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Abstract

The overarching aim of this work is to study the freezing process of a single
water droplet freezing on a cold surface, which is an interesting and impor-
tant phenomenon with possible applications in many areas. Understanding the
freezing process of a single water droplet is for example an important step when
preventing unwanted icing, e.g. in the case of airplane wings and propellers,
wind turbine rotor blades, and road surfaces.

As a step in understanding the freezing process, the study specifically focuses
on the internal flow in the droplet during the freezing process. To do this, the
study combines the use of Computational Fluid Dynamics (CFD) to build a
model of the freezing process and experimental methods, i.e. Particle Image
Velocimetry (PIV) to validate the numerical results. Focus is to start with the
heat- and mass transfer inside the droplet using simple geometries with a rigid
boundary, not modelling the outside environment as the air and the cooling
plate. These components will be incorporated in the model further on.

Three papers will be included in the study. In Paper A the CFD model is
created and tested on a simple 2D-geometry of a droplet. The numerical result
is partially compared to experimental work found in literature. In Paper B
the numerical model is developed even further and a more realistic geometry of
a real droplet, although with rigid boundaries, is used. The numerical results
are as for Paper A validated with experimental results found in literature. In
Paper C the internal flow inside the droplet has been investigated experimen-
tally to estimate the velocities in the water, so that in the future the results
can be used to validate the numerical work.

The results show that is possible to work with a very simple CFDmodel and still
capture the main flow features and freezing characteristics in a freezing water
droplet. In line with previous research, this study confirms that the natural
convection induced by gravity is significant for the internal flow, as compared to
conduction and effects of ice creation. If studying the freezing time the internal
flow has little effect. However, when estimating the velocities in the water it
is crucial. It can be seen that the gravity effects are most pronounced around
the density maximum for water (at T = 4 ◦C). The experiments show that the
method used to study the flow inside the droplet is a working method, and the
velocities in the water has been estimated. The next step is to further develop
the CFD model and validate the numerical work with the experimental results.
An interesting next step is to incorporate a moving interface to capture the
volume expansion during the phase change.
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Abstract

The freezing of water droplets is a relevant and topical subject with application to ice accretion in
connection to wind turbines, aircrafts and cold roads, for instance. The freezing of liquid water has been
studied both experimentally and using different CFD-models, but for a single water droplet there are only
a couple of studies made using CFD. An interesting approach is therefore to compare CFD-simulations to
already existing experimental results. This study aims to examine the freezing process of a water droplet
placed on a chilled surface using ANSYS CFX. A simple geometrical model of a droplet is created and
a mesh analysis is performed to find the most suitable mesh for the set-up. By the use of a source term
the velocity in the solid zone is set to zero and buoyancy is added to the model to account for internal
natural convection. The droplet is assumed not to change form during the simulations and the model do
not account for a subcooled liquid. Results show that the model created can predict the freezing process
of a water droplet in a satisfactory manner until the last couple of tenths of a second when the pressure
build-up inside gets too large due to the expansion of water upon solidification. The water droplet freezes
from bottom to top and the freezing front evolution depends on the internal temperature and velocity field,
which is in agreement with existing experiments. A comparison between the two cases where buoyancy is
present and where it is not is performed. The result shows that there is a great difference in average velocity
as well as velocity and pressure distribution between the two cases. Three bottom surface temperatures are
investigated, and results show that both the volume of the remaining liquid part as well as the overall
temperature in the droplet increases as the bottom surface temperature increases. The average velocity
instead decreases as the bottom surface temperature increases.

1. Introduction

In this work the influence of internal natural convection on water droplets freezing on cold surfaces
is investigated. The freezing of water droplets is a relevant and contemporary subject since the
areas of application are many. Ice accretion on the rotor blades of wind turbines, on the wings
and propellers of aircrafts, and on cold roads exposed to freezing rain are but a few examples of
areas where it would be interesting to study the freezing process in more detail.

Several studies have considered solidification of different materials where natural convection
has been included, both experimentally and numerically. Freezing of liquid water has been studied
both including and excluding natural convection. Parameters like freezing time, velocity fields and
temperature fields has been investigated (e.g. Brewster and Gebhart [1988], Abegg et al. [1994],
Kowalewski and Rebow [2003], Banaszek et al. [1999], Giangi et al. [2000]). For a more detailed
summary of the research performed, see for example Fukusako and Yamada [1993] and Giangi
et al. [2000]. The freezing of a single water droplet is a less explored area. In recent years, Enríquez
et al. [2012], Jin et al. [2012] and Jin et al. [2013] have studied the freezing process of water droplets
during experiments. They all let water droplets freeze on cold surfaces during different conditions
using a high-speed camera to monitor the process. They found that the freezing front appearing
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inside of the droplet moved from bottom to top until it was completely frozen and also that the
liquid water froze faster in the beginning compared to the end when it slowed down considerably.
Jin et al. [2013] suggested that two factors might be responsible for this phenomenon, connected
to the solid-liquid interface and the latent heat release. They also showed that the freezing time
was reduced for when the test plate temperature was reduced. Enríquez et al. [2012] found that
the freezing time was 18 s for a droplet held at T = 20 ◦C. The droplet froze on a clean glass slide
which was placed on a brass container with dry ice, where the resulting test plate temperature
were approximately −20 ◦C. Jin et al. [2012] and Jin et al. [2013] froze a droplet on a cold red
copper test plate, held at T = −6.4 ◦C and T = −8.2 ◦C, in 14-16 s. The surrounding temperature
were approximately T = 20 ◦C for both cases. A numerical model was presented by Kavanami
et al. [1997] where the droplets were assumed not to change form and the internal flow inside
the droplets was investigated. They found that both surface tension and buoyancy forces have a
large influence on the internal flow in the density inversion area, that is, 4 ◦C for water. Another
conclusion was that a steep temperature gradient causes a strong internal flow within a droplet,
which promotes the cooling. They also validated their results with experimental work. Hindmarsh
et al. [2003] studied the temperature transition of freezing droplets. They found that they could
predict the freezing time and temperature transition of the droplet.

Even though there is extensive research about freezing water, the freezing of a single water
droplet is still less explored. Due to the increased usage of wind-power in cold climate, for instance,
the need for a better understanding of how the freezing process work is of great importance. One
way of achieving this is to create a computer model, which can be beneficial since an experimental
arrangement sometimes can get very expensive and complicated. In this work the software ANSYS
CFX is used to simulate the freezing process. The main focus is to study how the freezing front
evolution depends on the internal temperature and velocity field. Firstly, the case where buoyancy
is added to the model is compared to the case when there is no buoyancy. Secondly, a study of
the influence of the bottom surface temperature on the freezing process is performed using three
different temperatures. Thirdly, the result is compared to experimental results available in the
literature. Notice that the influence of surface tension is left for future work.

