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Abstract

The aim of this work has been to study the internal flow in freezing water
droplets on a cold surface and to investigate the different heat transfer mecha-
nisms involved. This is an interesting topic with a great number of applications,
specifically in areas where the prevention of unwanted icing is important, e.g.
in the case of airplane wings and propellers, wind turbine rotor blades, and
roads surfaces. For comparison and to increase the understanding of different
mechanisms that are of importance, evaporating droplets are also considered
in one of the studies presented.

Combining experimental and numerical methods, this study uses Computa-
tional Fluid Dynamics (CFD) to build a model of the freezing process and
Particle Image Velocimetry (PIV) to facilitate a better understanding of the
freezing process. For the numerical part of the study, a model of a droplet with
a rigid boundary was created where only the interior was of interest and dif-
ferent boundary conditions on the droplet surfaces were used to induce a flow
inside the droplet. The heat transfer mechanisms studied were conduction, nat-
ural convection and Marangoni convection. For comparison, an experimental
method was developed to visualize the movement of the water and to estimate
the velocities inside the droplet. In order to compensate for the refraction at
the droplet surface a velocity correction method was applied. The internal
flow in freezing droplets was also compared to the internal flow in evaporating
droplets.

The results show that there is a good agreement between the experiments and
simulations regarding the freezing time. This time is dependent on the size
of the droplet, contact angle to the surface, the surface contact area and the
temperature of the cooling surface (i.e. conduction), and is less dependent on
the heat transfer mechanisms: natural convection and Marangoni convection.
The freezing front appearance in the droplet during the simulations is found to
correspond well with the experiments when only conduction and natural con-
vection is considered in the model and when Marangoni is reduced 100 times in
the droplet. The evolution of the freezing front in the droplet is however similar
in all simulation models compared to the experimental result. This suggests
that the phase change between water and ice (the freezing) is caused by pure
heat conduction from the cooling surface. The direction of the flow and the
velocity of the water are highly dependent on the heat transfer mechanisms,
where the latter is more difficult to capture in the numerical model. In the ex-
perimental work it was concluded that the internal flow was not affected by the
release of the droplet because of the high viscosity in the water as the droplet
freezes. It was also found that the flow is controlled by Marangoni convection
for a short time period in the beginning of the freezing process. After this,
natural convection instead dominates the flow. When including only conduc-
tion and natural convection in the numerical model it can be seen that the
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gravity effects are most pronounced around the density maximum for water (at
T = 4 ◦C). When introducing Marangoni convection in the model the highest
velocities are seen in the beginning of the freezing process when the tempera-
ture gradients are largest at the curved surface. It was found that neither only
natural convection nor only Marangoni convection could in itself describe the
flow seen in the experimental work. In previous research it has been shown
that Marangoni convection is reduced approximately 100 times in the real wa-
ter droplets compared to theory. This condition yields the best correspondence
between numerical results and experimental results also in this study, although
there are still differences that have to be investigated further. For evaporat-
ing droplets, the Marangoni convection might be a contributing factor for the
initial flow in the droplet, but this could not be concluded. After a few sec-
onds, a shift in the flow is detected and the natural convection effects become
dominant. The velocities inside the water droplet increases with increasing
temperature of the heated surface, but the largest velocities within the droplet
are found when the temperature of the cooling surface is below zero and then
the velocities are increasing with decreasing temperature. It was also shown
that the velocities along the symmetry line in the droplet are independent of
small variations in geometry.

The main conclusion is that it is possible to work with a simplified CFD model
and still capture the main flow features and freezing characteristics in freezing
water droplets. In the future it would be interesting to further develop the
CFD model for even better correspondence with the experimental work and to
unravel the differences between theory and real droplets.
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1
Introduction

The conditions in cold climates can be both harsh and challenging for people,
industries and technical products located in these areas. A typical problem is
icing on, for example, roads, airplane wings and wind turbines that often re-
quires expensive maintenance and icing might even cause severe damages and
fatal accidents. There are many effective icing prevention methods to avoid
these types of problems available today, but there are still a lot that is un-
known about the ice itself. A variety of studies have investigated the different
aspects of the freezing process of a water droplet but there is still insufficient
research concerning the internal flow within the droplets. In this work the in-
ternal flow within freezing water droplets has been studied both numerically
and experimentally using Computational Fluid Dynamics (CFD) and Particle
Image Velocimetry (PIV) respectively. For comparison, due to the extensive
knowledge concerning evaporating droplets available in literature, experiments
on heated droplets were performed to further study the internal flow in water
droplets.

In this chapter different types of icing on aircrafts and wind turbines are pre-
sented as well as problems and solutions in connection to their icing mitigation
systems. Furthermore, a short discussion about the current status in litera-
ture of freezing droplets is presented and finally, the aim of this thesis and the
research questions that have guided this work are outlined.

1.1 Icing and the problems associated with it

Icing is very complex and usually a combination of different types of ice is found
in nature. Before discussing the problems associated with icing on aircrafts and
wind turbines, an introduction to the different types of ice is presented.
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CHAPTER 1. INTRODUCTION

1.1.1 Icing types

Icing on surfaces can be categorized into three types: in-cloud or in-flight (for
aircrafts), precipitation and frost (1; 2).

In-cloud icing occurs as supercooled water droplets hits a surface below 0°C
and freeze directly on impact. Because of the size of the droplets, they do not
freeze in the air and their temperature can be as low as -30°C. The accretions
have different sizes, shapes and properties, which depend on the number of
droplets in the air and their size, the temperature, the wind speed, the duration
etc. These accretions comes in different appearances: soft rime, hard rime,
glaze and cloudy or mixed ice. Soft rime is ice with needles and flakes. These
appears when it is very cold, when the temperature is well below 0°C and the
number and sizes of droplets are small. Soft rime have low density and little
adhesion. Hard rime is formed when the number of droplets and the droplets
sizes are higher (than for soft rime). This will cause accretions with higher
density resulting in ice that is more difficult to remove. Glaze occur when a
part of the droplet does not freeze upon impact, it runs away on the surface
and freezes later. This ice has a strong density and adhesion, and is often
connected to precipitation. This type of ice is often transparent or translucent.
Larger droplets and a slower freezing process will give a more transparent ice;
sometimes it is so smooth and translucent that it is almost invisible. Finally,
cloudy or mixed ice is a mix of rime and glaze ice. This is the most commonly
ice type encountered in nature. It can take many different forms depending on
the size and numbers of the supercooled droplets.

Precipitation is usually snow or rain. The accretion rate can be much higher
than in-cloud, it can also cause more damage. Freezing rain often occurs dur-
ing inversion when rain is falling on surfaces that have a temperature below
0°C. The density of the ice and the adhesion are very high for this type of
phenomenon. Typically these droplets are very large, with diameters greater
than 0.05 mm. Wet snow is formed on a surface when snow falls on it that is
slightly liquid and the air temperature is between 0°C and -3°C. Immediately
after impact it is easy to remove, but as it freezes it can be very difficult.

Frost is created when water vapour freezes on a cold surface, usually during
low winds. The adhesion of the frost may be strong (1; 2).

1.1.2 Icing on aircrafts

Icing on aircrafts can be created in two ways: in-flight (i.e. in-cloud) or on
the ground. Icing on the ground is mainly caused by precipitation as discussed
above, where on airplanes this is formed on the upper surfaces of the wing and
tail. This is often removed by de-icing the plane with glycol at the airport just
before take-off. For airplanes, icing can lead to reduced performance; loss of lift,
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1.2. FREEZING OF WATER DROPLETS

changed controllability and therefore, it can lead to stall and a loss of control
of the aircraft, which of course is catastrophic. Also, icing on the airframe can
alter the aerodynamic properties of the airplane, block pitot tubes and static
vents that could result in for example errors in readings of instrument and ice
shedding from the airplane during flight that could be hazardous if it reaches
the ground below. During flight, there are mechanical, electrical or thermal
anti-icing systems installed to prevent ice to form on the aircraft, e.g. blow hot
air or mechanically break the ice from the aircraft (2; 3)

1.1.3 Icing on wind turbines

Icing on wind turbines often leads to measurement errors. This can cause prob-
lems in the assessment phase since ice accretion on sensors can lead to incorrect
values when retrieving data for analysis. The ice can alter the aerodynamic
properties of the wind turbine blade and this can lead to power losses or even
overproduction. This is because sensors may not work properly and since the
blade may no longer have an optimal shape for power extraction. Icing will also
increase the load on the blades and on the power structure, which can cause
mechanical failures of the wind turbine. If snow finds the way into sensitive
areas it can lead to electrical failure. A large hazard in connection to icing is
if ice falls off the rotor blades during operation. The ice may be thrown off in
high speeds and can travel a large distance, which could cause huge damages
in the surroundings of the wind turbine. The anti-icing and de-icing strategies
can be divided into two parts: passive and active. Passive methods use the
properties of the blade to eliminate or prevent ice, while active methods use
external systems that are thermal, chemical or pneumatic and require energy
(from the wind turbine) to operate (1).

1.2 Freezing of water droplets

Today there are effective icing prevention methods available, but icing is still
a big problem for airplanes and wind turbines. More research is therefore
still required. One step in improving already existing anti-icing and de-icing
methods and develop new ones is to back a few steps and start with a single
freezing water droplet.

In practical terms it has been shown that factors important for the freezing
process of a water droplet include the temperature of the cooling surface (4),
the size of the droplet (5), the impact of free and forced convection (6; 7),
the roughness and wettability of the cooling surface (8), the freezing on super-
hydrophobic surfaces (9; 10; 11), the effect of an inclined surface (12; 13; 14),
internal heat transfer (15; 16), contact angle (17; 18; 19) and internal flow (20).
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CHAPTER 1. INTRODUCTION

As seen above, several papers have been published investigating the different
aspects of the freezing process experimentally, while the numerical studies are
relatively rare partly due to the many mechanisms involved. The freezing front
evolution has been investigated using different approaches (21; 22). Chaudhary
and Li (23) modelled the freezing process of water droplets on surfaces with
different wettability using an enthalpy-based heat conduction equation to give
insight into the heat transfer during the freezing process. Also, analytical
and numerical investigations have been performed to study the conical tip
appearing in the end of the freezing process (24; 25; 26; 27; 28). Other authors
have considered the effects of a supercooled droplet, e.g. (10; 11; 29; 30; 31).
Except the work in this study, to the authors best knowledge only one author
has considered the inner flow within a freezing water droplet, i.e. Kawanami
et, al. (20). Thus, more research studying this aspect of the freezing process is
required. Due to the complex nature of the flow within droplets, a wide range of
temperatures, from freezing temperatures to heating temperatures, have to be
taken into account in order to increase the understanding of the flow behavior.
Since extensive research has been done on the internal flow within evaporating
droplets, e.g. (32; 33; 34; 35; 36; 37) this can be beneficial to consider when
studying freezing droplets. Therefore a comparative study of the internal flow
within freezing and evaporating droplets has also been performed in this work
to investigate similarities and important differences.

1.3 Objective of this thesis

In this work, the freezing process of a water droplet has been modeled using
Computational Fluid Dynamics (CFD), which is a powerful tool when working
with fluid dynamic problems in combination with heat transfer phenomena.
Due to the limited amount of experimental data in the literature, a method
to study the internal flow within a freezing water droplet was also developed.
For comparison, experiments on heated droplets were performed to further
study the internal flow in water droplets. The main objective of this thesis has
therefore been to visualize and investigate the internal flow within a freezing
water droplet. The main research questions have been:

• Is it possible to model the freezing process of a water droplet in terms of
freezing time, phase change and internal flow?

• Can the internal flow within the freezing water droplet be revealed and
the velocities be estimated during experiments?

• How does the heat transfer mechanisms: conduction from the cooling
surface, internal natural convection and Marangoni convection, affect the
flow within the freezing droplets? Are one of them more dominant or do
all of them participate in establishing and maintaining the flow?

6



2
Heat and mass transfer in droplets

When the freezing process of a water droplet on a cold surface begins, it freezes
in a vertical direction, i.e. from bottom to top. In the beginning, the ice
formation is faster due to a combination of a larger surface area cooling the
water in the droplet and to the faster mixing of the water and therefore higher
velocities. These higher velocities are in turn due to the temperature differences
between the water, air and cooling surface. Later, as more ice is formed, the
surface area cooling the water is smaller due to the ice and the temperature
differences are evened out resulting in a slower ice formation. In the end of the
freezing process a conical tip is appearing, which is due to a combination of
that water expanding as it freezes and the confinement of surface tension (24;
25; 26; 27; 28). An interesting aspect of the freezing process is how different
heat transfer mechanisms affect the internal flow within the droplet. In this
chapter the main heat transfer mechanisms involved in the freezing process are
outlined and discussed. For freezing water droplets, three main heat transfer
mechanisms are involved in the internal flow and these are conduction from
the surface, thermo-gravitational convection (internal natural convection) and
Marangoni convection. It is assumed that the water droplets are not affected
by radiation and it is therefore omitted in this work.

2.1 Conduction

Conduction, or diffusion, is heat transfer across a medium (solid or fluid) when
a temperature gradient exists. The Fourier equation can be used to quantify
the heat conduction and is given by

q′′ = −kdT
dx

�� ��2.1

where q′′ is the heat flux, dT/dx is the temperature gradient and k is the
thermal conductivity specific for the surface material used (38).
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CHAPTER 2. HEAT AND MASS TRANSFER IN DROPLETS

2.2 Convection

Convection from a surface to a moving fluid when they are held at different
temperatures, can be quantified as

q′′ = h(Ts − T∞)
�� ��2.2

known as Newton’s law of cooling (38). Here, q” is the convective heat flux,
TS and T∞ are the surface and fluid temperatures respectively and h is the
convection heat transfer coefficient which is dependent on the conditions in
the boundary layer. Convective heat transfer can be divided into two types
depending on the nature of the flow, namely forced and natural (free) convec-
tion. The forced convection is caused by external means, such as by a fan, a
pump or atmospheric winds. No types of forced convection is considered in
this work and is therefore omitted from now on. The origin for convection
in droplets can either be thermal or capillary, i.e. thermo-gravitational con-
vection, thermo-capillary convection and/or thermo-solutal convection. In this
thesis the thermo-gravitational convection implies internal natural convection
(39).

