The liquid specific heat for this

concentration is 4.1294—2—40 the frozen specific heat is 2.0647—2 and the latent heat is 310-2.+2
Kg.K Kg.K Kg
C) 30% E.G. droplet:

For a 30% droplet sample, we have only two successful trials as shown in Figure 15 (a) and (b).
As we see from the results of these two trials, the flash-freezing point decreases as the
concentration of E.G. increases and the jump in temperature decreases. We like to notice here that
we can only determine a lower limit of the jump in temperature upon flash-freezing, since it is not
possible to determine the melting temperature with confidence from these curves. Table 3

summarizes the different properties of this concentration.
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Figure 15: The evolution of temperature with time for the antifreeze droplet (30% E.G.). (a): The

first trial. (b): The second trial.

Table 4: The results of the different properties for 30% E.G. droplet from Figure 15 (a), and (b).

Figurel5 | FFP1(°C) | FFP2(°C) | FP1(°C) | FP2(°C) | MP1(°C) | MP2(°C) | AFF1(°C) | AFF2(°C)
(a) 205 203 20 134 13 121 0.5 6.9
(b) 21.9 213 -16.6 154 133 141 53 59

To find the initial solid fraction for 30% E.G. droplet, we have to find the approximate liquid

specific heat for this concentration which is 4.0810 KI;—]K ,%0 the frozen specific heat, which is

2.0405 I{Z—]K, and the latent heat, which is 292 %.42 These give an initial solid fraction f3qo,5 . Of

6.72%.
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D) 45% E.G. droplet:

Finally, we do our experiment with a 45% E.G. droplet two times. The temperature evolution with

time is presented in Figure 16 (a), and (b), and the results are summarized in Table 5.
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Figure 16: The evolution of temperature with time for the antifreeze droplet (45% E.G.). (a): The

first one. (b) the second trial.

Table 5: The results of the different properties for 45% E.G. droplet from Figure 16 (a), and (b).

Figurel6 | FFP1(°C) | FFP2(°C) | FP1(°C) | FP2(°C) | MP1(°C) | MP2(°C) | AFF1(°C) | AFF2(°C)
(a) 26.4 259 25 24 20.2 -18.8 1.4 1.9
(b) 255 25.4 245 232 -19.1 -19.4 1 22

The initial solid fraction of 45% E.G. droplet is 2.03%. In this concentration the liquid specific

heat is 3.2135— %, the frozen specific heat is 1.6075—L and the latent heat is 260~L.42
Kg.K Kg.K Kg

4.4  Further analysis:

In this section, we will analyze the different properties of different concentrations of E.G. by

graphing the variation of every property with the different concentrations of E.G.

4.4.1

The flash-freezing temperature:

The first property we will study is the flash-freezing point for the antifreeze droplets with two K-

type thermocouples. As shown in Figure 17 (a), and (b) the flash-freezing point decreases as the

concentration of E.G. increases.
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Figure 17: The variation of the flash-freezing point with different E.G.%. (a): For the first

thermocouple. (b): For the second thermocouple.
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4.4.2 The freezing temperature:

The freezing point also decreases as we increase the concentration of E.G., as shown in Figure 18

(a), and (b). The spread of the data points gives an idea about the uncertainty in these

measurements.
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Figure 18: The variation of the freezing point with different E.G.%. (a): For the first thermocouple.

(b): For the second thermocouple.
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4.4.3 The melting temperature:

The melting point, shown in Figure 19 (a), and (b), also varies with the concentrations of E.G.
Such that as we increase the concentration of E.G. the melting point decreases. Of course, the
melting temperature is expected to be the same as the freezing temperature for any given
concentration of the antifreeze-water mixture. Yet, we see a noticeable difference here, which is
likely due to the difficulty in determining these two temperatures from the data: The temperature
does not rise to a stable value upon flash-freezing; instead it goes through a sharp cusp and then
quickly dips back to lower values. Similarly, the temperature does not stabilize at the melting point
long enough for us to be able to define the melting temperature. This is likely because the
melting/freezing temperature is much lower than the room temperature, making the energy flow

rate and the change in temperature quite fast at these points.
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Figure 19: The variation of the melting point with different E.G.%. (a): For the first thermocouple.

(b): For the second thermocouple.

4.4.4 The temperature jump at flash-freezing:

The fourth property we studied is the jump in temperature between the initial temperature of the
antifreeze droplet when flash-freezing occurred and the equilibrium freezing point, as shown in
Figures 20 (a), and (b). We see that as we increase the concentration of E.G. the jump in the
temperature from the flash-freezing point up to the freezing point decreases (i.e. becomes closer

to zero).
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Figure 20: The variation of the jump in temperature with different E.G.% (a): For the first

thermocouple. (b): For the second thermocouple.
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4.4.5 Initial solid fraction at flash-freezing:

Finally, we can study the relationship between the initial solid fraction of the antifreeze droplets

with the different concentrations as illustrated in the Table 6 below:

Table 6: The relation between the initial solid fraction for the antifreeze droplets and the E.G.%.

E.G.% fs

0% 15.07%

15% 10.17%

22.50% | 7.21%

30% 6.72%

45% 2.03%

If we plot the previous Table, we get Figure 21. Obviously, the behavior of the initial solid fraction
with concentration is reminiscent of the dependence of the temperature jump at flash-freezing on
the concentration. This is because the temperature jump is used to calculate the initial solid fraction

according to Equation 3.2.2.
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Figure 21: The variation of the initial solid fraction of the antifreeze droplets with different E.G.%.

Notice that as we increase the concentration of E.G. the initial solid fraction of the droplet

decreases.

For more precise data for the different concentrations of E.G., we take the average value of the

several trials in every concentration for each property as we see in Table 7. Also, we plot the

variation for every property with different E.G.% in Figure 22 (a), (b), (¢), and (d).

Table 7: The average value of each property for different concentrations of E.G.

E.G.% | FF_avg(°C) | FP_avg(°C) | MP_avg(°C) | AFF_avg(°C)
0% 12,0 0.2 0.9 11.1
15% 159 8.5 44 74
22.5% | -20.2 149 8.0 5.2
30% 21.0 -16.4 131 4.6
45% 2538 242 19.4 1.6
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Figure 22: The variation for each property with different E.G.%. (a): For The flash-freezing
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Figure 23 below shows the plot of all properties with different E.G.%.
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Figure 23: The average value of the different properties with different E.G%.

Finally, figure 24 below compares the values of the freezing point we get from our experiment to

the values from previous workers*. Our data generally agrees well with the published literature.
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Figure 24: The comparison between the freezing point from our experiment with different E.G.%

(points) and the data of previous workers (solid line).
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5 Conclusion:

We carried a systematic set of experimental measurements to study the supercooling and flash-
freezing behavior of droplets of ethylene glycol mixed with water at different concentrations. We
found from our experiments the relationship between the different concentrations of E.G. and the
different properties like the flash-freezing point, the freezing point, the melting point, and the

initial solid fraction of the droplet.

We found that when we were increased the concentration of E.G. both the freezing point and the
melting point decreased. Also we found mathematically the initial solid fraction for the different
concentrations of E.G., which depends on the latent heat temperature dependence and the liquid
and solid specific heat. When we increased the E.G. concentration, the initial solid fraction
decreased such that the jump in temperature from the initial temperature of the droplet to its

freezing point also decreased.
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