2. Theory

In this work, the mixture of water and ice is treated as a multicomponent fluid, which means that
scalar transport equations are solved for quantities as velocity, pressure, temperature etc. (ANSYS
[2013]). The two different materials are distinguished by its fluid specific properties as density,
viscosity etc. The continuity equation is given by

∂ρ

∂t
+∇ · (ρu) = 0 (1)

where the mixture density and velocity are given as

ρ = xlρl + xsρs (2)

where xl and xs are the liquid and solid mass fractions respectively following the relationship
xl + xs = 1. At T > 273 K, xl = 1 and at T < 273 K, xl = 0. To determine the mass fraction of water
at T = 273 K, the Lever rule is used (ANSYS [2013])

xl =
Hmix − Hs

Hl − Hs
(3)
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Here, Hs = 0 kJ/kg is the enthalpy of the solid (ice) and Hl is the enthalpy of the liquid (water),
which is calculated as the static enthalpy given by ANSYS [2013] as (H = Hl)

H = Hre f +
∫ T

Tre f

cpdT +
∫ p

pre f

1
ρ

[
1 +

T
ρ

(
∂ρ

∂T

)
p

]
dp (4)

where Hre f is zero, Tre f = 273 K is the reference temperature and pre f = 0 Pa is the reference
pressure. Hmix is calculated as Equation 4, but here Hre f is not zero. Since the reference enthalpy
for ice is Hre f ,s = 0 kJ/kg

Hre f = xl Hre f ,l (5)

Equation 5 represents the latent heat released in the freezing process at Tre f , and is modelled
as the difference in enthalpy between water and ice. Hre f ,l = 334 kJ/kg is the reference enthalpy
for water. The energy equation, in its turn, is given by

∂(ρH)

∂t
+

∂p
∂t

∇ · (ρuH) = ∇ · (k∇T) + u · ∇p (6)

The momentum equation is given by

∂(ρu)

∂t
+∇ · (ρuu) = −∇p +∇ · (μ∇u) + S (7)

where

μ = xlμl + xsμs (8)

To account for the gradually decreasing velocity in the solid zone and for the buoyancy effect,
a source term is introduced in the momentum equation as

S =
μs

Kp
u + (ρ − ρre f )g (9)

where

Kp = −xsKp,s + (1 − xs)μs (10)

Here, μs = 10 kg/ms is the viscosity of the ice, Kp,s = 10 −10 m is the permeability of the ice,
ρre f = 990 kg/m 3 the reference density and g is the gravitational acceleration ANSYS [2013]. The
first part of the added source term is used to control the velocity in the solid region, making it
zero as the liquid solidifies and the second part is used to study the natural convection.

3. Method

The simulations are performed using the software ANSYS CFX. The 2D-geometry (one element in
thickness) is modelled as a quarter of a circle, with the left corner in origo and a symmetry plane to
the left, see Figure 1. The symmetry boundary condition can be applied since only internal natural
convection is considered and due to the symmetry of a water droplet. A structural hexahedral
mesh of O-type is used due to the simple structure of the geometry. The droplet surface is set as
a wall with a no slip and an adiabatic heat transfer condition. The bottom of the droplet is also
given a no slip condition, but with a fixed temperature, T set below the freezing point for water.
Three temperatures are investigated T = −20 ◦C, −10 ◦C and −5 ◦C. The back, front and inner
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part of the geometry is given a symmetry boundary condition, since the expected pattern of the
flow/thermal solution have mirror symmetry. At the start of the simulations there is only water in
the model at a temperature of T = 20 ◦C with no initial velocity and zero pressure. A transient
study is performed where small time steps are required to get a converged solution. The flow is
considered laminar due to the expected low Reynolds numbers. The droplet is assumed not to
change form during the simulations and the model do not account for a subcooled liquid. Two
models are considered for comparison, one where buoyancy is applied and one where it is not.
The full freezing process of the droplet is studied when buoyancy is added to the model and an
approximate freezing time is established.

4. Results

A mesh analysis is performed to determine the best suitable grid size for the geometry using the
best compromise between a small error and computer power. Six different grids are used in the
study and the result is investigated at t = 0.73 s when the droplet has almost frozen at half. The
studied parameter is the volume (2D volume) of the remaining liquid part, which is where the
liquid mass fraction is more than or equal to 0.5. A second order polynomial is used to fit the data
points, and the result of this can be seen in Figure 1. The error from the tended value is presented
in Table 1. For the two coarsest grids a larger time step is used than for the remaining ones, this
was necessary in order to get a converged solution. However, when comparing three different
time steps for the coarsest grid the results differ with a maximum of 1.2 % (when the time step is
altered up to a factor of 10), which suggest that the result is independent of which time step is
used. Since the error is small no matter the grid size used the one containing approximately 38
000 nodes is chosen in the further investigations.

Grid size (no. nodes) Error %
542 6.0
2282 7.6

28982 4.3
37922 4.0
48062 4.2
71942 4.1

Table 1: The relative error for the liquid part of the droplet at t = 0.73 s using six different grids sizes.

The results from the simulations performed are presented next. At first, the full freezing
process of a water droplet is studied when buoyancy is applied in the model. In Figure 2 it can
be seen that the freezing front moves from bottom to top faster in the beginning of the freezing
process, and then it gradually slows down until the droplet is completely frozen. This is in
agreement with the performed experiments done by Enríquez et al. [2012], Jin et al. [2012] and
Jin et al. [2013]. Due to the fact that water expands upon solidification and since the droplet is
assumed not to change form, a build up in pressure inside the droplet is occurring during the
freezing process, as can be seen in Figure 3. This means that the model cannot predict the full
freezing process of a droplet. However, the pressure rise inside of the droplet does not seem
to be of great importance until the last couple of tenths of a second, implying that the model
is valid during most part of the freezing process. Consequently, the full freezing time for the
droplet cannot be decided exactly, but since the model is shown to be a good approximation
until the very last moments, it is approximated to be 3.2 s. This can be compared to the freezing
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(a) (b)

Figure 1: (a) The area of the liquid part after t = 0.73 s using six different grid sizes fitted using a second order
polynomial. (b) The chosen mesh containing approximately 38 000 nodes.

times 18 s, 14 s and 16 s, found by Enríquez et al. [2012], Jin et al. [2012] and Jin et al. [2013],
respectively. The reason for the disagreement in freezing time compared to the work mentioned
above is that some approximations have been made in this model. First, the numerical model
is made 2D. Second, an adiabatic no slip surface condition is assumed at the droplet surface,
which is not entirely physically correct since parameters like surface tension has been proven
important in other studies, i.e. Kawanami et al. [1997] and surrounding conditions may influence
the experimental results. Third, a temperature condition is chosen at the droplet bottom, which in
fact means infinite conduction from the plate. Note that the pressure scale in Figure 3 is adopted
for each time to better capture the pressure variations in the liquid region of the droplet.