2.2.1 Natural convection

Natural convection is due to buoyancy forces caused by density differences
resulting from temperature differences in the fluid (38). The buoyancy forces
are caused by both a fluid density gradient and a body force proportional to
density. This body force is almost every time caused by gravity and this is
also the case for water droplets. The most common way for a body source
to arise in a fluid is due to a temperature gradient. The density of gases and
liquids depends on temperature, which is usually decreasing with increasing
temperature. To understand how natural convection work when the density
gradient is due to a temperature gradient and the body force is due to gravity,
Figure 2.1 can be considered. One large horizontal plate is positioned above
another large horizontal plate and in-between there is a fluid. To the left in
Figure 2.1 the temperature of the lower plate is higher than the plate above,
and the density is decreasing in the direction of the gravitational force. If the
temperature differences go above a critical value the conditions are considered
unstable and buoyancy forces can overcome the retarding influence of viscous
forces. This particular flow pattern seen to the left in Figure 2.1 originates from
that the gravitational force on the fluid with higher density in the upper layers
exceeds the force acting on the fluid in the lower layers with lower density. The
heavier fluid in the top will move down and get warmer in the process and
the lighter fluid will move up and get cooler as it moves upwards. In the right
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2.2. CONVECTION

part of Figure 2.1, the temperatures of the plates are reversed and the density
is no longer decreasing in the direction of the gravitational force. This means
that the conditions are stable and there is no bulk motion. In the left part of
Figure 2.1 the heat transfer occurs from bottom to top and is due to natural
convection and in the right part of Figure 2.1 the heat transfer occurs from top
to bottom and is due to conduction.

Figure 2.1: The conditions in a fluid between two large horizontal plates held
at different temperatures. Left: unstable conditions, heat transfer by natural

convection. Right: stable conditions, heat transfer by conduction.

2.2.2 Surface tension and Marangoni convection

In a liquid the molecules are drawn to each other due to the cohesive forces.
This means that the molecules in the liquid have zero net force except those
at the surface, which do not have molecules at all sides. The surface molecules
are therefore drawn into the liquid, which means that the internal pressure
increases and the result is that the liquid minimizes its area. This effect is
known as surface tension. More generally this can be expressed as; surface
tension is the amount of energy required to increase the area of the surface one
unit (40) or the force required to make a molecule move from the inside of the
liquid to the surface (39). The surface tension, σ is given by Brutin (39)

σ = σ0 − γ(T − T0)
�� ��2.3

γ = − ∂σ
∂T

�� ��2.4

and is dependent on the nature of the liquid and temperature and pressure
conditions.

The Marangoni effect or Marangoni convection is introduced at the interface
as a consequence of surface tension resulting in a flow caused either by changes
in concentration or by a temperature gradient, where the latter is the case

9



CHAPTER 2. HEAT AND MASS TRANSFER IN DROPLETS

Figure 2.2: Two types of flows caused by a temperature gradient in a droplet.
Left: gravitational flow (natural convection flow) caused by variations in

density. Right: capillary flow caused by surface tension variations.

for droplets. An example of the Marangoni effects are the ”tears of wine”
that arise in a glass of wine with high alcohol content. In the glass, the wine
climbs the walls due to capillary action and during this rise, evaporation occurs.
Since wine is a combination of water and alcohol, and alcohol has lower surface
tension than water, it evaporates faster and changes the surface tension. This
change in surface tension draws the wine to the side of the glass and forms
droplets that will fall as soon as gravity overcomes the capillary forces. Since
the surface tension is highly dependent on temperature this will give rise to a
temperature gradient at the interface and that in turn gives rise to a tangential
stress. This will make the fluid flow from warmer areas with low surface tension,
to colder areas with higher surface tension. Since the tangential stress at the
interface of the droplet to the surroundings is zero, the viscous friction at the
interface compensates the stress due to surface tension at the droplet interface.
In practice this means that the surface flow will diffuse inside the droplet. In
Figure 2.2 (right) the flow that arise to conserve mass through a vertical plane
from the interface to the substrate can be seen. Here the lower layers of fluid
will have velocities that are opposite of those in the upper layer. Another
flow pattern can be seen in Figure 2.2 (left) and is known as internal natural
convection flow caused by the buoyancy forces and (in case of evaporation)
evaporation-induced outward flow. This flow is very complicated and is caused
by all the phenomena mentioned above working together and opposite each
other. Internal natural convection raise the fluid in the warm area and thermo-
capillary flow pushes the fluid down in the cold area.

2.2.3 Non-dimensional numbers

To decide whether the internal natural convection flow is dominant or not, a
critical value for the capillary length, Lc can be calculated as

Lc =

√
σLV

g(ρL − ρV )
,

�� ��2.5
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2.2. CONVECTION

where ρL is the density of the liquid, ρv is the density of the vapor and g is
the gravitational constant. If the droplet size is more than twice this value the
internal natural convection flow predominate, otherwise the thermo-capillary
flow occurs. In connection to the flow in droplets the dynamic Bond number,
Bd can be calculated as

Bd =
Ra

Ma
=

βgρ

− dσ
dT

,
�� ��2.6

where Ma is the Marangoni number and Ra is the Rayleigh number and these
are calculated as

Ma =
− dσ

dT ∆TL

µα

�� ��2.7

and

Ra =
βg∆TL3

να
.

�� ��2.8

Here, β is the thermal expansion coefficient, L is the characteristic length, α
is the thermal diffusivity, ν is the kinematic viscosity and µ is the dynamic
viscosity. The Ma-number is connected to the Marangoni flow and the Ra-
number is connected to the natural convection flow. If Bd >> 1, it indicates
that the flow is relatively unaffected by Marangoni convection and if Bd <<
1, it indicates that Marangoni convection dominates flow (41).

The Marangoni effect can be ignored when the Ma-number is less than 80-100
(42), (43). The theoretical Ma-number for water is high, both for evaporating
and freezing water droplets, however the Marangoni convection is not seen
easily in evaporating droplets and in freezing droplets it is only seen during the
first seconds of freezing. This has been explained by surfactant contaminants
(15), (42), (44). Xu and Luo (32) showed that even though this is partially true,
the surface tension and the surface temperature change nonmonotonously along
the liquid surface due to a stagnation point at the droplet surface. Kita et al.
(34) induced a Marangoni flow in pure water drops by creating a temperature
gradient on the drop using infrared thermography. They found that in order
to initiate a Marangoni flow as two simliar vortices a temperature gradient
along the liquid-air interface of about 2.5 ◦C was necessary and to maintain
these vortices a temperature gradient of about 1.5 ◦C was required. The main
consensus is that Marangoni convection is small for water droplets (44), (45),
but can be induced (34).
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3
Numerical simulations

A powerful tool to solve fluid dynamic problems is Computational Fluid Dy-
namics (CFD) where a model of the problem is used to get an approximate
solution. In this work the hybrid Finite Volume/Finite Element CFD software
ANSYS CFX was used to solve the governing equations. In short, a computa-
tional domain is chosen and divided in to smaller elements or cells, which are
called control volumes. In each of these control volumes discretized versions
of the governing equations are solved and the output are flow field variables
such as velocity and pressure. From these variables global properties of the
flow fields such as pressure drop and forces can be calculated. The output is
then a full picture of the flow field (46).

3.1 Governing equations in Fluid Dynamics

The governing equations of Newtonian fluid flow are given by the continuity
equation and the energy and momentum equations as

∂ρ

∂t
+∇ · (ρu) = 0

�� ��3.1

∂(ρH)

∂t
+
∂p

∂t
∇ · (ρuH) = ∇ · (k∇T ) + u · ∇p

�� ��3.2

∂(ρu)

∂t
+∇ · (ρuu) = −∇p+∇ · (µ∇u).

�� ��3.3

where ρ is the fluid density, u is the velocity components, H is the enthalpy, p
is the fluid pressure, k is the thermal conductivity, T is the fluid temperature, µ
is the dynamic viscosity and where the momentum equations are known as the

13



CHAPTER 3. NUMERICAL SIMULATIONS

Navier-Stokes equations. Eq. 3.1 states that the mass of a fluid is conserved;
Eq. 3.2 sums up Newton’s second law where the rate of change of momentum
equals the sum of the forces on a fluid particle and Eq. 3.3 states that the rate
change of energy is equal to the rate of heat addition to plus the rate of work
done on a fluid particle which is known as the first law of thermodynamics.

3.2 The freezing process

In CFX the two states of the water (liquid and solid) are considered a mul-
ticomponent fluid, which means that resulting fluids properties are calculated
from the constituent components (47). The liquid and solid fractions, water
and ice or xl and xs follows the relationship

xl + xs = 1.
�� ��3.4

At the water/ice temperature 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
.

�� ��3.5

The relationship 3.4 can be used when calculating for example the mixture
viscosity as µ = xlµl + xsµs. Note that the specific heat, specific volume
and the conductivity also follow the aforementioned correlation. The energy
equation, Eq. 3.2 is given in terms of static enthalpy, as (48)

H = Href +

∫ T

Tref

cpdT +

∫ p

pref

1

ρ

[
1 +

T

ρ

(
∂ρ

∂T

)
p

]
dp.

�� ��3.6

The density is given by ρ(T ) = f(T ), where f(T ) is provided by Andersland
et al. (49). 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 Href = xlHref,l. The
reference values for temperature, pressure and enthalpy are Tref = 273 K, pref
= 0 Pa and Href = 334 kJ/kg.

To model the solidification process of water to ice, the enthalpy method is
used see e.g. (50; 51). This method is a common approach when solving
diffusion phase change problems since the heat conditions at the phase change
(at the interface between the two materials) do not have to be satisfied, but
the condition that the velocities in the liquid as it turns to solid is zero has to
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3.2. THE FREEZING PROCESS

be fulfilled (50). In this work this is achieved by adding a momentum source
as a force per unit volume acting on the materials as (48)

S = − µs
Kp

u
�� ��3.7

where Kp is the permeability. Kp approaches 1 when there is water and ap-
proaches 0 when there is ice. This means that there is a large ”resistance” in
the system when there is ice resulting in zero velocities and when there is only
water, there is no ”resistance” resulting in unchanged velocities.

To the source term in Eq. 3.7 an expression to model the buoyancy effect is
added, resulting in the new expression

S =
µs
Kp

u + (ρ− ρref )g
�� ��3.8

where ρref = 990 kg/m3 and g is gravity.

To model Marangoni convection or surface tension, a shear stress can be applied
at the curved surface as a boundary condition. In all other cases the boundary
condition at the curved surface is set as a no slip wall (the shear stress is zero),
i.e. the fluid closest to the walls attains the velocity of the wall, which is zero
by default (47) The shear stress at the droplet interface between water and air
is given by

τ =
∂σ

∂T
OsT

�� ��3.9

where dσ/dT is the surface tension gradient with respect to temperature, and
OsT is the surface gradient. A correlation for surface tension is given by Var-
gaftik et al. (52) as

σ = B

[
Tc − T
Tc

]µ [
1 + b

(
Tc − T
Tc

)] �� ��3.10

where B = 235.8×10−3 N/m, b = -0.625, Tc = 647.15 K and µ = 1.256.

For water the surface tension is increasing with decreasing temperature. How-
ever, when the water freezes the effects from the surface tension is no longer
present (52).
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CHAPTER 3. NUMERICAL SIMULATIONS

3.3 Numerical error sources

When performing CFD simulations there will always be errors introduced in
programming of the code to solve the problem, setting up the boundary con-
ditions or in the numerical solutions (53). Great care needs to be taken so
that the approximate solutions to the physical problem at hand are as close to
the real solutions as possible. The numerical errors can be mainly divided into
three types: modelling errors, discretization errors and iteration errors.

3.3.1 Modelling errors

The modelling errors are defined as the difference between the true flow and the
exact solution of the mathematical problem (53). Since the simulation is only
a model of the real world there will always be differences, or errors between
the true value and the simulation. This means that the need for experimental
validation to determine things like boundary conditions, initial conditions or
geometry is crucial to minimize the modelling errors.

3.3.2 Discretization errors

The discretization errors arise when the governing equations are discretized
to be able to solve a fluid flow problem. To minimize these types of errors
efforts need to be spent on the design of the grid of the computational domain.
This can be done by a systematic refinement of the grids to find monotone
convergence of a selected extrapolated value. One of the simplest ways of
estimating the discretization errors is to use Richardson’s extrapolation with
at least three consecutive grid sizes. If the error reduction is known and the
two finest grids are fine enough the method is considered accurate. However, in
complicated cases as for example two-phase flow (as in this work) this method
will be difficult to use. An alternative approach to a grid independent solution
is to achieve monotonic convergence for a variable significant for the problem,
and to ensure that the difference of the value between two consecutive grids
decreases with refinement (53).

3.3.3 Iteration errors

The iteration errors are defined as the difference between the exact and it-
erative solutions of the discretized equations (53). When working with these
types of errors it is important to find a convergence criterion to see whether the
equations have been solved correctly. An important measure of convergence is
the residual, which is a measure of the local imbalance of each control volume
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equation (47). ANSYS CFX provides two means to monitor how well the so-
lution has converged, namely RMS and Max residuals. The RMS residuals
are simply the root-mean-square normalized residuals throughout the domain,
while the Max residuals are a measure of the maximum normal residual in the
domain (typically 10 times higher than the RMS residuals) (47; 54). Further-
more, it is recommended to control the iteration error by using target variables
or monitor points. These points should be positioned at strategic locations and
be relevant for the set-up at hand.
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4
Experimental work

Particle Image Velocimetry (PIV) was chosen as the experimental method since
it has been proven to work well for evaporating droplets (12). Micro PIV was
not chosen due to practical reasons. In this project the main interest is to get
a good view of the symmetry line (i.e. a vertical plane in the droplet), but
with micro PIV the direct output would have been a horizontal plane of the
droplet and adjustments had to be made to the equipment to get the desired
output. If instead using PIV and the experimental set-up used in this work,
adjustments could more easily be done.