The velocity and pressure distribution for the case with buoyancy at t = 1 s can be seen in
Figure 4. There are two spots with higher pressure to the right and left in the model and in the top
and the middle the pressure is lower. This suggests that an internal flow will take place moving at
different velocities depending on the pressure in the area, which in turn would explain the velocity
vortex created in Figure 4. The density of water is relatively sensitive to temperature around T
= 4 ◦C, which means that a noticeable volume change will occur in this area. Also since water
expands when it turns into ice the pressure will increase in the droplet when more ice is formed.
This pressure difference gives rise to an internal flow originating from the freezing front where the
temperature is lower in comparison to the remaining water as can be seen in Figure 4 representing
the case without buoyancy. Buoyancy turns out to be a more pronounced driving force for the
flow at the conditions studied than the flow driven by volume changes only, cf Figure 4-5. The
reason for the counter-clock wise flow can be explained by the great temperature difference inside
the droplet. The warmer water tends to flow to colder areas due to temperature gradients in the
liquid. Since the water is warmer closer to the apex than the freezing front, the flow tends to
flow from this area down to the freezing front. This give rise to an increase in pressure in the
colder area, and the water is driven back up again. Notice that these conclusions are drawn at t =
1 s, and further investigations need to be done for conclusions to be made for the full freezing
process. Although there are some numerical issues around the freezing front, the average velocity
in the liquid region differs with almost 74 % between the two cases, where the higher average
velocity can be found in Figure 4. This suggests that buoyancy does have a large impact on the

5



Influence of internal natural convection on water droplets freezing on cold surfaces

(a) (b) (c)

(d) (e)

Figure 2: The water mass fraction at different times when bottom surface temperature is T = −20 ◦C and buoyancy is
considered. (a) t = 0.48 s (b) t = 1 s (c) t = 1.5 s (d) t = 2 s (e) t = 3 s.

(a) (b) (c)

(d) (e)

Figure 3: Contour plots of the pressure distribution at different times when the bottom surface temperature is T =
−20 ◦C and buoyancy is considered. a) t = 0.48 s b) t = 1 s c) t = 1.5 s d) t = 2 s e) t = 3 s.
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(a) (b)

Figure 4: Buoyancy is considered, t = 1 s, bottom surface temperature T = −20 ◦C. (a): Velocity distribution and
velocity vectors. (b): Contour plot of pressure distribution.

internal natural convection in the droplet, which is in agreement with Kawanami et al. [1997].
Observe that since the region of interest is the liquid region inside of the droplet (not the freezing
front where the highest velocity and pressure is appearing locally due to numerical issues), the
velocity and pressure scale in Figure 4 and 5 is adopted to better fit this region. The bottom
surface temperature has a large impact on the freezing process of the droplet, which is visible in
Figure 6-8. In Figure 6 it can be seen that the overall temperature in the droplet is higher when
the bottom temperature is higher, but as the bottom surface temperature decreases the overall
temperature also decreases. The volume (2D volume) of the liquid part increases as the bottom
surface temperature increases as can be seen in Figure 7 and to the left in Figure 8 for t = 1 s. The
average velocity in the same region decreases as the bottom surface temperature increases, which
is visible to the right in Figure 8. As it should, the conclusion is that the droplet freezes faster if
the bottom surface temperature is lower. Notice, as for the velocity and pressure distribution in
Figure 4 and 5 the velocity scale in Figure 6 and 7 is adopted to better fit this region.
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(a) (b)

Figure 5: Buoyancy is not considered, t = 1 s, bottom surface temperature T = −20 ◦C. (a): Velocity distribution and
velocity vectors. (b): Contour plot of pressure distribution.

Figure 6: Contour plots of the temperature distribution at t = 1 s for three different bottom surface temperatures when
buoyancy is considered. (a) T = −5 ◦C. (b) T = −10 ◦C. (c) T = −20 ◦C.

Figure 7: Velocity distribution and velocity vectors at t = 1 s for three different bottom surface temperatures when
buoyancy is considered. (a) T = −5 ◦C. (b) T = −10 ◦C. (c) T = −20 ◦C.
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(a) (b)

Figure 8: Plots at t = 1 s. (a) Volume of liquid part as a function of bottom surface temperature. (b) Average velocity in
the liquid part as a function of bottom surface temperature.

5. Conclusions

Results show that the model created can predict the freezing process of a water droplet in a
satisfactory manner until the last couple of tenths of a second when the pressure build-up inside
gets too large due to the expansion of water upon solidification. The droplet freezes from the
bottom to the top, faster in the beginning of the freezing process while it slows down before it
freezes completely. This is in agreement with experiments conducted by other researchers. The
freezing time for the droplet does not agree with the conducted experiments, mainly due to the
assumptions made in the model. Simulations show that for the time t = 1 s, buoyancy does have a
large impact of the internal flow inside the droplet. Due to the volume expansion of water as it
turns into ice, the pressure rise inside the droplet will give rise to an internal flow. However, since
buoyancy is a more effective source for internal transport, the effect from the density difference is
not as apparent as for the non-buoyant case. To exemplify, the average velocity in the liquid region
differs with approximately 74 % between the two cases. It was furthermore shown that the overall
temperature in the droplet increases as well as the volume of the liquid part with an increase
in the bottom surface temperature. The average velocity decreases as the surface temperature
increases. For future work, the impact of the freezing front evolution on the internal flow in the
liquid part of the droplet needs to be investigated further. Also, the impact of surface tension on
the internal flow needs to be studied as well as using a mesh adaption technique to account for
the expansion of water upon solidification. Another interesting view would be to investigate how
forced convection influence the freezing process of the droplet.
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Abstract

The aim of this work is to create a CFD-model of a freezing water droplet, specifically focusing on the
impact of internal flow and fixed contact angle. Two cases are considered, 1) when only conduction is
present and 2) when conduction and natural convection is present. The simulations are validated with
previous research. The results show that there is good agreement between simulations and experiments
with respect to freezing time. For the conditions studied here, the effects of gravity don’t have to be
accounted for with respect to freezing time, but for the internal flow gravity is a determining factor.

1. Introduction

Problems associated with the build-up of ice, e.g. on wind turbines, airplane wings, and road,
calls for a better understanding of the freezing process for water droplets on cold surfaces.
Previous research has identified a number of factors important to the freezing process such as the
temperature of the cooling surface [1], the size of the droplet [2], the impact of free and forced
convection [3],[4], the roughness and wettability of a surface [5], the freezing on superhydrophobic
surfaces [6], internal heat transfer [7], [8] and internal flow [9].

Extant research is though still fragmented and there is a need for further research in this area,
especially for numerical models of the freezing process. While a wide range of studies have used
experimental methods to study the freezing process, e.g. [10], [11], [12] only a few have been
numerical. There are numerical models studying the heat transfer and phase change in the droplet,
e.g. Kavanami et al. [9] used a model considering both surface tension and the density maximum
at 4 ◦C and Chaudhary and Li, [13] considered a model to study the freezing process of water
droplets on surfaces with different wettability. Numerical models have also been proposed for
the geometrical phenomena that occur in the last stages of the freezing process, when a pointy
shape is appearing. Anderson, et al. [14] studied a freezing droplet using a model that was able
to reasonable capture the experimental solidified droplet as the cusp-like tip and inflexion point.
Marín et al. [15], Schetnikov, et al. [16] and Snoejier and Brunet [17] all proposed numerical
models to predict the angle of the conical tip and capture the volume expansion of the droplet.
While there are only few papers presented in the literature concerning the internal flow, these
have still managed to show the importance of the internal flow for the freezing process. Using a
numerical model based on the Landau method, Kavanami, et al. [9] found both surface tension
and the density maximum at 4 ◦C to importantly impact the internal flow.

In this paper the aim is to investigate if it is possible to use a fixed shape for the droplet instead
of a moving boundary as described by Marín et al. [15], Schetnikov, et al. [16] and Snoejier and
Brunet [17]. The benefit of using a fixed boundary instead of a moving boundary is a simpler
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Nomenclature

u velocity

cp specific heat

D diameter (m)

H static enthalpy

h heat transfer coefficient

k thermal conductivity

Kp permeability

p pressure

q heat flux

T temperature

t time

V volume

x mass fraction

μ dynamic viscosity

ρ density

Subscripts

a air

l liquid

re f reference

s solid

sur f surface

model where the focus is only on the transport of heat inside the droplet. The main concern is
to see whether it is possible to catch the main features of the freezing process even though the
model is not covering all aspects of the process, such as variation in contact angle. A number of
studies have experimentally shown how the contact angle has a strong influence on the water
droplet freezing time. For larger contact angles, less of the droplet is in contact with the cooling
surface thus decreasing the total heat transfer to the surface. This leads to a slowed down freezing
process and correspondingly a longer freezing time [18]. Experimentally, different contact angles
have been achieved using surfaces materials with different properties. Comparing a hydrophobic
surface to a plain copper surface, Liu, et al. [19] found that the water droplets placed on the
hydrophobic surfaces became smaller (i.e. larger contact angle and smaller contact area to the
surface) and remained in a liquid form longer than the droplets placed on the copper surface.
Similarly, using surfaces with different roughness to manipulate contact surface area, Hao, et al.
[5] found that the freezing time was dependent on the size of the contact area and the thermal
conductivity of the surface. A smaller contact area, i.e. a larger contact angle, resulted in a longer
freezing time.

To fulfil the aim, a numerical model of the freezing process is created and the internal flow is
studied. Three different contact angles 77 ◦, 84 ◦ and 90 ◦ are examined, while the volume is kept
constant. Two cases are considered, one where only conduction is present in the model, and one
where natural convection is also included in the model. The experimental work done by Jin, et al.
[4] is used to validate the numerical model.

2. Theory

The continuity, energy and momentum equations are given by

∂ρ

∂t
+∇ · (ρu) = 0 (1)
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∂(ρH)

∂t
+

∂p
∂t

∇ · (ρuH) = ∇ · (k∇T) + u · ∇p (2)

∂(ρu)

∂t
+∇ · (ρuu) = −∇p +∇ · (μ∇u) + S (3)

where the mixture density and viscosity are given as ρ = ρl + ρs and μ = xlμl + xsμs respectively.
The viscosity for the solid is introduced to handle the zero velocities in the solid zone. The liquid
and solid mass fractions, xl and xs follows the relationship xl + xs = 1. At T > 273 K, xl = 1 and at
T < 273 K, xl = 0. To determine the mass fraction of water at T = 273 K, the Lever rule is used

xl =
Hmix − Hs

Hl − Hs
(4)

The density is given by

ρ(T) = f (T) (5)

where f (T) is provided by Andersland and Ladanyi [20].

H is the static enthalpy given by [21] as

H = Hre f +
∫ T

Tre f

cpdT +
∫ p

pre f

1
ρ

[
1 +

T
ρ

(
∂ρ

∂T

)
p

]
dp (6)

The latent heat released in the freezing process is modelled as the difference in enthalpy between
water and ice. Here, the reference enthalpy for ice is 0 and the total reference enthalpy is then
given by Hre f = xl Hre f ,l . The reference values for temperature, pressure and enthalpy is Tre f = 273
K, pre f = 0 Pa and Hre f = 334 kJ/kg.

The source term in Eq. (3) is given by,

S =
μs

Kp
u + (ρ − ρre f )g (7)

where the first term is used to regulate the velocity in the droplet as it freezes (Kp is small in the
water and large in the ice) and the second term is used to model the buoyancy effect (ρre f = 990
kg/m3).

2.1. Boundary conditions

As a first assumption, it is assumed that no heat is exchanged with the surroundings. An adiabatic
boundary condition is thus used at the droplet surface, that is q = 0, where q is the heat flux.
Conduction inside the plate is omitted in this work; instead a fixed temperature is set as a heat
transfer condition at the bottom of the droplet. A no slip boundary condition is applied at the
droplet surface as well as the bottom of the droplet.
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3. Method

Three droplets with equal volumes but different contact angles are considered in this study. Each
droplet is cooled from below using three different temperatures and two set-ups regarding internal
transport of heat in the droplet is studied: 1) only conduction 2) conduction + natural convection.
Marangoni convection in thus disregarded in this work. The acquired results are processed to
investigate the influence of a fixed shape and contact angle on the freezing process of a droplet.

3.1. Geometry and grid generation

To find a fixed contact angle that is representative of the full freezing process a constant radius or
a constant volume can be chosen. Experimentally it has been shown that the contact surface do
not change with time during the freezing process [22], however if the volume changes between
the different contact angles the amount of water that need to be cooled during the simulations
will not be the same. The strategy of a fixed volume is therefore used in this work. The variation
of contact angle will thus increase the influence of surface area while the heat transfer from the
bottom is decreased.

The geometries investigated in the simulations are based on the experiments performed by
Jin, et al. [4] where the droplet has a volume of V = 9.32 μL, see Figure 1. For sufficiently small
droplets, the effect of gravity can be neglected and the droplet can be assumed (half) spherical.
Then, a relation between the droplet height, base radius and contact angle exist such that,

Figure 1: The geometry and the mesh of the droplet.

θ

2
= tan−1

( a
r

)
(8)

where θ is the contact angle, r is the base radius of the droplet and a is the height of the apex.
A relation between r and a can be found from the figures in the experiments by Jin, et al. [4]. For
three different times, t = 0, 6 and 12 s, a ≈ 0.80r, 0.86r and r respectively. From these relations, and
the volume of the droplet, the true values of the radius and apex height can be calculated using,

V =
πh
6
(3r2 + a2). (9)

The results from these calculations can be found in Table 1. Note that the true value of the
radius is found at t = 0. Both the geometries and the meshes are created using the software ICEM.
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Figure 2: The contact angles used in the simulations.

Due to symmetry reasons, the droplets are modelled as a slice of a hemisphere, which is one
element thick and extruded one degree. The meshes constructed are unstructured hexahedral
meshes using the O-grid method. The geometries can be found in Figure 2.

Time (s) Contact angle r (mm) a (mm)
0 77 ◦ 1.8284172 1.4627338
6 84 ◦ 1.7654062 1.5246690

12 90 ◦ 1.6448200 1.6448200

Table 1: Calculated values of the droplet geometry.

3.2. Simulation settings

The droplets are cooled from below using three temperatures, T = −11.2, −8.2 and −5.3 ◦C. At t =
0 there is only water in the model at a temperature of T = 21 ◦C, which has no initial velocity and
zero pressure. All temperatures set in the model are in accordance with the work by Jin, et al. [4].
The model does not account for a subcooled liquid. Due to low velocities, the freezing process is
considered laminar. A transient approach is considered here, where small time steps are required
to reach a converged solution. A second order advection scheme is used, by setting the specified
blend factor to 1.0. However, due to boundedness problems a high resolution scheme is used for
calculations of mass fraction and energy [21]. When using this scheme, the blend factor will vary
throughout the domain. This factor will be close to 1.0 (second order) in regions with low variable
gradients and close to 0.0 (first order) in regions where the gradients change rapidly to prevent
overshoots and undershoots and maintain robustness.