4.1 Particle image velocimetry (PIV)

PIV is an optical experimental measurement technique used for flow visualiza-
tion to obtain indirect, instantaneous velocity measurements and other prop-
erties related to the flow (55). This method is non-intrusive and the main
components are light (usually a laser), camera, tracer particles and an evalu-
ation software. In PIV, tracer particles are added to the flow and these are
illuminated at minimum two times within a short time interval with a thin
laser sheet. The particles located in the sheet scatter light, which is recorded
either on a single frame or on a sequence of frames. The output images are a
scatter of points and in order to be able to analyze the images these are divided
in smaller areas called ”interrogation areas”. Each interrogation area is then
evaluated using statistical methods, i.e. auto and cross-correlation to find the
displacement between the particles. Since the time between the laser pulses is
known a vector field can be found.

4.2 Droplet distortion correction

A typical problem when working with PIV in droplets is that the refraction of
light at the droplet surface gives an image distortion. This can be illustrated
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CHAPTER 4. EXPERIMENTAL WORK

by studying Figure 4.1 where there is a strong upward flow in the centre of the
droplet and a almost no downward flow closer to the droplet surface. If only
considering the velocity vectors, the continuity equation is not fulfilled within
this plane. The droplet acts as a lens, which gives rise to an image distortion
that have to be accounted for before analyzing the images. Kang et al. (56)
and Minor et al. (57) introduced a correction method that corrects the veloc-
ity field in the droplet to enable analysis. This method is based on the ray
tracing method, which uses a mapping function between the points on the im-
age plane and the object plane (light sheet) on an axisymmetric droplet. The
correction method is furthermore divided into sub-methods called the image
mapping method and the velocity mapping method. The first of the two uses
the mapped particle images to obtain the velocity vectors of the PIV process.
In the other method, no image restoration is required since, as the name of the
method implies, the velocity vectors obtained from the original particle images
by PIV are directly mapped onto the object plane. The velocity mapping is
recommended and is therefore used in this work.

In the correction method, the shape of the droplet surface is described with
a parametric curve that needs to be determined for each droplet (and ideally
each time as the droplet shape changes during evaporation/freezing). Edge
detection is used to find the droplet surface in the each image. A least squares
fit is then used on the data from the edge detection to find appropriate values
for the parameters of the model curve. If this method is used, the centre region
is well restored and provides accurate flow images of this region, but it does
not work well in the outer region (at least 75 % of the droplet is restored when
working with water). This means that there will be an area close to the edge
that will be difficult to restore and capture because of total internal reflection
(56). An example of the raw data of a droplet freezing including the paramet-
ric curve determined in the edge detection as well as a corrected image of the
droplet after the velocity correction method is applied, is seen in Figure 4.1.
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(a) The raw data
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(b) The corrected image

Figure 4.1: Internal flow patterns from of a droplet freezing at t = 1 s,
including the parametric curve determined by the edge detection. Note that

for the corrected data image, additional improvements has been performed on
the data besides applying the velocity correction method.
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4.2. DROPLET DISTORTION CORRECTION

To give a practical example on how the method works, see Figure 4.2. If
applying a hemispherical lens (as the one shown in Figure 4.2 (a)) to a mesh
the results becomes a distorted image as the one seen in 4.2 (b). This distorted
mesh region corresponds to the vertical cross-sectional plane of a droplet (i.e.
the location of the light sheet in the present work). The hemispherical lens
magnifies the centre region about 1.5 times with a moderate distortion and the
edge region becomes significantly distorted. When the correction method is
applied to the image, the result can be seen in Figure 4.2 (c) (56).

Figure 4.2: Figure 7. A hemispherical lens and its image distortion. (a)
Hemispherical Plexiglas lens; (b) original image; (c) restored image.

Reprinted from Kang et al. (2004) with permission from IOP Publishing, Ltd.
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4.2.1 The velocity mapping method

In principle the correction is based on Snell’s law of refraction according to

ndsinψd = na sinψa,
�� ��4.1

see Figure 4.3. In this equation, na and nd represent the refractive indices of
the air surrounding the droplet and the fluid inside the droplet, respectively,
while ψa and ψd denote the angles of the incident rays and transmitting rays.

Figure 4.3: Tracing of a ray normally incident to the object plane. Reprinted
from Kang et al. (2004) with permission from IOP Publishing, Ltd.

The geometrical relationship between the point Pi on the image plane and the
point Po on the object plane (see Figure 4.4) for an axisymmetric droplet is
derived. This is done by introducing (x, y, z) Cartesian coordinate system and
a (r, θ, φ) spherical coordinate system, having its the origin at the centre of the
base circle of the droplet (see Figure 4.4) Note that the unit vectors in the x,
y and z directions are denoted by i, j and k and the ones in the r, θ and φ
directions are represented with er, eθ and eφ respectively.

To describe the shape of the droplet in focus, a function F (r, θ) is introduced
in the following form

F (r, θ) = r − ζ(θ) = 0
�� ��4.2

where ζ(θ) is a shape function that can be represented as

ζ(θ) = R+

N∑
k=1

bk cos kθ ∼= R+ b cos θ.
�� ��4.3

This function is now approximated with ζ(θ) = R+b cos θ, neglecting the higher
order terms. To derive the constants R and b a digitized image of the droplet
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4.2. DROPLET DISTORTION CORRECTION

Figure 4.4: Coordinate system and the vector relationship at the surface of
the droplet. Reprinted from Kang et al. (2004) with permission from IOP

Publishing, Ltd.

is created as follows. A point P ′i is defined as the projected point of Pi onto

the object plane. The vectors
−−→
OP ′i ,

−−→
OPs,

−−→
OPo are then written as

−−→
OP ′i = xii + yij,

�� ��4.4

−−→
OPs = xsi + ysj + zsk,

�� ��4.5

−−→
OPo = xoi + yoj.

�� ��4.6

Since xs = xi and ys = yi, and Ps is located on the surface of the droplet, the
unknown zs may, for suitable xi and yi be derived from Eqs. 4.2 and 4.3 as

rs = R+ b cos θs = R+
bys
rs
,

�� ��4.7

where rs =(x2s + y2s + z2s)1/2. The equations above yield that

rs =
R+

√
R2 + 4bys
2

,
�� ��4.8
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and

zs =
√
r2s − x2s − y2s .

�� ��4.9

By setting A ≡
−−→
PiPs and B ≡

−−−→
PsPo the vector A may, in both cartesian and

the spherical coordinate systems, be written as

A = −k = − sin θs cosφser − cos θs cosφseθ + sinφseφ,
�� ��4.10

where

cos θs =
ys
rs
,

�� ��4.11

sin θs =

√
x2s + z2s
rs

,
�� ��4.12

cosφs =
zs√

x2s + z2s
,

�� ��4.13

sinφs =
xs√
x2s + z2s

.
�� ��4.14

The vectors A, B and N are located on the same plane S, where N is the
outward unit normal vector pointing from the surface of the droplet. Using the
expression for the droplet shape function, Eq. 4.3, N takes the form

N =
∇F
|∇F |

�� ��4.15

where

∇F =
∂F

∂r
er +

1

r

∂F

∂θ
eθ = er +

b sin θ

r
eθ

�� ��4.16

and

|∇F | =
√
r2 + b2 sin2 θ

r
.

�� ��4.17

Thus

N =
r√

r2 + b2 sin2 θ
er +

b sin θ√
r2 + b2 sin2 θ

eθ,
�� ��4.18
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4.2. DROPLET DISTORTION CORRECTION

which in Cartesian coordinates becomes

N =
r + b cos θ√
r2 + b2 sin2 θ

sin θ sinφi+
r cos θ − b sin2 θ√
r2 + b2 sin2 θ

j+
r + b cos θ√
r2 + b2 sin2 θ

sin θ cosφk.�� ��4.19

The unit vector normal to the plane S may be written as D = N × A, while
a vector C being directed parallel to the plane S and normal to the vector A,
may be expressed as (see Figure 4.4)

B = A +C = A+ tan(ψa −ψd)ec = A+ tan(ψa −ψd)
(N×A)×A

|(N×A)×A|
.
�� ��4.20

Let Ni, Nj and Nk denote the scalar values of the i-, j- and k-components of
4.19 respectively, then

ec =
(N×A)×A

|(N×A)×A|
=

−Ni√
N2
i +N2

j

i +
−Nj√
N2
i +N2

j

j.
�� ��4.21

Thus,

B =
−tan(ψa − ψd)Ni√

N2
i +N2

j

i +
−tan(ψa − ψd)Nj√

N2
j +N2

j

j + k.
�� ��4.22

The common factor between the i and j terms of Eq. 4.22, after substitution
of Ni, Nj and Nk and some simplification, is defined as

fM =
1

(r + b cos θ)2 sin2 θ sin2 φ+ (r cos θ − b2 sin2 θ)2
.

�� ��4.23

Thus,

B = −fM tan(ψa−ψd)(r+b cos θ) sin θ sinφi−fM tan(ψa−ψd)(r cos θ−b sin2 θ)j+k.�� ��4.24

Lines in the B-direction that penetrates through the points Ps and Po can be
expressed as

x− xs
Bx

=
y − ys
By

=
z − zs
Bz

,
�� ��4.25
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where Bx, Bx and Bz are the vector components of the vector B in the Carte-
sian coordinate system. The coordinate of the intersecting point between the
line and the plane z = 0 (i.e., Po) becomes

xo = xs −
zsBx
Bz

= xi − zsfM tan(ψa − ψd)(rs − b cos θs) sin θs sinφs,
�� ��4.26

yo = ys −
zsBy
Bz

= yi − zsfM tan(ψa − ψd)(rs cos θs + b sin2 θs).
�� ��4.27

4.3 Experimental error sources

Two types of uncertainties that are introduced during measurements are sys-
tematic (or bias) errors and random errors. The systematic errors usually arise
from the measuring instruments and the random errors arise due to unknown
and unpredictable changes in the experiments (58). To avoid, or at least to
minimize the systematic errors, careful planning and execution of experiments
are crucial since the systematic errors always forces the results in the same
direction and can therefore be difficult to detect.

In this work the experimental measurement technique has been PIV and the
overall measurement accuracy depends on the whole work, i.e. all the way from
the recording process to the methods of evaluation (55). Wieneke (59) summa-
rizes the errors in three main categories: image acquisition, velocity estimation
and flow physics. For image acquisition, errors can be found in the flow field,
physical system, tracer particles, illumination and imaging; for velocity esti-
mation, errors can be found in the image analysis and data validation; and
for flow physics the error can be found in the data reduction. Note that both
systematic and random errors can be found in these three categories.

To estimate the random errors a repeatability test can be performed. Ideally an
infinite number of samples resulting from an infinite number of measurements,
called a parent distribution, would be considered, but this it never the case
due to limitations in time and resources. This is why a sample distribution is
used, which is based on a finite number of measurements taken from the parent
distribution. By using a confidence interval of 95 %, the random error (E) of
the mean values can be calculated using E = t·s, where t is the t-distribution
for the given confidence level and the number of degrees of freedom, ν (ν =
N − 1, where N is the number of samples) and s is the standard deviation of
the sample data (58).
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5
Method

Numerical simulations were performed in Paper A, Paper B and Paper E
and experiments were performed in Paper C and Paper D. The simulations
were performed using the hybrid Finite Volume/Finite Element CFD software
ANSYS CFX 15 and 19.5 and the experiments using Particle Image Velocime-
try (PIV). The numerical simulations in Paper B were validated with the
work by Jin et al. (7) and the simulations in Paper E were compared to the
experimental results in Paper C and D.

5.1 Numerical method

The geometries in Paper A, Paper B and Paper E were not allowed to
change shape during the simulations to keep the numerical model as simple as
possible. This was to ensure that right amount of water was cooled during the
simulations. The volume of the droplets are Vd = 2.09 µL, 9.32 µL and 10 µL
respectively and can be seen in Figure 5.1(a).

If the droplets are sufficiently small the effect of gravity can be neglected and
the relationship between the droplet height a, surface radius r and contact
angle θ is found to be

θ

2
= tan−1

(a
r

)
.

�� ��5.1

Experimentally it has been shown that the surface contact area, A, does not
change with time during the freezing process (60). Instead the total volume,
Vd of the droplet will increase due to the specific volume of the ice, resulting
in an increased contact angle and droplet height. Note that, if the volume
is kept constant there will be a violation of the continuity equation since as
the droplet freezes the volume of the droplet will increase due to the density
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Figure 5.1: The geometry and boundary conditions used in Paper A, Paper
B and Paper E.

differences between the two phases (about 8 %). However, since the main
interest is the internal flow inside the droplet due to temperature and density
differences (gravity), and it has been shown that most of the action is occurring
in the beginning of the freezing process, the volume change will not interfere
significantly with the simulations. This was also shown in Paper A, where
the pressure build-up inside the droplet was not pronounced until the very
end of the freezing process. In Paper A, the droplet geometry was kept at a
radius, r = 1 mm and a height, h = 1 mm and in Paper E, the droplet size
was r = 1.68 mm and h = 1.68 mm. In Paper B one step of the work was
to investigate the influence of droplet height, surface radius and contact angle
on the freezing process, three representative contact angles was approximated
from the experiments by Jin et al. (7). For times, t = 0, 6 and 12 s, h ≈ 0.80r,
0.86r and r was retrieved, which corresponds to the contact angles θ = 77, 84
and 90 ◦. The droplet height, surface radius and contact angle were calculated
based on the attained ratio following the expression,

Vd =
πh

6
(3r2 + a2).

�� ��5.2

where Vd is the volume of the droplet. The true value of the droplet radius
is that for the time t = 0 since the contact area to the cooling surface do not
change with time. The resulting numbers for the droplet geometries in Paper
B is found in Table 5.1.

All the geometries and the corresponding meshes in the papers were made
using the software ICEM. In Paper A the droplet is a modeled as a 2D-
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Table 5.1: The values for the droplet geometries in Paper B.

t (s) Contact angle, θ ( ◦) Radius, r (mm) Height, h (mm)

0 77 1.83 1.46
6 84 1.77 1.52
12 90 1.64 1.64

droplet that is extruded one element in thickness, with the left corner in origo
and a symmetry plane to the left. Technically this is of course a 3D-model,
but the software treats this as a 2D shape. In Paper B and Paper E the
droplets are instead modeled as a slice of a hemisphere since this is more like a
real droplet, which are extruded one and five degrees respectively. The meshes
constructed are structured (Paper A) as well as unstructured (Paper B and
Paper E) hexahedral meshes using the O-grid method. They were built to
fulfill the quality criterions given by the software to reduce the discretization
error. Due to low velocities and the small scale, the flow during the freezing
process is considered laminar. A transient approach is considered here and
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 (47). When using this scheme, the blend factor will
vary through-out 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. The boundary conditions used and the heat transfer
mechanisms included in each paper can be found in Figure 5.1 and Table 5.2.

5.2 Experimental method

In Paper C and Paper D experiments were performed on freezing and evap-
orating droplets. The droplets were gently deposited on a sapphire plate (alu-
minium oxide, Al2O3) using a pipette. The plate was placed on top of an
aluminum holder that was cooled or heated depending on what type of exper-
iment was performed using a Peltier element. The Peltier element was in turn
submerged in a box with either warm or cold circulating water also depending
on the experiment performed. The laser was positioned on the right side of
the set-up and the laser light was guided underneath the droplet using a prism
that was put inside a hole centered inside the aluminium holder. A tunnel
inside the holder allowed the light to pass through the droplet. To protect the
experiments interferences a PMMA (plexiglass) chamber was put around the
set-up. In order for the laser and camera to have a clear way to the droplet,
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Table 5.2: The values of the droplet geometries, the boundary conditions
(BC) used and heat transfer mechanisms (HTM) included in Paper A,

Paper B and Paper E. Here, NC = Natural convection and MC =
Marangoni convection.

Paper A Paper B Paper E
Radius (r),
height (h) &
volume (Vd)

1 mm, 1 mm
& 2.09 µL

See Table 5.1
& 9.32 µL

1.68 mm,1.68 mm & 10 µL

BC at curved
surface (τ , qw)

No slip, adi-
abatic

No slip, adi-
abatic

Case 1: Shear Stress

Case 2: 0.1·Shear Stress
Case 3: 0.01·Shear Stress
Case 4: No slip
All cases: adiabatic

BC at plate
(Tplate)

-5, -10 and -
20 ◦C

-5.3, -8.2 and
-11.2 ◦C

-8.0 and -12 ◦C

HTM involved
Conduction,
NC

Conduction,
NC

Conduction, NC and MC

two holes were made on each side of the chamber. A hygrometer was mounted
on the backside and a hole on top of the chamber was made to allow the pipette
to release the droplet. Before each experiment the sapphire plate was cleaned
using Propanol (C3H7OH), deionized (DI) water and lens paper to make sure
no remains from previous experiments were left. A schematic diagram of the
experimental setup can be seen in Figure 5.2.

Figure 5.2: Schematic diagram of the experimental setup.

A hygrometer was used to monitor the temperature of the air and humidity
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inside the PMMA chamber and the temperature of the sapphire plate was
measured using a thermocouple of K-type. The laser was a continuous 50
mW 532 nm Nd:YAG (Altechna Co Ltd) connected to a half wave-plate, a
polarizing beam splitter (cube) and a beam dump. These components were
used to adjust the amount of light transmitted through the droplet. A cylinder
lens assembly from Dantec Dynamics created and focused the light sheet to
a thickness of < 0.4 mm. A 12 mm thick window placed on a rotation table
was used to fine tune the position of the sheet to the center of the droplet (up
and down to be able to adjust the light sheet to move sideways in the droplet),
see Figure 5.2. The motivation for guiding the laser light from underneath the
droplet was the advantage of the plane surface reducing the light scatter. This
arrangement also allows a good view of the symmetry line of the droplet. For
the freezing set-up a CMOS camera (IDS µEye) with a spatial resolution of
1280 x 1024 pixels and pixel size 5.3 x 5.3 µm2 together with a Navitar long
distance microscope captured images of the particles. For the heating set-up a
similar CMOS camera (IDS UI-3140CP-M-GL Rev.2) was used with the same
spatial resolution and microscope mounted, but with pixel size 4.8 x 4.8 µm2.
The height from which the droplets were released was measured to be 2.1 mm
and the velocity as the droplet hit the surface was calculated to be 52 mm/s for
the heating experiments and 3.9 mm and 77 mm/s respectively for the freezing
experiments. More details about the experimental set-ups can be found in
Paper C and Paper D. The images were processed in the GUI-based open-
source tool, PIVlab, for digital particle image velocimetry (DPIV) analyses in
MATLAB (61) and the result was then exported to MATLAB. To account for
the distortion at the droplet surface, a velocity mapping method suggested by
Kang et al.(56) (see Section 4.2) is applied on the data. A raw image of a
freezing droplet captured in the experimental work in Paper C can be found
in Figure 5.3.

Figure 5.3: Raw image of a freezing droplet from the experimental work in
Paper C.

In Paper C, the experimental data was based on 10 droplets with a volume,
Vd = 10 µL, freezing when Tplate = -8.0 ◦C and can be found in Table 5.3.
In Paper D, six evaporating droplets and two freezing droplets with Vd = 10
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Table 5.3: Values of the droplet geometries.

Case
Droplet
height (mm)

Droplet
radius (mm)

Contact area at
surface (mm2)

1 1.42 1.71 9.15
2 1.50 2.01 12.7
3 1.56 1.83 10.5
4 1.59 2.00 12.6
5 1.59 1.67 8.76
6 1.65 1.83 10.5
7 1.92 1.58 7.81
8 1.92 1.53 7.39
9 1.93 1.52 7.26
10 2.16 1.09 3.75

µL were used in the analysis of the data, seen in Table 5.4. The evaporating
droplets were heated when Tplate = 40, 50 and 60 ◦C and the freezing droplets
were cooled when Tplate = -8.0 and -12.0 ◦C respectively. Note that the case
Tplate = -8.0 ◦C in Paper D corresponds to case 1 in Paper C. All data of the
droplets geometries, in both the evaporating and freezing experiments, were
retrieved at t = 1 s.

Table 5.4: Values of the geometry of the evaporating and freezing droplets.

Case (Tplate-temperature)
Droplet
height
(mm)

Droplet
radius
(mm)

Contact area at
surface (mm2)

Evaporation:

40 ◦C: case 1 1.37 1.88 11.1
40 ◦C: case 2 1.43 1.86 10.9
50 ◦C: case 1 1.45 1.86 10.9
50 ◦C: case 2 1.47 1.84 10.6
60 ◦C: case 1 1.48 1.92 11.6
60 ◦C: case 2 1.45 1.85 10.7

Freezing:

-8 ◦C 1.42 1.71 9.15
-12 ◦C 1.78 1.56 7.65
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5.2.1 Frost formation

It was found during the initial freezing experiments that frost was required on
the cooling surface to initiate the freezing process within the droplets, otherwise
they remained in liquid form after they reached the surface. The sapphire plate
is very smooth, which means that some kind of roughness has to be added to the
surface in order to start the nucleation within the droplet. The frost was added
since it is almost always present when working with freezing temperatures due
to the relative humidity in the air, creating a realistic environment for the
experiments. To create the frost, pressurized air was led through a container
filled with water into the PMMA chamber surrounding the experimental set-
up. A regulator was used to adjust the flow rate of the incoming air and as the
air passed the water container it was humidified and the environment inside
the chamber was monitored to be able to make a similar frost layer in each
freezing.
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6
Results and discussion

In this section the main findings of this work will be presented.

6.1 Pressure distribution in the droplet

Early in the simulation work it was found that even though the continuity
condition is not fulfilled, the pressure build up in the droplet due to the rigid
boundary conditions and the expansion of water as it turns to ice is not sig-
nificant until the very end of the freezing process, see Figure 6.1. Here, the
contour plots of the pressure distribution at t = 1-3 s, when natural convection
is included in the model and the temperature of the cooling surface, Tplate =
-20 ◦C. Since only up to 25 % of the freezing process is studied qualitatively,
the pressure build up and the unfulfilled continuity equation is regarded to not
be an issue.

6.2 Velocity and temperature distribution in the
droplet

Experiments yielded that when a droplet impacts a surface at room tempera-
ture, all movement due to the release of the droplet from the pipette is stopped
completely within a fraction of a second because of the high viscosity of the
water. This is positive since then it can be concluded that the internal flow
within the droplet during the freezing process is not affected by the release of
the droplet.

Depending on which type of heat transfer mechanism is included in the simu-
lation model, different types of temperature and velocity profiles are achieved.
When only conduction from the cooling surface is included, seen in Figure 6.2,
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(a) t = 0.48 s (15 %) (b) t = 1.0 s (31 %) (c) t = 1.5 s (47 %)

(d) t = 2.0 s (63 %) (e) t = 3.0 s (94 %)

Figure 6.1: Contour plots of the pressure distribution at t = 1-3 s when the
temperature of the cooling surface, Tplate = -20 ◦C and natural convection is
considered in the model. The times in percent of the full freezing process is

also included in the figures.
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6.2. VELOCITY AND TEMPERATURE DISTRIBUTION IN THE
DROPLET

Figure 6.2: The velocity contours and the direction of flow at time t = 3.5 s,
when the average velocity is maximum for θ = 90 ◦ and Tplate = −8.2 ◦C

when internal natural convection is excluded.

the velocity contours and the direction of flow at time t = 3.5 s, when the
average velocity is maximum for θ = 90 ◦ and Tplate = −8.2 ◦C, the flow is
driven by the volume change that occurs as water turns to ice due to the den-
sity differences between the two materials. This give rise to a pressure gradient
in the direction from the ice to the top of the droplet, which results in a flow of
water in this direction. For the case when natural convection is also included
in the model the flow gets somewhat more complex, the velocity distribution
and direction of flow when t = 1-5 s is seen in Figure 6.3. At first, the flow
resembles the flow seen for when only conduction is included in the model, but
at t = 1.5 s a vortex start to emerge and at t = 2 s and forward, a vortex is
seen in the axisymmetric droplet. This flow is caused by the large temperature
differences inside the droplet and this will force the warmer water at the top
of the droplet down along the symmetry line and up along the curved surface.
In Figure 6.4 the temperature distribution for this case is shown and here the
uneven temperature distribution seen at especially t = 3 s can be connected
to when the vortex is seen in the droplet. This will cause a larger mixing in
the droplet and therefore initially a more uneven temperature distribution. If
comparing the average temperature for the two cases when only conduction is
included in the model to when natural convection is also included in the model,
shown in Figure 6.5, it is found that the differences are small and these are seen
when the vortex is present for the case including natural convection in Figure
6.4.

For the three cases where surface tension is included in the model, presented
in Table 5.2, here exemplified for when surface tension is included in the model
in Figure 6.6, the highest velocities are found very close to the curved surface
in the beginning of freezing. This is expected since the shear stress boundary
condition that is applied at the curved surface will induce a flow along this
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 6.3: The velocity profiles when only including conduction and natural
convection for Tplate = -8.0◦C, at t = 0.5-5 s.

(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 6.4: The temperature profiles when only including conduction and
natural convection for Tplate = -8.0◦C, at t = 0.5-5 s.
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Figure 6.5: The average temperature, T̄w in the water during the freezing
process for θ = 90 ◦ and Tplate = −8.2 ◦C. The solid (green) line is simulations

excluding internal natural convection, the dashed (blue) line is simulations
including internal natural convection. Note that the dashed (blue) line is

partly covered by the solid (green) line.

surface down to the freezing front as long as the temperature difference is high
(in this work, initially this temperature difference is up to about 30 ◦C), i.e.
a vortex moving in an opposite direction than in the case where only conduc-
tion and natural convection is included in the model. The surface tension for
water in contact with air increase with decreasing temperature, which means
that the water will be pulled to regions with higher surface tension (hence low
temperature). For the case of a freezing droplet, this means that the water
located higher up in the droplet will be pulled down along the curved surface
towards the cooling surface and then move up again close to the center of the
droplet. For when full surface tension is included in the model, initially (at t
= 0.5-1.5 s) two vortices are seen because of a large temperature gradient at
the curved surface close to the cooling surface. This gradient creates a vortex
moving in a clockwise direction, as seen in Figure 6.6 (a), which in turn drives
a larger vortex moving in the opposite direction. In between these vortices,
cold water is transported upwards in the droplet and then down again closer to
the center of the droplet. Initially, this temperature gradient causes an uneven
temperature distribution seen in Figure 6.7. After this initial time period, the
temperature gradient is reduced in size and the result is an even temperature
distribution, i.e. an ordered pattern (lines) in the droplet. In Figure 6.6 (f),
at t = 7.3 s, a shift in flow direction is seen. The times for the shift in flow
direction for the other cases where surface tension is included in the model can
be found in Table 6.1, see also Paper E. When the temperature and velocities
are reduced in the droplet, the effect from surface tension is in its turn reduced
and gravity effects (or natural convection effects) takes over resulting in a shift
in direction of the flow. For the case when the surface tension is reduced 10
times, a shift in direction is not as clear as for the other cases. Instead an
instability occur at t = 4.6 s, and after a while, the flow starts to move in the
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Table 6.1: The freezing times and the time for the shift in flow direction for
the cases: Full surface tension (σ), 10 times reduced σ, 100 times reduced σ,

only including conduction and natural convection (NC) when the cooling
surface temperature, Tplate = -8.0 ◦C. The case for full σ when Tplate =
-12.0 ◦C and the experiments by Karlsson et al. (2019) is also included.