3.3. Numerical accuracy

Three types of errors are considered in this paper: discretization, iterative and modelling errors.
A grid independence study is performed based on four subsequent grid sizes to investigate the
discretization errors. The chosen key variable is the freezing time. Due to the similar geometries
it is considered to be sufficient to study only one of the contact angles and also, since at this
point only the numerical accuracy of the model is investigated, the study can be done on any of
the three contact angles. Here, the contact angle 90 ◦ is chosen. As can be seen in Table 2, the
difference in freezing time between the grids is small; therefore the one containing 5163 nodes
is used for further studies. This is due to a suitable balance of computer power and numerical
accuracy around the freezing front. A time step analysis is also performed, revealing a small
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difference (only a difference of 0.3 % if the time step 1e-05 s is used instead of 1e-04 s) between
time steps suggesting that the larger time step can be used (1e-04 s). The residual target is set to
RMS 1e-04, which is considered to be a sufficient convergence criterion in this case since the use
of a stricter do not give more accuracy in combination with computing time (only 0.3 % difference
in freezing time if the residual target is set to RMS 1e-05). This means that iterative errors are
investigated and not considered an issue here.

No. of nodes Freezing time (s) Extrapolated value Error (%)

26401 17.175 17.167 0.0466
11793 17.175 0.0466
5163 17.188 0.122
913 17.229 0.361

Table 2: Parameters of the grid study for the contact angle 90 ◦, cooling at T = −8.2 ◦C.

4. Results and Discussion

4.1. Model validation and comparison of contact angles

The freezing times for three different contact angles using three cooling temperatures can be seen
in Figure 3. For comparison, the experimental data from Jin, et al. [4] is also included in the figure.
A larger contact angle, i.e. smaller contact radius, gives a longer freezing time, which is also in
agreement with Huang, et al. [18]. No differences are observed in freezing time between the
two internal flow mechanisms. For the two lower cooling temperatures, the agreement between
experiments and simulations are quite good for all three contact angles with the best agreement for
the contact angle 84 ◦. Recall that the 77 ◦-droplet has the true value of the radius since this contact
angle was calculated at t = 0 s. This contact angle also has the largest radius of the cases simulated.
This means that the bottom area cooling the droplet is larger, resulting in a faster freezing time. At
the highest cooling temperature the difference is quite significant. Here, the 90 ◦-droplet has a far
better agreement with experiments than the other two droplets. This suggests it is important to
account for the increase in droplet volume due to the formation of ice and its effect in the internal
heat transfer. The surface area to the air is furthermore largest for the 90 ◦-droplet indicating that
the heat transfer to the surroundings might be more important for this contact angle. The heat
exchange between droplet and air does however not show a significant impact of the freezing time;
see Table 3 where the impact of the surrounding air was studied through a heat transfer coefficient
representing conduction at the droplet surface1. Compare these times to the experimental freezing
time, t = 28 s. The heat transfer coefficients used as well as the original freezing times are also
included in Table 3 for comparison.

1The method for finding the heat transfer coefficient and how it was implemented in the model can be found in
Appendix A.
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Figure 3: Data of the freezing times for three different bottom surface temperatures from experimental data [4] and
simulations.

Contact angle ( ◦) h (W/m2K) tadiabatic (s) th (s)
77 14 21 22
84 15 22 23
90 16 26 27

Table 3: The freezing times for the three contact angles when the cooling temperature is set to T = −5.3 ◦C using an
adiabatic and a heat transfer boundary condition respectively. The experimental freezing time was t = 28 s.

4.2. Model output

The ice fraction for the contact angle 90 ◦ at times t = 0, 4, 8, 12, 16 and 17.2 s can be seen in
Figure 4 (including natural convection, cooling at T = −8.2 ◦C). The ice is first formed in the
bottom of the droplet and then moves upward in a vertical direction. Figure 5 shows the fraction
of ice volume as function of time for the same contact angle as above; the ice forms faster in the
beginning of the process, then the formation gradually slows down until the droplet is completely
frozen. The droplet freezes in the same manner as in existing experiments suggesting that the
droplets with fixed contact angle and shape in the model behaves similar to real droplets. The ice
formation is faster in the beginning of the freezing process due to the fact that the surface cooling
the water is larger, but as more ice is formed a smaller area is cooling the ice resulting in a slower
ice formation. Also, the Stefan problem suggests that the release of latent heat at the freezing
front, the heat conduction through the ice and the small temperature gradients leads to smaller
growth velocities (less ice is formed) closer to the end of the process.

7



Numerical simulation of a freezing water droplet

(a) t = 0 s (b) t = 4 s (c) t = 8 s

(d) t = 12 s (e) t = 16 s (f) t = 17.2 s

Figure 4: The ice fraction in the droplet at times t = 0, 4, 8, 12, 16 and 17.2 s for the contact angle 90 ◦, cooling at T =
−8.2 ◦C.
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Figure 5: Variation of the volume fraction of ice in the droplet with respect to time for the contact angle 90 ◦, cooling at
T = −8.2 ◦C.

4.3. Internal flow investigation

Next, a comparison is made between conduction and conduction combined with natural convection
with respect to average velocity and temperature in the water. It can be seen there is no differences
in ice formation with respect to time between the two cases. For all contact angles at all cooling
temperatures the difference in average velocity in the water is the same during most part of the
freezing process, except in the beginning. When the temperature is around 2 − 4 ◦C the average
velocity in the water is as highest. This occurs at t = 3 s for the contact angles 77 ◦ and 84 ◦, and
at t = 3.5 s for the contact angle 90 ◦, for all cooling temperatures. The maximum velocities are
generated in the vicinity of the density maximum for water (4 ◦C), which suggests that the largest
effect of gravity on the internal flow is in this range of temperatures. This conclusion is also in
accordance with the work by Kavanami, et al. [9]. In Figures 6 and 7 examples of how the average
velocity and average temperature, respectively, is varying with time is presented for the contact
angle 90 ◦, cooling at T = −8.2 ◦C. It is quite similar during most part of the freezing process, but
in the temperature interval 2 − 4 ◦C the mixing is greater in the case when conduction is combined
with natural convection due to the higher velocities and circular motion during this time, which
results in a more uneven flow. This behaviour of the temperature can be seen for all contact angles
at all cooling temperatures. From Figure 6 it can be seen that the mixing is larger for both cases
in the beginning of the freezing process due to higher velocities. The velocities are high in the
water in the end as well, but at this point the surface cooling the remaining water is so small that
the higher velocities has little impact on the ice formation. This behaviour has also been shown
experimentally by Jin, et al. [4], Enriquez, et al. [10] and Snoeijer and Brunet [17]. The minor
difference between the two cases probably stems from the small differences in the beginning of the
simulation, however, the higher velocities in the case when natural convection is also accounted
for does not have a major impact on the freezing time. The average velocity is about 100 times
larger if natural convection is accounted for as compared to the case if only conduction is present,
for all cooling temperatures and contact angles.
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Figure 6: The average velocity in the water during the freezing process for the contact angle 90 ◦, cooling at T =
−8.2 ◦C.