Case
Plate temper-
ature, Tplate

Freezing
time

Shift in flow
direction (% of
freezing time)

Full surface tension (σ) -8.0 ◦C 18.1 s 7.3 s (40 %)
10 times reduced σ -8.0 ◦C 18.5 s unclear
100 times reduced σ -8.0 ◦C 18.8 s 3.8 s (20 %)
Only conduction and natu-
ral convection (NC)

-8.0 ◦C 19.2 s no turn

Full σ -12.0◦C 12.3 s 5.0

Experiments in Paper C -8.0◦C 16.0 s 2.4 s (15 %)

direction from the freezing front up to the top of the droplet (similar to the
flow in the case with only conduction). For the case when natural convection
is included in the model, there is no turn. The reason for this is because there
in no large temperature gradients at the curved surface, instead the gravity
effects dictates the flow until the temperature differences are evened out. The
flow then resembles the flow when only conduction is included in the model.
The cases when surface tension is reduced 10 and 100 times exhibits a flow
behavior that corresponds the most with the experimental work in Paper C.
The velocity distribution for when surface tension is reduced 100 times at t =
0.5-5 s is shown in Figure 6.8 and the internal flow patterns with normalized
velocity vectors in the experiments at t = 1-4 s is shown in Figure 6.9. The
flow in both cases are initially moving down the curved surface and up along
the symmetry line, and after a certain point the flow shifts and is moving in
the opposite direction. The times as this occurs is similar, i.e. it occurs at
20 % of the full freezing process in the simulation compared to 15 % in the
experiments, and the correspondence between these two is better compared to
the other simulation-cases. For the case when full surface tension is included in
the model when Tplate = -12.0◦C, the similarities with the corresponding case
for Tplate = -8.0◦C are many. The differences are found in the shift in direction
of the flow, it occurs earlier for when Tplate = -12.0◦C compared to when Tplate
= -8.0◦C, because of the shorter freezing time of the droplet and also, lower
temperatures are found inside the droplet for when Tplate = -12.0◦C compared
to when Tplate = -8.0◦C, see Paper E.
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (f) t = 5 s (f) t = 7.3 s

Figure 6.6: The velocity profiles when full surface tension is included in the
model for Tplate = -8.0◦C, at t = 0.5-5 s.

(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (f) t = 5 s (f) t = 7.3 s

Figure 6.7: The temperature profiles with full surface tension for Tplate =
-8.0◦C, at t = 0.5-5 s.
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3.8 s (f) t = 5 s

Figure 6.8: The velocity profiles when surface tension is reduced 100 times for
Tplate = -8.0◦C, at t = 0.5-5 s.

When the velocities that are measured in the experiments are compared to the
simulations in the cases in Table 5.2, the result can be found in Figure 6.10.
Here, the magnitude of the velocity along the symmetry line when Tplate =
-8.0◦C at 6-25 % of the full freezing process is seen. Initially, the case when
surface tension is reduced 100 times has the best correspondence to the ex-
perimental data, but at 12 % of the full freezing process, the case where only
conduction and natural convection is included in the model has the best cor-
respondence. After this point, at 16 and 19 % of the full freezing process,
the cases when full surface tension is included in the model and when surface
tension is reduced 10 times has the best correspondence. In the end of the in-
vestigated time period of the full freezing process, all of the cases exhibits the
same low velocities compared to the experiments. The conclusion is therefore
that none of the simulated cases can fully describe the velocities in the experi-
ments, but the velocities in all cases are in the same range as the velocities in
the experiments.
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Figure 6.9: Internal flow patterns with normalized velocity vectors for the
corrected data at t = 1, 1.5, 2, 2.5, 3 and 4 s (i.e. from 6 % up to 25 % of the

freezing time of the droplet).
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Figure 6.10: The magnitude of the velocity along the symmetry line for the
four modelled cases when Tplate = -8.0◦C and the experimental work from
Paper C at 6-25 % of the full freezing process. Note that some of the lines

intersects.
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6.3 Freezing time

The freezing time is dependent on the heat transfer mechanisms involved, but
the differences are small. If comparing only conduction to when both conduc-
tion and natural convection is included in the simulation model, the freezing
times are more or less identical, but the difference is larger when compared to
experimental data, see Table 6.2. Here, the freezing times from simulations of
the contact angles, θ = 77, 84 and 90 ◦ and when the cooling surface tempera-
tures, Tplate = -11.2, -8.2 and -5.3 ◦C are presented together with experimental
data from Jin et al. (7). It can be seen that the differences are both positive
and negative for the different contact angles and cooling surface temperatures,
but the best correspondence between simulations and experiments are found
for the coldest cooling surface temperature. A possible explanation is that this
case is less influenced by the surrounding conditions because of the shorter
freezing time. The freezing times for when surface tension is included in the
model, where Tplate = -8.0 ◦C, can be seen in Table 6.1. For comparison, the
freezing times for the case with full surface tension when Tplate = -12.0 ◦C and
the experiments from Paper C is also included in the table. The expectation
is that since the velocities are higher when full surface tension is included in the
model, the mixing of the water should be greater and this would also suggest
that the freezing time should be faster. However, the difference between when
full surface tension is included in the model compared to when only conduction
and natural convection are included is only 1.1 s. A possible reason for this is
that since most of the movement in the droplet is occurring before t = 5 s (or
the first 25-30 % of the full freezing process), the freezing time is not affected
as much. For the case when full surface tension is included in the model when
Tplate = -12.0 ◦C, the freezing time is t = 12.3 s to be compared to t = 18.1 s
for Tplate = -8.0 ◦C, see Table 6.1. The faster freezing time is expected, since
the temperature of the cooling surface is lower, the freezing time of the droplet
should be faster and this is in accordance with the results presented in the
beginning of this section. If returning one more time to Table 6.2, it can be
noted that since the volume of the droplets is kept constant, the contact area
to the surface and the droplet height are altered in size as the contact angle is
varied. When the contact angle increases, the droplet height increases, which
results in that the contact area to the surface decreases. Also, a longer path
for the heat to travel through the droplet (from top to bottom) will result in
a longer freezing time. When the cooling surface temperature decreases, the
velocities and the mixing of the water in the droplet increases, which results
in a faster cooling of the water and therefore a shorter freezing time. The
conclusion is that the freezing time is dependent on the size of the droplet, the
contact angle to the surface, the surface contact area and the temperature of
the cooling surface (i.e. conduction) and is less dependent on the heat transfer
mechanisms: natural convection and Marangoni convection.
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Table 6.2: The freezing times, tf from simulations for contact angles, θ = 77,
84 and 90 ◦ and from experiments by Jin et al. (2013) for cooling surface

temperatures Tplate = -11.2, -8.2 and −5.3 ◦

Tplate ( ◦C)
tf for θ=77 ◦

(s)
tf for θ=84 ◦

(s)
tf for θ=90 ◦

(s)
tf from ex-
periments

-11.2 10.36 11.07 12.81 11.00
-8.2 13.90 14.85 17.19 16.00
-5.3 21.03 22.46 26.00 28.00

6.4 Freezing front

The freezing front is defined as the area between water and ice in the droplet.
In the simulations the freezing front is defined as a line where the mass frac-
tion, xl = 0.5. A study of the freezing front evolution with respect to time, was
performed in Paper C, where the the freezing front was scaled against total
height and total freezing time. Three droplets from the experiments performed
in Paper C was compared to the experimental data by Jin et al. (7) and the
data from the simulations in Paper B, where the result can be seen in Figure
6.11. Here, data from 38 % of the full freezing process in Paper B was used, 25
% from Paper C and 35 % from the work by Jin et al (7). Note that the vol-
umes are not identical, but comparable. Here, it can be seen that the freezing
front is approximately linear during the first 25 % of the freezing process and
the similarities are strikingly close despite the differences between the cases.
This suggests that the freezing is driven by pure heat conduction from the
cooling surface. In Paper E the freezing front evolution was investigated for
the four simulation cases seen in Table 5.2. In Figure 6.12 (a), the case where
full surface tension was included in the model can be seen. Here, the freezing
front is pointing downwards at the curved surface up to about 10-15 % (2-3
s) of the full freezing process. This is because the mixing is larger in the area
where the curved surface and the freezing front meets, which results in higher
velocities in this area. Initially warmer water from higher up in the droplet is
brought down to the freezing front close to the curved surface, which results in
a delayed ice formation in this area. After t = 3 s, the freezing front straightens
out and starts to point upwards as for the case in Figure 6.12 (d) where only
conduction and natural convection is included in the model. If comparing the
freezing fronts from the numerical model to the experimental data by Jin et al.
(7) it can be seen that the freezing front behavior shows most similarities to
Figure 6.12 (c) and (d) where the surface tension is reduced 100 times or not
present at all.
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Figure 6.11: The height of the freezing front at different times scaled with the
corresponding droplet heights and freezing times in three works: from the

experiments in Paper C (case 1, 5 and 10), experimental data by Jin et al.
(2013) and from simulations in Paper B.

6.5 Evaporation of droplets

The evaporation of droplets can be divided in two parts, before and after
”steady-state”. Steady-state is here defined as when the flow and velocities
has settled in the droplet and starts to exhibit the same behavior for a long
time. Notice that the drying rate is not investigated in this work.

When the droplets have reached the surface, i.e. directly after the impact,
the flow inside the droplet seems very random. Since the water (even though
not investigated in the experiments) is heated very fast due to the heated sur-
face, the viscosity of the water is low. This means that depending on how the
droplet impacts the surface, different kinds of flow might be seen in the droplet.
Since the release of the droplet is not automated, the result will be different
kinds of initial flows. Generally for all investigated droplets, vortices start to
emerge in the droplet shortly after the impact. Initially the direction of the
flow is down the symmetry lines and up along the curved surface, but within
a few seconds the flow shifts and moves in the opposite direction. In Table
6.3 the times for when the flow shifts for all cases and heating temperatures
are presented, and here it can be seen that this time decreases with increas-
ing heating surface temperature. This is also exemplified for Tplate = 60 ◦C in
Figure 6.13 where internal flow patterns with normalized velocity vectors at
t = 1-15 s is seen, and here the flow has shifted at t = 3 s. This initial flow
direction indicates that the flow might be caused by the Marangoni convection
(surface tension), but this can not be concluded. Another explanation for this
flow pattern might be due to the release of the droplet. The force that arises
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Figure 6.12: The freezing front at t = 0.5 - 16 s when Tplate = -8.0◦C for the
cases: Full surface tension (σ), 10 times reduced σ, 100 times reduced σ and

only including conduction and natural convection (NC).
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6.5. EVAPORATION OF DROPLETS

Table 6.3: The point in time when the flow shifts during evaporation

Case Time (s)

40 ◦C: case 1 6
40 ◦C: case 2 6
50 ◦C: case 1 4
50 ◦C: case 2 4
60 ◦C: case 1 3
60 ◦C: case 2 2

as the droplet impacts the heated surface will be directed upwards in the direc-
tion away from this surface forcing the water upwards along the curved surface
in the droplet. Since the viscosity is decreasing with increasing temperature,
the water moves more easily when a force is applied and the case cannot be
compared to a droplet hitting the surface at room temperature where there
is a complete stop of the flow right after impact, as in the case for freezing
droplets. Finally, a third possibility for this type of initial flow pattern might
be due to the temperature differences, ∆T = 0 caused by the heating of the
surface. All three causes are plausible and there might also be an interaction
between all three contributing to the flow. In Figure 6.14 the magnitude of
the mean velocity along the symmetry line for Tplate = 40, 50 and 60 ◦C when
t = 1-50 s is shown and here it can be seen that the velocities increase with
increasing temperature, i.e. when Tplate = 60 ◦C, the velocity is higher than
for when Tplate = 40 ◦C and the highest velocities are found before t = 15 s
for all cases. Also, it can be seen that the variations in velocity is higher when
the temperature increases, but after t = 5 s the flow has settled for all cases
(except at t = 20 s for 60 ◦C: case 1 where the velocity increases instead of
decreases).

After the initial time period a ”steady-state” has been reached and this means
that the flow start to settle in the droplet. Two vortices have already arisen or
will arise at this point at both sides of the symmetry line, see Figure 6.15 where
the velocity vectors for Tplate = 60 ◦C: case 1 at t = 20-50 s are displayed. From
this time and forward, these vortices are more or less fixed in the droplet. The
velocity starts to decrease around t = 5 s and is fairly stable for the rest of
the investigated evaporation process, which is seen in Figure 6.14. The reason
for this ”steady-state” is that the temperature of the water and the heated
surface is more or less equalized at this point, even though the air around the
droplet are still cooling the water, the conditions are stabilized in and around
the droplet. The drying of the droplet will of course have an impact on the
flow since a smaller droplet will yield lower velocities in the droplet, but this
was not investigated here.
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Figure 6.13: Internal flow patterns with normalized velocity vectors for the
corrected data when Tplate = 60 ◦C: case 1 at t = 1-15 s.
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6.6. COMPARING THE FLOWS WITHIN FREEZING AND
EVAPORATING DROPLETS
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Figure 6.14: The mean velocity along the symmetry line for all temperatures
and cases.

6.6 Comparing the flows within freezing and evap-
orating droplets

It has been found that a higher heating surface temperature, Tplate yields
higher velocities inside the droplet. However, the largest velocities were found
when Tplate was below zero degrees. The highest velocities, found when Tplate
= −12.0 ◦C, suggest that the velocity is increasing with decreasing Tplate-
temperature when the Tplate-temperature is below zero. The highest velocities
for when Tplate = 60 ◦C is comparable to the velocities when Tplate = −8.0 ◦C,
suggesting that Marangoni convection might actually contribute to the flow
at least for the first second or seconds in evaporating droplets. For freezing
droplets Marangoni convection seem to affect the flow due to the higher veloci-
ties in comparison to evaporation. This can also be compared to the theoretical
value for the Marangoni (Ma), which is well above 80 for all cases studied. This
means that the Marangoni convections effects should be present in both the
freezing and evaporating droplets. Finally, when the flow shifts in direction the
velocity approaches zero for both evaporation and freezing and after the shift
in flow direction the velocities increases again, but never to the highest levels
as seen before the shift in flow direction.
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Figure 6.15: Internal flow patterns with normalized velocity vectors for the
corrected data when Tplate = 60 ◦C: case 1 at t = 20-50 s.
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6.7. COMMENTS ON THE REPEATABILITY OF THE DROPLETS

6.7 Comments on the repeatability of the droplets

In this work the repeatability of the droplets has been an issue. In order for
the droplets to freeze and not remain in a supercooled liquid form, a frost layer
on the cooling surface was required. How much frost that was actually created
during the experiments was not measured. The time and relative humidity was
monitored so that similar conditions were obtained in each experiment. If too
much frost was added to the surface, the light from the laser would spread out
resulting in poor quality of the images retrieved as the droplet froze. If too
little frost was added to the surface, the droplet did not freeze and got super
cooled instead. Also, based on visual observations more frost on the surface
resulted in droplets with larger contact angles and longer freezing times. Since
the cooling surface is very smooth the frost initiates the ice nucleation that
starts the freezing of the droplets. The conclusion is therefore, that the frost
is required to start the nucleation in the droplets, but based on the droplets
seen in this work, it is at the expense of repeatability in appearances of the
droplets (i.e., droplet height and droplet radius) and consequently also the
freezing time of the droplets. More research of the impact of the frost on the
freezing of droplets has to be performed, but since the interest in this work is
of the internal flow, the current knowledge of the frost is considered sufficient.
Also, the release of the droplets on the surface is important. Even though the
pipette is carefully positioned, the release of the droplets is not automated and
they will land slightly different each time and will reach slightly different ve-
locities when falling to the surface (although, approximately the same in each
case). However, it was shown in both Paper C and Paper D that the preci-
sion error regarding the velocities along the symmetry line was small for both
freezing and evaporating droplets. This suggests that the velocities along the
symmetry line are independent of small variations in geometry and therefore
one or a couple of droplets can be selected for further analysis.
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7
Conclusions and future work

The internal flow within freezing droplets has been investigated and compared
to the flow in evaporating droplets. Both a numerical model and an experi-
mental method have been developed during this work. The goal has been to
study droplets that are found commonly in nature and to learn more about the
freezing characteristics with the ambition to develop even better ice mitigation
systems in the future. The droplets used in this work mimics freezing rain,
although the sizes are somewhat smaller than the most common ones found in
nature. To overcome the problem with supercooling, a frost layer was made
on the surface to be able to study the droplet as it freezes. Even though the
results produced in this thesis is not applicable for anti-icing and de-icing ap-
plications in its current form, this work provides an important foundation for
the understanding the freezing process of water droplets and how to control it.

In this work it has been shown that initially during the freezing process,
Marangoni convection seem to be the dominant factor for the internal flow
in the droplet. After a few seconds, a shift in the internal flow direction is de-
tected and the natural convection effects become dominant. This suggests that
Marangoni convection within freezing water droplets are not as strong as the
theory predicts. This was discovered in the numerical model, where the best
correspondence between the numerical model and the experimental work was
achieved when Marangoni was reduced 100 times in the freezing droplet, which
is in line with previous research. It was also concluded that the internal flow
was not affected by the release of the droplet because of the high viscosity in
the water as the droplet freezes. In evaporating droplets, initially it cannot be
concluded what is causing the flow, but the direction of the flow could suggests
that Marangoni convection is present. After a few seconds, a shift in the flow
direction is detected and the natural convection effects become dominant. The
velocities inside the water droplet increases with increasing temperature of the
heated surface, but the largest velocities within the droplet are found when
the temperature of the cooling surface is below zero and then the velocities are
increasing with decreasing temperature. It was also shown that the velocities
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along the symmetry line in the droplet are independent of small variations in
geometry. The freezing time is dependent on the size of the droplet, the con-
tact angle to the surface, the surface contact area and the temperature of the
cooling surface (i.e. conduction), and is less dependent on the heat transfer
mechanisms: natural convection and Marangoni convection. The freezing front
appearance in the droplet during the simulations is found to correspond well
with the experiments when only conduction and natural convection is consid-
ered in the model and when Marangoni is reduced 100 times in the droplet.
The evolution of the freezing front in the droplet is however simliar in all sim-
ulation models compared to the experimental result. This suggests that the
phase change between water and ice (the freezing) is caused by pure heat con-
duction from the cooling surface.

If returning to the research questions of this thesis it can be concluded that
a model for the freezing process of a water droplet has been developed where
the freezing time, phase change and the internal flow has been successfully
modeled. It was shown that both Marangoni convection and natural convec-
tion are present in the freezing droplets, but only natural convection could be
concluded to be present in the evaporating droplets. The conduction from the
cooling surface is causing the phase change from water to ice and seem to be
the driving force for the internal flow in the end of the freezing process. An
experimental method was developed where the internal flow was visualized and
the velocities in the droplet were estimated. This means that the goal of this
thesis is fulfilled, even though there is still future work to be done.

In the future, a deeper understanding of the physics behind the freezing process
of a water droplet on a cold surface needs to be reached to further break down
the problem and to reveal what is actually causing the internal flow within
freezing water droplets. In order to do so, the numerical model should be fur-
ther developed for a better correspondence with the experimental results in
terms of the internal flow and the experimental method should be improved to
solve the issues with the repeatability of the droplets.
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Division of work

Paper A

Influence of internal natural convection on water droplets freezing on cold sur-
faces
L. Karlsson, A.-L. Ljung and T.S. Lundström

Karlsson performed the simulations and all authors contributed in the analysis
of the results and the writing of the paper.

Paper B

Modelling the dynamics of the flow within freezing water droplets
L. Karlsson, A.-L. Ljung and T.S. Lundström

Karlsson performed the simulations and all authors contributed in the analysis
of the results and the writing of the paper.

Paper C

Experimental study of the internal flow in freezing water droplets on a cold
surface
L. Karlsson, H. Lycksam, A.-L. Ljung, P. Gren and T.S. Lundström

Karlsson performed the experiments and all authors contributed in the analysis
of the results and the writing of the paper.
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Paper D

Comparing internal flow in freezing and evaporating water droplets using PIV
L. Karlsson, A.-L. Ljung and T.S. Lundström

Karlsson performed the experiments and wrote the paper under supervision of
Ljung and Lundström.

Paper E

Numerical study on the impact of internal flow on the velocity and temperature
distribution inside a freezing droplet
L. Karlsson, A.-L. Ljung and T.S. Lundström

Karlsson performed the simulations and wrote the paper under supervision of
Ljung and Lundström.
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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. [1], [2], [3], [4], [5]. For a more detailed summary
of the research performed, see for example Giangi et al. [5] and Fukusako and Yamada [6]. The
freezing of a single water droplet is a less explored area. In recent years, Enriquez et al. [7], Jin et
al. [8] and Jin et al. [9] 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 inside of the droplet
moved from bottom to top until it was completely frozen and also that the liquid water froze faster
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in the beginning compared to the end when it slowed down considerably. Jin et al. [9] 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. Enriquez et al. [7] 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. [8] and Jin et al. [9] 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 Kawanami et al. [12] 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. [10] 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. [11]. 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 [11]

xl =
Hmix − Hs

Hl − Hs
(3)

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 CFX-Solver Theory Guide [11] as (H = Hl)
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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 [11]. 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
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
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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 Enriquez et al. [7], Jin et al. [8] and Jin et al. [9]. 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 times 18 s, 14 s and 16 s, found by Enriquez et al. [7], Jin et
al. [8] and Jin et al. [9], 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,
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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.

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. [12] 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 internal
natural convection in the droplet, which is in agreement with Kawanami et al. [12]. 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
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(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.

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 flow within freezing water droplets is here numerically modeled assuming fixed shape throughout
freezing. Three droplets are studied with equal volume but different contact angles and two cases are
considered, one including internal natural convection and one where it is excluded, i.e. a case where the
effects of density differences is not considered. The shape of the freezing front is similar to experimental
observations in the literature and the freezing time is well predicted for colder substrate temperatures.
The latter is found to be clearly dependent on the plate temperature and contact angle. Including density
differences has only a minor influence on the freezing time, but it has a considerable effect on the dynamics
of the internal flow. To exemplify, in the vicinity of the density maximum for water (4 ◦C) the velocities are
about 100 times higher when internal natural convection is considered for as compared to when it is not.

1. Introduction

Problems associated with the build-up of ice, e.g. on wind turbines, airplane wings, and roads,
calls for a better understanding of the freezing process for water droplets on cold surfaces. Pre-
vious research has identified a number of factors important to the freezing process such as the
temperature of the cooling surface, Tp [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, e.g. [6], the effect of an inclined surface [7, 8, 9], internal heat transfer [10, 11] and
internal flow [12]. A number of studies have also experimentally shown that the contact angle, θ,
has a strong influence on the water droplet freezing time, t f [13, 14, 15]. Hao, et al. [5] found that
t f was dependent on the size of the contact area, A and the thermal conductivity of the surface. A
smaller A, i.e. a larger θ, resulted in a longer t f . The overall knowledge of the freezing process is
still fragmented and there is a need for more research in this area, especially regarding numerical
models of the freezing process. While a wide range of studies has used experimental methods
to study the freezing process, e.g. [16, 17, 18] only a few have been using numerical methods.
Numerical models has been used to study the heat transfer and phase change in the droplet. To
exemplify, Kavanami et al. [12] used a model considering both surface tension and the density
maximum at 4 ◦C and derived that these mechanisms are important for the internal flow while
Chaudhary and Li [19] modelled the freezing process of water droplets on surfaces with different
wettability. Numerical models has 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. [20]
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. Snoejier and Brunet, Marín et al.,
Schetnikov et al. and Vu et al., [21, 22, 23, 24] proposed numerical models to predict the angle of
the conical tip and capture the volume expansion of the droplet. In this work a droplet with fixed
shape is used instead of a moving boundary (e.g. using a Volume of Fluid approach (VOF) where
the free surface is tracked and located). The benefit of this approach is a simpler model where
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the focus is only on the transport of heat inside the droplet. The main concern is to see whether
it is possible to capture the main features of the freezing process even though the model is not
covering all aspects of the process, such as variation in θ. To fulfil the aim, a numerical model
of the freezing process is created and the internal flow is studied for θ = 77, 84 and 90 ◦, while
the volume is kept constant. Two cases are considered, one where internal natural convection is
included in the model (case 2), and one where it is not (case 1). The experimental work done by
Jin et al. [4] is used to validate the numerical model.

Nomenclature

A surface contact area (m2)

a droplet height (m)

cp specific heat (J/kgK)

D diameter (m)

H static enthalpy (J)

h heat transfer coeff. (W/m3K)

k thermal conductivity (W/mK)

Kp permeability (m2)

p pressure (Pa)

q heat flux (W/m2)

T temperature (K)

t time (s)

u velocity (m/s)

V volume (m3)

x mass fraction ()

Greek symbols

β thermal expansivity (K−1)

µ dynamic viscosity (kg/ms)

ρ density (kg/m3)

θ contact angle ( ◦)

Subscripts

a air

f freezing

l liquid

mix mixture

p plate

re f reference

s solid

sur f surface

w water
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2. Theory

The continuity equation, energy and momentum equations are given by

∂ρ

∂t
+∇ · (ρu) = 0 (1)

∂(ρH)

∂t
+

∂p
∂t
∇ · (ρuH) = ∇ · (k∇T) + u · ∇p (2)

∂(ρu)
∂t

+∇ · (ρuu) = −∇p +∇ · (µ∇u) + S. (3)

The mixture viscosity is given as µ = xlµl + xsµs. Note that the specific heat, specific volume
and the conductivity also follow the aforementioned correlation. The viscosity for the solid is
introduced to handle the zero velocities in the solid zone. The mixture enthalpy is calculated as
∆Hmix = cp(mix)∆T. The liquid and solid mass fractions, xl and xs follows the relationship xl + xs
= 1. At the water/ice temperature 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), where f (T) is provided by Andersland, et al. [25]. H is the
static enthalpy given as [26]

H = Hre f +
∫ T

Tre f

cpdT

+
∫ p

pre f

1
ρ

[
1 +

T
ρ

(
∂ρ

∂T

)
p

]
dp.

(5)

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 are Tre f
= 273 K, pre f = 0 Pa and Hre f = 334 kJ/kg. This is known as the enthalpy method and is well
represented in literature, see for example Voller et al. or Swaminathan and Voller [27, 28].

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

S =
µs

Kp
u + (ρ− ρre f )g (6)

where the first term is used to regulate the velocity in the droplet as it freezes, meaning that Kp is
small in the water and large in the ice, and the second term is used to model the buoyancy effect
with ρre f = 990 kg/m3 and β = 67.34 µK−1. For case 1, i.e. excluding internal natural convection,
the density of the water is kept constant and for case 2, i.e. including internal natural convection,
the density of the water is allowed to vary with temperature. Please note that for both cases, since
ice has a another density than water there will always be a density difference between the two
materials (about 8 %).
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3. Method

The simulations are set-up and carried out with the hybrid Finite Volume/Finite Element CFD
software ANSYS CFX 15 in a similar manner as done in Ljung et al. [29, 30, 31] for evaporating
droplets.

3.1. Geometry and grid generation

The geometries investigated in the simulations are based on the experiments by Jin, et al. [4],
where the droplets have an initial volume of Vd = 9.32 µL. In the simulations, the droplets are kept
at this volume throughout the freezing process to ensure that the correct amount of water is being
cooled. For sufficiently small droplets, the effect of gravity can be neglected and therefore the
droplets can be assumed to be half spherical. Then, a relation between droplet height (the height
of the apex) a, surface radius r and θ exist such that,

θ

2
= tan−1

( a
r

)
. (7)

Experimentally it has been shown that the surface contact area, A, does not change with time
during the freezing process [32]. The total Vd will in its turn increase during freezing due the
specific volume of the ice, leading to a increased θ and a. To investigate the influence of a, r and θ
on the freezing process, three representative θ are approximated from the experiments by Jin, et al.
[4]. For the three times, t = 0, 6 and 12 s, a ≈ 0.80r, 0.86r and r are retrieved. The corresponding θ
are 77, 84 and 90 ◦, see Table 1 where a, r and θ are calculated based on the attained ratio following
the expression,

Vd =
πh
6
(3r2 + a2). (8)

Please note that the value of r attained in the experiments is displayed at t = 0 in Table 1. Both the
geometries and the meshes are created using the software ICEM. 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 geometry and mesh for the θ = 90 ◦ droplet can be found in Fig. 1.