Figure 7: The average temperature in the water during the freezing process for the contact angle 90 ◦, cooling at T =
−8.2 ◦C.
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Figure 8 shows the velocity contours and direction of flow for the cases conduction and
conduction combined with natural convection (for the contact angle 90 ◦, cooling at T = −8.2 ◦C
at t = 3.5 s). This is when the velocities are as highest during the freezing process and can be
found in the temperature interval 2 − 4 ◦C. For conduction (case 1), the flow is only driven by the
volume change that occurs as water turns to ice due to the density difference between the two
materials. This transformation occur at times close to t = 0 near to the bottom of the droplet and
later on close to the freezing front. This volume change pushes the water to the top of the droplet,
which gives rise to the flow shown in Figure 8b. For conduction combined with natural convection
(case 2), the flow is moving in a circular motion due to the large temperature differences inside
the droplet. The warmer water tends to flow to areas where there is colder water, in this case from
the top of the droplet down to the freezing front, which give rise to the flow seen in Figure 8d. It
is interesting to notice that this circular flow pattern is only visible in the temperature interval
2 − 4 ◦C, during other times the flow resembles more the flow in case 1. Even though the velocities
has not been verified experimentally it is reasonable that the gravity effects give more impact on
the internal flow than only the movement due to ice formation effects. The direction of flow in
Figure 8d can be compared to the flow in the work done by Kavanami, et al. [9]. In their work the
flow in the droplet is moving in a clockwise motion that is opposite direction compared to this
work. This suggests that other effects like Marangoni convection might play an import part for the
flow.

5. Conclusions

The impact of a fixed boundary on a water droplet freezing on a cold surface has been investigated
numerically in this work. Droplets with three different contact angles, but of equal volume,
have been chosen based on experimental data. The results show that it is possible to use a fixed
contact angle with respect to freezing time, although for higher cooling temperatures the increase
in contact angle and volume should be considered. There is no difference in freezing time if
only conduction from the surface is considered in the model compared to the case when both
conduction and natural convection is considered. When investigating the internal flow it can be
concluded that for all droplets the effects of gravity plays an important role for temperatures
close to 4 ◦C where the average velocity in the water is as highest. The results suggest that the
gravity effects do not have to be accounted for with respect to freezing time, but for the internal
flow natural convection should be included. Further studies of the internal flow mechanisms
including for example Marangoni convection are therefore recommended. The heat exchange with
the surrounding air should furthermore be thoroughly studied since this could be of importance
for higher cooling temperatures.
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(a) (b)

(c) (d)

Figure 8: The velocity contours and the direction of flow at time t = 3.5 s, when the average velocity is maximum
(the contact angle 90 ◦, cooling at T = −8.2 ◦C): (a) and (b) with only conduction; (c) and (d) with both
conduction and natural convection.
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A. Appendix A

A.1 Heat transfer coefficient

Assuming that there is heat exchanged with the surroundings, the heat flux can be calculated as

q = h(Tsur f − Ta) (10)

where Tsur f is temperature at the droplet surface and Ta = 21 ◦C is the air temperature. The heat
transfer coefficient, h can be determined from the Nusselt number

NuD = hD/k (11)

where the characteristic length D is the diameter of the droplet and k ≈ 26 W/mK [24]. For a
sphere the Nusselt number is given by [25] as

NuD = 2 + 0.6Re1/2
D Pr1/3 (12)

The Nusselt number given by Eq. 12 can be approximated to Nu ≈ 2.
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Abstract

The freezing process of water droplets is an area with many applications, for example in better
understanding the build up of ice on wind turbines, airplane wings and roads. The aim of this work is to
visualize the movement of the water and estimate the velocities inside a freezing droplet using Particle
Image Velocimetry. Three droplets of different sizes (8, 10 and 12 μL), freezing on two different cooling
surfaces (T = −7.0◦C and −11.4◦C) were studied. By using a velocity correction method by Kang, et al.
(2004) the image distortion due to the refraction of light at the droplet surface could be compensated for.
Due to the high amount of distortion close to the droplet surface it is difficult to obtain reliable velocity
information in this region. However, the velocities close to the centre of the droplet are recreated effectively
and an estimation of the velocities during the freezing process can be done. The results indicate that the
Marangoni effect has a large influence on the flow and clear vortices can be seen early in the freezing
process. Higher velocities can be found in the larger droplet compared to the other sizes and also when the
lower surface temperature is used compared to the higher surface temperature.

1. Introduction

The freezing process of water is an area with many applications, for example in better understand-
ing the build up of ice on wind turbines, airplane wings and roads. This motivates research in the
freezing of water droplets.

The overall freezing process of a water droplet has been visualized experimentally, e.g. [1],
[2] and [3] by using high speed cameras capturing the volume expansion of the droplet. They
studied the freezing time when the droplet was placed on a cold surface during different ambient
conditions. The volume expansion of the droplet results in a pointy tip and has been investigated
both experimentally and numerically, e.g. [3], [4], [5], [6], [7]. Anderson, et al. [4] studied a
freezing droplet using a model that was able to reasonable capture the experimental solidified
droplet as the cusp-like tip and inflexion point. Marín et al. [5], Schetnikov, et al. [6] and Snoeijer
and Brunet [7] proposed numerical models to predict the angle of the conical tip and capture the
volume expansion of the droplet.

By considering different surfaces interesting effects can be observed. For anti-icing purposes
a superhydrophobic surface can be used, e.g. [8], [9], [10]. For the interested reader, Oberli, et
al. [8] presented a review over the freezing of a water droplet on these surfaces and their use
in anti-icing applications. Other types of surfaces have also been considered, e.g. [9], [11], [12],
[13]. Hao et al. [11] studied the freezing delay time and freezing time of a stationary droplet on
surfaces with various roughness and wettability. They found that the surface roughness played an
important role in nucleation. Jin, et al. [14] used an inclined cold surface to investigate the effects
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of droplet size and surface temperature on the impact, freezing, and melting process of a water
droplet. Chaudhary, et al. [12] considered surfaces with different wettability that was subjected to
rapid cooling to study the freezing process. They saw that the freezing time was dependent on the
droplet temperature at the pre-recalescence time and the surface wettability. Huang, et al. [13]
investigated the impact of contact angle (created using hydrophobic surfaces) on a freezing water
droplet and saw that a larger contact angle gave a longer freezing time.

Kawanami, et al. [15] used a numerical model considering both surface tension and the
density maximum at 4 ◦C. The results were also validated with experiments. They found that
both natural and Marangoni convection played an important role for the internal flow. To the
authors knowledge this is the only paper considering the internal flow in a freezing water droplet
experimentally. This suggests that there is a need to study the impact of the internal flow on a
freezing water droplet.

Even though the internal flow during freezing of droplets seems to be a rather unexplored area,
some studies have been performed on evaporation of droplets. Jin [16] performed flow velocity
measurements within water droplets using PIV, at surfaces with temperatures ranging from
0 − 21.9 ◦C. He could clearly see the internal flow within the droplets and estimate the velocities
of the water. Other authors also studied the internal flow numerically and experimentally, e.g.
[17], [18], [19] with good results and additional work has been carried out on the effect from the
surrounding flow [20]. Hu and Larson [18] investigated how the Marangoni effect influences the
internal flow. Theoretically the Marangoni number is very high for a drying water droplet, but
they saw that experimentally the Marangoni number is 100 times lower than this, which resulted
in difficulties in seeing the effects of the Marangoni on the flow. This was corrected by using
clean interfaces, free of surfactants. An interesting question is therefore if it is possible to see the
Marangoni effect in freezing droplets or if the problem will be found here as well. Due to the
success in the visualization of the internal flow in droplets on heated surfaces, this motivates the
study of the internal flow inside a freezing water droplet. The experimental method chosen in
this work is Particle Image Velocimetry, PIV, which is a versatile nonintrusive, laser-based method,
used in many applications to study fluid motion. PIV has been proven to be a reliable method
when studying the internal flow in evaporating droplets [16]. The aim of this work is to visualize
the movement of the water and estimate the velocities inside the freezing droplet.