Table 1: Calculated values of the droplet geometry with Vd = 9.32 µL

t (s) θ ( ◦) r (mm) a (mm)

0 77 1.83 1.46
6 84 1.77 1.52
12 90 1.64 1.64
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Figure 1: The geometry and mesh for the θ = 90 ◦ droplet

3.2. Simulation settings

The droplets are cooled from below at Tp = -11.2, -8.2 and −5.3 ◦C, in accordance with the work by
Jin, et al. [4]. At t = 0 there is only water in the model at a temperature of Tw = 21 ◦C, which has
no initial velocity and zero pressure. An adiabatic boundary condition in applied at the water-air
interface. The model does not account for a subcooled liquid. Due to low velocities and the small
scale, the freezing process is considered laminar. A transient approach is considered here and
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 [33]. 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

Discretization, iterative and modelling errors are considered in this paper. To investigate the
discretization errors a grid independence study is performed based on four subsequent grid sizes.
The chosen key variable is t f . Due to the similar geometries, and since at this point only the
numerical accuracy of the model is investigated, it is considered sufficient to study any of the
three θ listed in Table 1 and θ = 90 ◦ is selected for this study. From Table 2 it can be seen that the
difference in t f between the grids is small, therefore the 5163 nodes grid is used for further studies.
This is based on a balance between computer power and numerical accuracy around the freezing
front. A time step analysis is also performed, revealing only a difference of 0.3 % if a time step of
1e-05 s is used instead of 1e-04 s, suggesting that the larger time step can be used. The residual
target is set to RMS = 1e-04, since the use of a smaller target (RMS = 1e-05) only gives a 0.3 %

5
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Table 2: Parameters of the grid study for θ = 90 ◦ and Tp = −8.2 ◦C

No. of nodes t f (s) Extrapolated value Error (%)

26401 17.18 17.17 0.04660
11793 17.18 0.04660
5163 17.19 0.1220
913 17.23 0.3610

difference in t f . The iterative errors are therefore investigated and not considered an issue here.

4. Results and Discussion

The numerical results are first presented for the different angles according to Table 1, then they
are compared with experimental results found in the literature and finally the impact of internal
flow is investigated.

4.1. Influence of geometry and plate temperature on freezing time

To enable a later comparison to experiments in Jin et al. [4], simulations are performed for the
droplets in Table 1 with Vd = 9.32 µL that are placed on a surface having three different tempera-
tures. For θ = 90 ◦ and Tp = −8.2 ◦C the simulations yield that the volume fraction ice, Vice in the
droplet as a function of time is practically independent on the internal transport model applied,
i.e. with or without internal natural convection, see Fig. 2. Here, the experimental results from Jin,
et al. [4] is also included in the figure. The solid (green) line is simulations excluding internal
natural convection, the dashed (blue) line is simulations including internal natural convection
and the solid (black) line with dots is experimental data from Jin, et al. [4]. Note that the dashed
(blue) line is partly covered by the solid (green) line. The volume expansion of the droplet is
included in the experimental data and therefore the volume fraction of ice will be larger than in
the simulations. The interesting part, and also where the focus should be at this point, is that the
behavior of the ice formation is the same for both the experiments and the simulations. 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. This can also be explained by the Stefan problem which 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.
When, in section 4.3, scrutinizing the actual flow and temperature of the water in the droplet,
distinct differences will be disclosed between the two cases of modelling but this is not reflected in
the motion of the solid-liquid interface within the droplet. Additional simulations of the droplets
presented in Table 1 are compared yielding that t f show a clear dependence on both θ and Tp,
see Table 3. An increase in t f of around 100 % between minimum and maximal Tp is observed in-
dependent of θ, indicating that there is no apparent interaction between Tp and θ in the simulations.

The influence of θ and A on t f is further investigated in Table 4, where it can be seen that changes
in t f can be directly related to changes in A. There is however a decreased correspondence
between the change in t f and A when θ = 77 and 90 ◦ are compared. A possible reason for this is
the increase of a with θ, i.e. if a is increased there is a larger distance for the heat to travel from
top to bottom. Also, an increase in a corresponds to a smaller A. The results thus indicate that an
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increase in t f is expected when a is increased (and θ is increased). Note that the volume of the
droplet is constant.
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Figure 2: Variation of the volume fraction of ice in the droplet with respect to time for θ = 90 ◦ and Tp = −8.2 ◦C. The
solid (green) line is simulations excluding internal natural convection, the dashed (blue) line is simulations
including internal natural convection and the solid (black) line with dots is experimental data from Jin, et al.
[4]. Note that the dashed (blue) line is partly covered by the solid (green) line

Table 3: The freezing times, t f from simulations for θ = 77, 84 and 90 ◦ and from experiments by Jin, et al. [4] for
temperatures Tp = -11.2, -8.2 and −5.3 ◦C

Tp ( ◦C) t f for θ = 77 ◦ (s) t f for θ = 84 ◦ (s) t f for θ = 90 ◦ (s) t f from experiments

-11.2 10.36 11.07 12.81 11.00
-8.2 13.90 14.85 17.19 16.00
-5.3 21.03 22.46 26.00 28.00

Table 4: Difference in freezing times, t f and surface contact area, A between θ = 77, 84 and 90 ◦ and Tp = -11.2, -8.2
and −5.3 ◦C

Tp ( ◦C) Diff. θ = 77 and 84 ◦ (%) Diff. θ = 84 and 90 ◦ (%) Diff. θ = 77 and 90 ◦ (%)

-11.2 6.84 13.59 23.65
-8.2 6.85 13.58 23.66
-5.3 6.80 13.62 23.63

Corr. diff. in A (%) Corr. diff. in A (%) Corr. diff. in A (%)

6.77 13.19 19.07

4.2. Model validation - comparison with experiments

The numerical simulations including internal natural convection (case 2) show that when the
solid-liquid interface moves up in the droplet it has its highest position at the edge of the droplet
and its lowest position in the middle of it, see Fig. 3 where water is indicated with blue colour
(grey in non colour print) and ice with white. Here, water is assumed when xl ≥ 0.5. This is in
qualitative agreement with the shape of the solid-liquid interfaces obtained in experiments in Jin
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et al. [4], see the drawn (white) lines in Fig. 3 being estimates from images in Jin et al. [4]. In Fig.
4 the height of the freezing front from both experiments and simulations can be seen. The solid
(green) line represents a rough estimate of the ice water interface as derived from experimental
images presented in Jin, et al. [4] (taken in the middle of the droplet) and the dashed (blue) line is
derived from simulations for θ = 90 ◦ and Tp = −8.2 ◦C when xl = 0.5 (taken furthest to the left in
the droplet). From both Figs. 3-4 it can be seen that the largest differences in the height of the
ice front appear closer to the end of the freezing process. This is due to the volume expansion
that accelerates rapidly in the beginning up to about half way of the freezing process, resulting in
larger differences in the solid-liquid interfaces closer to the end. However, the similarity in shape
and ratio of water and ice in the simulations and the experiments indicates that the droplets with
fixed θ and shape in the model behave similar to real droplets.

When doing a quantitative comparison between simulations of droplets with θ = 77, 84 and 90 ◦,
and experiments in Jin et al. [4] it is found that the difference in freezing time t f vary with
temperature according to Table 3. The differences are both positive and negative and note that
comparisons are done for all angles since it is difficult to determine θ in the images in Jin et al.
[4]. Results for a droplet with θ = 77 ◦, i.e. corresponding to the initial values of the experiments
presented by Jin et al. [4] and thus the most realistic angle, show a difference of less than 7 %
for Tp = −11.2 ◦C, around 13 % for Tp = −8.2 ◦C and a maximum difference of around 25 % for
Tp = −5.3 ◦C, see Table 3. The smallest difference is thus for the lowest temperature. A possible
explanation is that this case is less influenced by the surrounding conditions because of the shorter
freezing time. This explanation is supported by experimental results in Jin et al. [4], where the
smallest difference between natural and forced convection is observed at the lowest temperature
investigated Tp = −11.2 ◦C. The results also indicate that conduction through the contact surface
between substrate and droplet is dominating the heat transfer at the lower temperature, when
compared to for example heat exchange with the surroundings through the water-air interface.

To further investigate the influence of external heat transfer, a simulation when the adiabatic
boundary condition at the droplet water-air surface is replaced with a conduction condition
for Ta = 21 ◦C. This is performed for the case of Tp = −5.3 ◦C. The method for finding the heat
transfer coefficient and how it was implemented in the model is outlined in Appendix A. Results
from simulations show an increase in t f of less than 5 % when applying heat transfer over the
water-air surface, 22 s compared to 21 s. Although the increase in surface area (around 20 %) is
not accounted for in the simulation, the results point towards a minor effect of heat transfer from
conduction at the droplet surface. Other surrounding conditions such as free and forced convection
might however effect the results, but is not investigated here. The influence of conductivity in the
substrate surface is furthermore considered negligible due to the high conductivity of red copper.
All in all the agreement between simulation and experiments is good and it is therefore of interest
to further investigate the influence of internal transport on the freezing droplet.
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(a) t = 0 s (b) t = 4 s

(c) t = 8 s (d) t = 12 s

Figure 3: The ice fraction in the droplet at times t = 0, 4, 8, 12 s for θ = 90 ◦ and Tp = −8.2 ◦C. Water is assumed when
xl ≥ 0.5. The blue color (grey in a non color print) is water and white is ice as derived in the simulations.
The drawn (white) lines are rough estimates of the ice-water interface as derived from experimental images
presented in Jin, et al. [4]
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Figure 4: The height of the freezing front in the middle of the droplet (furthest to the left in simulated droplet). The
solid (green) line represents a rough estimate of the ice water interface as derived from experimental images
presented in Jin, et al. [4] and the dashed (blue) line is derived from simulations for θ = 90 ◦ and Tp =
−8.2 ◦C when xl = 0.5

4.3. Internal flow investigation

Next, a comparison is made between simulations excluding internal natural convection (case 1)
and including internal natural convection (case 2) with respect to average velocity, ū and average
temperature, T̄f . For all θ at all Tp the difference in ū in the water is the same during most part
of the freezing process, except for a certain period of time when simulations with case 2 results
in a much higher ū. This is exemplified for a droplet with θ = 90 ◦ cooling at Tp = −8.2 ◦C in
Fig. 5. The maximum ū, which is about 100 times larger in case 2 as compared to case 1, occurs
at t = 3 s for θ = 77 and 84 ◦ and at t = 3.5 s for θ = 90 ◦, for all Tp. The reason to the increased
velocity can be traced to the shift in density gradient of water at Tw = 4 ◦C, see Fig. 6. Hence, for
case 2, gravity has a large effect on the internal flow. This conclusion is in accordance with the
work by Kavanami et al. [12], and this behaviour has also been shown experimentally by Jin et al.,
Enriquez et al. and Snoeijer and Brunet [4, 17, 21].
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Figure 5: The average velocity, ū in the water during the freezing process for θ = 90 ◦ and Tp = −8.2 ◦C. The solid
(green) line is simulations excluding internal natural convection, the dashed (blue) line is simulations
including internal natural convection

For case 2, the mixing is larger due to higher velocities, which results in a more uneven flow. This
is also reflected in Fig. 7 where Tw is very similar for the two cases, but in the temperature range
Tw = 2− 4 ◦C the temperature is more unsteady for case 2 due the uneven flow mentioned. To
further illustrate this, in Fig. 8 the velocity contours and direction of flow for case 1 and case 2
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Figure 6: The temperature contours for case 2 (including internal natural convection) at time t = 3.5 s, when the
average velocity is at maximum (θ = 90 ◦ and Tp = −8.2 ◦C). The top of the ice, i.e. when xl = 0.5, is marked
with a black line

respectively are shown (for θ = 90 ◦, cooling at Tp = −8.2 ◦C at t = 3.5 s). In 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 the bottom of
the droplet and later on close to the freezing front. This give rise to a pressure gradient in the
direction from the ice to the top of the droplet resulting in a flow of water in this direction, as
seen in the top of Fig. 8. In case 2, the flow is moving in a circular motion due to the large ∆Tw
inside the droplet. Since 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, this give rise to the flow seen in the
bottom of Fig. 8. Note that this circular flow pattern is only visible for Tw = 2− 4 ◦C, during other
times the flow resembles more the flow in case 1.
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Figure 7: The average temperature, T̄w in the water during the freezing process for θ = 90 ◦ and Tp = −8.2 ◦C. The
solid (green) line is simulations excluding internal natural convection, the dashed (blue) line is simulations
including internal natural convection. Note that the dashed (blue) line is partly covered by the solid (green)
line
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Figure 8: The velocity contours and the direction of flow at time t = 3.5 s, when the average velocity is maximum for θ

= 90 ◦ and Tp = −8.2 ◦C. Top: case 1 (excluding internal natural convection); bottom: case 2 (including
internal natural convection)
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5. Conclusions

The impact of internal flow and 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, θ =
77, 84 and 90 ◦, but of equal volume, have been chosen based on experimental data. Two cases
has been studied, one where internal natural convection has been included in the model and one
where it has not. The results show that the droplets behave similar to droplets in experiments, and
the freezing time, t f is predicted well for colder substrate temperature, Tp (here, Tp = -11.2 and
−8.2 ◦C), but for higher substrate temperatures (here, Tp = −5.3 ◦C) the disagreement is larger.
This may be explained by influence from surrounding conditions in the experiments. By using
these simplified models the complexity reduces if more realistic droplets want to be studied, like
a droplet on a rotor blade exposed to external winds. The disadvantage is the lack of detailed
information about the volume increase i.e. tracking and locating the free surface during freezing.
A clear dependence of Tp and θ on t f is furthermore observed in the numerical result. For the
studied conditions, simulations indicate that the most important geometrical parameter to account
for is the contact area between droplet and substrate. 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 Tw = 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 t f , but for the internal flow,
internal natural convection should be included. Further studies of the internal flow mechanisms
including for example Marangoni convection are therefore recommended as well as more detailed
experimental work.
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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) (A.1)

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 (A.2)

where the characteristic length D is the diameter of the droplet and k ≈ 0.026 W/mK [34]. For a
sphere the Nusselt number is given by [35] as

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

The Nusselt number given by Eq. A.3 can be approximated to Nu ≈ 2 if conduction is considered
at the surface.
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Abstract

The study of a freezing droplet is interesting in areas where the understanding of build up of ice is
important, for example on wind turbines, airplane wings and roads. In this work the main focus is to
study the internal motion inside freezing water droplets using Particle Image Velocimetry and to reveal
if mechanisms such as natural convection and Marangoni convection have a noticeable influence on the
flow within the droplet. The flow has successfully been visualized and measured for the first 25 % of the
total freezing time of the droplet when the velocity in the water is the highest and when the characteristic
vortices can be seen. After this initial time period the high amount of ice in the droplet scatters the PIV
light sheet too much and the images retrieved are not suitable for analysis. Initially it can be seen that the
Marangoni effects have a large impact on the internal flow, but after about 15 % of the total freezing time,
the flow turns indicating increased effects of natural convection on the flow. Shortly after this time almost
no internal flow can be seen.