2. Method

Three droplets of different sizes (8 μL, 10 μL and 12 μL) were gently released on a cold surface
using a pipette. The cold surface was held at a two different temperatures, T = −7.0◦C ± 0.8◦C
and −11.4◦C ± 0.4◦C. The pipette was kept in place by an optical rail to make the release of the
droplet repeatable. The cooling surface was a 50.8 mm (2”) in diameter and 5 mm thick sapphire
glass placed on an aluminum holder. The bottom of the aluminum holder was in direct contact
to a Peltier cooler submerged in a box with cold circulating water (closed system, connected to
a tank with ice water) to cool the holder and in turn the sapphire plate. To guide the incoming
light directly underneath the droplet, a prism was placed in a central hole of the aluminium
holder and a channel in the holder allowed the light sheet to pass through to the droplet. A
plexiglass chamber was positioned around the sapphire glass to protect the experimental setup
from disturbances from surrounding airflows in the room. The laser and the camera were placed
at opposite sides of the experimental setup. A schematic figure of the setup can be seen in Figure
1.

The temperature of the air inside the plexiglass chamber and the temperature of the sapphire
plate were monitored by two thermocouples of T and K-type respectively. The water was seeded
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Figure 1: The experimental setup.

with fluorescent dye of Rhodamine B with a diameter of 3.5 μm. The amount of particles in
the water was based on the guidelines >6 particles per interrogation area. The images were
continuously evaluated until this recommendation could be fulfilled.

The laser was a continuous 50 mW 532 nm Nd:YAG (Altechna Co Ltd) which generated an
approximately 0.3 mm wide laser sheet and it was connected to a half wave-plate, a polarizing
beam splitter (cube) and a beam dump. These components were used to adjust how much light
was transmitted to the droplet. A cylinder lens assembly from Dantec Dynamics created and
focused the light, and a 12 mm-optical window placed on a rotation table was used to adjust the
position of the sheet to the center of the droplet. An iDS μEye camera with spatial resolution of
1280x1024 pixels and pixel size 5.3 μm together with a Navitar long distance microscope captured
images of the particles.

The measurements were performed with a frequency of 33 Hz and exposure time 2 ms during
the full freezing process (since a continuous laser was used, double images were not retrieved).
Depending on the size and the temperature of the surface, different recording times was required.

A known issue when working with PIV measurements on droplets on surfaces is that the
refraction of light at the droplet surface creates a problem when measuring the flow field inside the
droplet. A correction of this image distortion have to be made to obtain an accurate quantitative
analysis of the internal flow [21]. Kang et al. [21] developed a velocity correction method based on
the ray tracing method. This method is derived for an axisymmetric droplet and uses a mapping
function between the points on the imaging plane and the object plane. From this starting point,
the method can be divided in two directions; the image mapping method and the velocity mapping
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method. The first of the two uses the mapped particle images for obtaining the velocity vectors by
PIV. The second of the two instead uses the velocity vectors obtained from the original PIV images
to be directly mapped onto the object plane. In this work the image mapping method is used. For
more information about the velocity correction method, see [21].

The corrected images along with the original images were then processed in the GUI-based
open-source tool, PIVlab, for DPIV analyses in MATLAB [22]. A multi-pass correlation scheme
with decreasing window size and window off-set was used to calculate the particle displacements,
the interrogation window size was 64 x 64 pixels (first pass) decreasing to 32 x 32 pixels (second
pass) and finally 16 x 16 pixels (third pass) with adaptive window shift, all with an overlap of 50
%.

The standard FFT algorithm was used for the cross-correlation, with a three-point Gaussian
peak fit to estimate the sub-pixel displacement. After this correlation, a vector post-processing
was done by limiting the valid pixel displacement to 1/4 of the interrogation area (approximately
8 pixels), whenever it was necessary (for approximately half of the cases studied). A standard
deviation filter (threshold 7) and a local median filer (threshold 5) were also applied at this point.
The data was then exported as a .txt-file for further post-processing in Matlab.

3. Results and Discussion

3.1. The full freezing process

In Figure 2, contour plots displaying the velocity distribution and normalized vectors indicating
the direction of the flow is plotted with respect to time for the 12 μL-droplet when the cooling
surface is T = −11.4◦C. The final time, t = 19 s, is the freezing time for the droplet. The freezing
time for the droplet is based on the time from when the droplet hit the surface until the pointy tip
has appeared. Note that the velocity scales varies between Figures 2a-2c and Figures 2d-2h. In
these figures no correction has been done, here the only interest is to study the behavior of the
flow. In the beginning some disturbances from the deployment of the droplet can be seen (for
about 2 s). These disturbances were investigated for a droplet deployed on a room temperatured
surface and it was seen that this irregular movement stopped completely within 2 s. This suggests
that these disturbances should have little or no effect on the freezing process of the droplet. After
this period, vortices start to emerge on both sides of the centreline of the droplet moving along
the droplet surface down to the cooling surface. When the droplet has frozen to about half the
volume, these vortices start to decay and the flow is slowed down. After this point no vortices
can be seen and there is almost no flow in the remaining water. Note that, at the point when the
droplet has frozen to about half the volume, the laser sheet is spread due to the relatively large
formation of ice. However, since the movement in the water has stopped almost completely at this
point this should not influence the results considerably.

If following the theory regarding Marangoni convection, these vortices should be visible in the
flow due to the differences in surface tension arising from the large temperature differences at the
droplet surface. According to Kawanami, et al. [15] the effect of Marangoni convection has larger
effect on the flow than natural convection (gravity) and conduction from the cooling surface. The
temperature difference in the freezing water droplets is high, about 30◦C between the water and
the cooling surface. The surface tension for water in contact with air is increased with decreasing
temperature, which means that the water will be pulled to regions with higher surface tension.
For the case of a freezing droplet, this means that the water higher up in the droplet will be pulled
down towards the cooling surface (close to the droplet interface, due to the contact of air). The
water is then cooled down, and is pulled up again close to the centre of the droplet. A circular
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(a) t = 0 s (b) t = 2 s

(c) t = 4 s (d) t = 6 s

(e) t = 8 s (f) t = 12 s

(g) t = 16 s (h) t = 19 s

Figure 2: The velocity distribution with normalized vectors for the 12 μL-droplet during the full freezing process.
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motion is achieved in the inward direction along the surface on both sides of the centre of the
droplet. As long as this temperature difference is maintained, these kinds of vortices is seen. Since
the water is cooled down rather fast, the vortices are only noticeable during a few seconds in all
cases. Another important factor determining the flow is that as the droplet freezes, the viscosity in
the water increases hence this will make the movement of the particles to decrease. This can also
be seen if studying Figure 2e where the velocities start to drop in the end of the freezing period.

One difficulty detected when performing the experiments was that the droplets did not always
start to freeze directly when they came in contact with the surface, even though the temperature
on the surface was kept cold enough (T = −7.0◦C and −11.4◦C). It was found that the time that
the surface was kept at a specific temperature was an important factor for the droplet to freeze.
One possible reason for this could be that the sapphire glass was to clean (almost no roughness)
and a frosty coating (more roughness) had to be formed before the freezing could start. Since the
water did not freeze instantly, it probably got supercooled and stayed in a liquid form for a longer
time. This is however only speculation and the reason for this behaviour is unclear and needs to
be investigated further.

3.2. Comparison droplet with and without distortion correction

In Figures 3-5 droplets cooling at T = −11.4◦C, with and without distortion correction at t = 2 s
can be seen. Note that the velocity scales is different between Figures 3-5, but are kept the same
for each droplet size so that the images can be compared. The velocities are quite simliar between
the original droplet and the corrected droplet, for all sizes. Depending on the size of the droplet,
the freezing times are different and that is why the flow field have different appearances between
the different droplet sizes. In all three cases however, the characteristic vortices can be seen in
the top figures but are more difficult to detect in the bottom figures. It can be concluded that
the velocity correction method works well, but with som limitations. The downside of using the
velocity correction method is that the particle image correction does not work well close to the
surface of the droplet where the distortion is much larger than in the central region. The corrected
images were chosen to be cut so that 75 % of the original droplet remained. The reason for this
choice was that the particles outside this area were smeared out to a large extent, and to be certain
this would not affect the results this area was removed. The same choice was also made by Jin [16]
and Kang, et al. [21]. This is why the vortices are more difficult to detect in the bottom figures.
Since Marangoni is present the velocities should be higher close to the surface, and by using this
method this information is not retrievable at this point. Note that this information can be found in
the original images, even though it is not captured in the corrected images presented here. The
direction of flow is though still visible in the presented images and also a good estimation of the
velocities close to the centre of the droplet can be done. Another downside by using this method
is that it does not take in to account the volume change that occurs as water freezes. For this
method to work properly using a freezing droplet, a new estimation of the droplet shape has to be
done several times during the freezing process. Also, the pointy tip that appears at the end of the
freezing process makes it even more complicated (at this point however, the velocities are close
to zero or zero, and not much information can be retrieved from the flow field anyway). This is
possible, but can be time consuming depending on the method chosen to do this. In this work the
droplet shape is assumed to be the same during the full freezing process as it was at t = 0 s.
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Figure 3: The velocity distribution with normalized vectors for the 12 μL-droplet when the cooling surface is T =
−11.4◦C at t = 2 s. Top: without distortion correction. Bottom: with distortion correction.
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Figure 4: The velocity distribution with normalized vectors for the 10 μL-droplet when the cooling surface is T =
−11.4◦C at t = 2 s.Top: without distortion correction. Bottom: with distortion correction.
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Figure 5: The velocity distribution with normalized vectors for the 8 μL-droplet when the cooling surface is T =
−11.4◦C at t = 2 s. Top: without distortion correction. Bottom: with distortion correction.
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3.3. Velocities during the freezing process

In Figures 6-8 the mean velocities with respect to time for all cases during the full freezing process
can be seen. Note that for each case the time plotted is also the freezing time for the droplet.
Also, the mean velocities are taken for the whole droplet, the ice included, which could influence
the results compared to if only the water was studied. Here, the velocities are relatively high in
the beginning, this is probably due to the release of the droplet, not from the freezing itself as
mentioned in section 3.3. However, the flow settles rather quickly (in about a second) and from
this point it is safe to assume that the resulting flow is due to the freezing itself not due to the
impact on the surface. It should be noted that the results in Figures 6-8 are based on the corrected
images and therefore the volume change of the droplet is not captured. The plots covers, despite
this, the full freezing process of the droplet so that information about the total freezing times of
the droplets can be revealed.

Since the temperature differences is higher when the cooling temperature is T = −11.4◦C the
mixing of the water should be greater due to the Marangoni convection, that is the velocities
should be higher. When the cooling temperature is T = −7.0◦C, the temperature difference is
lower which should result in lower velocities. This is partly true for the droplets in the time
interval when the droplets has stabilized from impact and the vortices are present. For the 10
μL-droplet, the difference between surface temperatures are not as pronounced during the first
seconds, possibly due to impact instabilities.

For the cooling temperature T = −11.4◦C the velocity is quite high in the next few seconds
after the impact, and this is also at the point where there are vortices. The flow is then slowed
down gradually and eventually there is only ice in the droplet, hence the velocities should be zero
(or as in the figures, close to zero). For the cooling temperature T = −7.0◦C this behavior is not as
clear due to the reasoning above. When the vortices are present the velocities are higher for both
cooling temperatures. For the larger droplet, at the colder cooling temperature the velocities are
approximately 0.1-1.0 mm/s when the vortices are present. For the smaller droplets the velocities
are for the same period approximately 0.05-0.15 mm/s.

Figure 6: The mean velocities for the droplet size 12 μL when the cooling surface is T = −7.0◦C and −11.4◦C.
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Figure 7: The mean velocities for the droplet size 10 μL when the cooling surface is T = −7.0◦C and −11.4◦C.

Figure 8: The mean velocities for the droplet size 8 μL when the cooling surface is T = −7.0◦C and −11.4◦C.
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4. Conclusions

The movement and velocity of water in freezing water droplets were investigated experimentally
using Particle Image Velocimetry. Three droplets of different sizes (8, 10 and 12 μL) freezing on
two different cooling surfaces (T = −7.0 and −11.4◦C) were studied. By using a velocity correction
method called the image mapping method by Kang, et al. (2004), earlier used on evaporating
droplets, the refraction of light at the droplet surface could be compensated for. The results show
that after a couple of seconds into the freezing process, vortices due to Marangoni convection
appear in the water. The vortices then gradually decrease and when the droplet is frozen to about
half the volume there is almost no flow in the remaining water. If comparing the freezing droplet
with and without distortion correction, it can be seen that information about the velocities close
to surface is difficult to retrieve with this method. However, the method used can capture the
flow in 75 % of the droplet (the centre of the droplet) and estimate the velocities in this area
in a satisfactory way leading to valuable conclusions about the flow and the velocities of the
water. A colder cooling temperature gives larger temperature differences, leading to larger mixing
which results in higher velocities. The freezing time will therefore be faster for a droplet freezing
on a colder cooling surface than for a warmer. The velocities in the 12 μL-droplet is estimated
to approximately 0.1-1.0 mm/s when the vortices are present (when the velocities is highest
during the freezing process) and approximately 0.05-0.15 mm/s for the 8 and 10 μL-droplets. One
difficulty detected when performing the experiments was that the droplets did not always start to
freeze directly when they came in contact with the surface, even though the temperature on the
surface was kept cold enough (T = −7.0◦C and −11.4◦C) for a long time. Therefore, more studies
need to be performed to find the physical reason behind this. The droplets used in this work are
rather large due to deployment issues of the droplets on the surface. This means that gravity is a
large factor in the shape of these droplets. If smaller droplets are used (<2.7 mm, or <4.1 μL if a
contact angle of 90◦ is assumed), the gravity effects could be ignored. More experiments should
therefore be performed in order to investigate the effects of freezing on smaller droplets. The
mean velocities for the 10 μL-droplet should also be further investigated.
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