1. Introduction

Icing on wind turbines, airplane wings and roads is a major problem since it often requires
maintenance at high costs and may even cause damages and fatal accidents. There are many
effective icing prevention methods to avoid these types of problems, but there are still a lot that
is unknown about the ice itself. In this work, focus is on the flow within droplets that freeze on
impact on the surface.

The overall freezing process of water droplets placed on cold surfaces has been visualized
experimentally, using high-speed cameras, e.g. [1, 2, 3]. Results presented include the volume
expansion and freezing time 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. [2, 4, 5, 6, 7, 8]. Anderson et al. [4] studied a freezing droplet using a model that was able
to reasonably capture the experimental solidified droplet with the cusp-like tip and inflexion
point. Snoeijer and Brunet [5], Marin et al. [6] and Schetnikov et al. [8] proposed numerical
models to predict the angle of the conical tip and capture the volume expansion of the droplet.
Zhang et al. [9] and Zhang et al. [10] experimentally studied and statistically analyzed the icing
nucleation characteristics of sessile water droplets. Zhang et al. [11] created a numerical model
considering the supercooling effect and volume expansion effect and showed that they could
reduce the deviation of freezing time from 30 % to 10 % for hydrophilic and hydrophobic surfaces.

By considering different cooling surfaces interesting effects can be observed. For anti-icing
purposes a superhydrophobic surface can be used, e.g. [12, 13, 14]. For the interested reader Oberli
et al. [14] presented a review on the freezing of a water droplet on these surfaces and their use
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in anti-icing applications. Other types of surfaces have also been considered, e.g. [13, 15, 16, 17].
Huang et al. [15] investigated the impact of contact angle (created using hydrophobic surfaces)
on a freezing water droplet and concluded that a larger contact angle gives a longer freezing
time. Hao et al. [16] 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 plays
an important role for the nucleation. Jin et al. [18] used an inclined cold surface to investigate
the effects of droplet size and surface temperature on the impact, freezing, and melting process
of a water droplet. Chaudhary et al. [17] considered surfaces with different wettability that was
subjected to rapid cooling to study the freezing process. They revealed that the freezing time is
dependent on the droplet temperature at the pre-recalescence time and the surface wettability.

Kawanami et al. [19] 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 are important mechanisms for the internal flow. To the authors
knowledge Kawanami et al. [19] is the only paper published considering the internal flow in a
freezing water droplet experimentally. This suggests that there is a need to initiate additional
experimental studies on 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 [20] performed flow velocity
measurements within water droplets using Particle Image Velocimetry (PIV), at surfaces with
temperatures ranging from 0 to 21.9 ◦C. The internal flow within the droplets was disclosed and
velocities of the water estimated. Other authors also studied the internal flow numerically and
experimentally, e.g. [21, 22, 23, 24] with good results and additional work has been carried out on
the effect from the surrounding flow [25]. More recently, Ma et al. [26], investigated the flow field
around the droplet using PIV and could from this calculate the aerodynamic force and adhesion
force over the droplet. Hu and Larson [22] and Xu and Luo [27] aimed to investigate the influence
from the Marangoni effect on the internal flow. It was however revealed that the Marangoni
number in their set-ups is 100 times lower than the theoretical one, which resulted in difficulties
in capturing any influence on the flow from the Marangoni effect. This was corrected by using
clean interfaces, free of surfactants. 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 freezing water
droplets. The experimental method chosen in this work is PIV, which is a versatile nonintrusive,
laser-based method, used in many applications to study fluid motion, e.g. PIV has been proven to
be a reliable method when studying the internal flow in evaporating droplets [20]. The aim of this
work is therefore two-folded i) to show that PIV can be used to visualize the movement of the
water and estimate the velocities inside a freezing droplet, ii) reveal if Marangoni effects and/or
natural convection have a noticeable influence on the flow within the droplet.

2. Method

2.1. Experimental setup

Droplets were gently deposited on a 50.8 mm (2") in diameter and 5 mm thick, cold sapphire
plate (aluminium oxide, Al2O3) using a pipette. The motivation for using the sapphire plate as
the cooling surface is the transparency in combination with a high thermal conductivity (k = 46
W/mK, [28]) allowing the laser sheet to pass through the droplet from beneath. The high k implies
a faster cooling of the surface in comparison to other transparent materials as for example plate
glass or pyrex glass with k = 1.4 W/mK [28]. The pipette (ThermoFisher, Finnpipette F1 1 to 10
µL, micro) was set at releasing 10 µL droplets and was kept in place by an optical rail to make the
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position of the pipette tip repeatable. The cooling surface was resting on an aluminum holder in
direct contact with a Peltier cooler with the warm side submerged in a box with cold circulating
water (closed system, connected to a tank with ice water, held at T = 3.9 ± 1.3 ◦C). To guide the
incoming light 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
PMMA (plexiglass) chamber was positioned around the sapphire plate to protect the area around
the cooling surface from disturbances from surrounding airflows in the room. Four holes were
made on the chamber; one on the top for the pipette to enable the release of the droplet to the
surface, one on the right side to allow the laser light go directly to the prism, one on the left side
for the camera to get a clear view of the set-up and one on the back to mount the hygrometer to
the plexiglass chamber. Before each experiment, the sapphire plate was cleaned using Propanol
(C3H7OH) and deionized (DI) water, and then dried with lens paper. A schematic diagram of the
experimental setup can be seen in Fig. 1.

The liquid used in the experiments was DI water kept at room-temperature, Twater = 21.1
± 1.4 ◦C and was seeded with fluorescent particles of Rhodamine B (microParticles GmbH PS-
FluoRed, aqueous dispersion 25 mg/ml) with a diameter of 3.16 µm. The Stokes number (Stk)
was calculated to determine if the particles were suitable for these experiments. The relaxation
time of the particles varies between 0.33 µs and 0.59 µs for the set-up, a typical diameter is 3.42
mm (case 1 in Table 1) and the velocity in the 10 cases varies typically between 0 and 1 mm/s.
This results in a Stk < 5 · 10−7 or, for the most part much less. Since Stk << 1, the conclusion
is that the particles follow the flow well. The amount of particles in the water was based on the
guidelines > 6 particles per interrogation area. The concentration of particles was eventually set to
0.98 ml DI water and 0.02 ml seeding particle suspension. 20 droplets were weighted on a highly
sensitive scale and the droplet mass was found to be 9.98 ± 0.13 mg.

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 laser was a
continuous 50 mW 532 nm Nd:YAG (Altechna Co Ltd) connected to a half wave-plate, a polarizing
beam splitter (cube) and a beam dump. These components were used to adjust the amount of
light transmitted to the droplet. A cylinder lens assembly from Dantec Dynamics created and
focused the light sheet to a thickness of < 0.4 mm thick. A 12 mm thick window placed on a
rotation table was used to fine tune the position of the sheet to the center of the droplet (up
and down to be able to adjust the light sheet to move sideways in the droplet), see Fig. 1. The
benefit of illuminating the droplet from beneath is that it guides the laser light in a better way
then if for example the light was coming from above, which would scatter the light more. Another
advantage with the chosen tactic is that it allows for a good view of the symmetry line in the
droplet. A CMOS camera (IDS µEye) with a spatial resolution of 1280x1024 pixels and pixel size
5.3 x 5.3 µm2 together with a Navitar long distance microscope captured images of the particles.
The measurements were performed at a frequency of 50 Hz and with an exposure time 5 ms
during the full freezing process. The recording times were dependent on the freezing time for
the droplet defined, as the time from when the droplet hits the surface until the pointy tip has
appeared. The droplet was released from a distance of 3.9 mm above the surface. This height was
carefully determined since it was the shortest possible distance for the droplet to be completely
released from the pipette before touching the surface. The velocity of the droplet when it hit the
surface was about 77 mm/s.
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Figure 1: Schematic diagram of the experimental setup

2.2. Frost formation

Initial experiments indicated that a roughness on the cooling surface was necessary to initialize the
freezing process of the droplet without delay otherwise the droplets would become supercooled
instead. Since the sapphire plate is very smooth, this roughness had to be added to start the
nucleation within the droplet. Frost is relatively easy to create and is more or less always present
when working with freezing temperatures in nature due to the relative humidity in the air;
therefore it was used to generate the required roughness on the surface.

The frost was created by letting pressurized air pass through a container filled with water
and into the closed chamber surrounding the cooling surface. A regulator was used to adjust
the flow rate of the incoming air and as the air passed the water container it was humidified.
The temperature of the surface, as well as the air and the relative humidity inside the chamber
was monitored in order to create a layer of frost as similar as possible during each freezing.
These values were, Tplate = −8.08 ◦C ± 0.12 ◦C, Tchamber = 16.7 ± 1.7 ◦C and RH = 50.4 ± 4.5%,
respectively.

2.3. Experimental procedure

The following statements can briefly summarize the experimental procedure:

1. The cooling of the surface starts.

2. At Tplate = −8.0 ◦C (visually determined from the computer screen), the pressurized air was
switched on and turned off again when RH was around 50 %. This took about 60 s.

3. The pipette was filled with the DI water and seeding particle suspension.

4. The camera and the laser were switched on. The position of the light sheet was fined tuned
to the centre of the droplet (while the droplet was still hanging from the pipette).

5. The droplet was released when Tplate reached −8.0 ◦C again (visually determined from the
computer screen), which occurred approximately 30 s from when the pressurized air was
switched off.
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6. The cooling was turned off when the droplet was completely frozen.

7. The surface was cleaned and dried when Tplate > 0.0 ◦C and at Tplate = 4.0 ◦C a new
experiment could begin.

2.4. Data processing

The images were processed in the GUI-based open-source tool, PIVlab, for DPIV analyses in
MATLAB [29]. Four image pre-processing techniques were used to improve the measurement
quality and to facilitate the visual inspection: contrast-limited adaptive histogram equalization - to
enhance contrast in the image, high-pass filtering - to sharpen the image and remove background
signal, intensity capping - which reduces the increased influence of very bright particles and
Adaptive Wiener - for noise reduction [29]. 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 64x64 pixels (first pass) decreasing to 32x32 pixels (second pass) and finally
16x16 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. A standard deviation filter and a local median filter were also applied
at this point.

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. This can be corrected by a mapping function between the points on the image plane and
object plane using a method derived by Kang et al. [30] and Minor et al. [31]. This is based on the
ray tracing method and can be divided into two sub-methods, the image mapping method and the
velocity mapping method. The first uses a technique to restore distorted images, and the second
maps the velocity vectors from the original particle images directly onto the object plane without
image restoration. Since the velocity mapping method is recommended by Kang et al. [30] it is
applied in this work. The first step in the method is to find the edge or boundary of the droplet by
using a least-square curve fitting. This marks the area for where the velocity mapping method is
used. The images of the freezing droplets are then evaluated using the PIV-software and exported
into MATLAB. Using the data from the edge detection and the data from the PIV-software, the
velocity mapping method then directly map the velocity vectors obtained in the image plane to
the object plane and the output is a corrected image of the velocity field in the droplet. Note that
when using this method the centre region is well restored and provides accurate flow images
of this region, but it does not work well in the outer region when ηo/R > 0.75, where ηo is the
radial distance from the centre to a point in the bottom plane of a hemispherical lens and R is
the radius of the hemispherical lens. This means that there will be an area close to the edge that
will be difficult to restore and retrieve a good image of because of total internal reflection [30]. By
preliminary studies it could be seen that most of the action takes place in the beginning of the
freezing process and that most of the movement has stopped almost completely within in a few
seconds. Also, after this period of time the ice scatters the light too much and the images retrieved
are not suitable for analysis. Therefore, the results presented here consider the first 25 % of the
full freezing time.

2.5. The droplets

The height, radius, contact area to the cooling surface and freezing time of 10 droplets that was
deposited in the setup presented above, varies according to Table 1. The mean and standard
deviation of these are 1.7 ± 0.2 mm, 1.7 ± 0.3 mm, 9.0 ± 2.7 mm2 and 24.6 s ± 11.8 s respectively.
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Table 1: Values of the droplets geometry and freezing times

Case
Droplet height
(mm)

Droplet radius
(mm)

Contact area at sur-
face (mm2)

Freezing time (s)

1 1.42 1.71 9.15 16
2 1.50 2.01 12.7 13
3 1.56 1.83 10.5 13
4 1.59 2.00 12.6 20
5 1.59 1.67 8.76 17
6 1.65 1.83 10.5 20
7 1.92 1.58 7.81 30
8 1.92 1.53 7.39 34
9 1.93 1.52 7.26 34
10 2.16 1.09 3.75 49

The height of the droplet is defined as the height between the cooling surface and the apex of the
droplet along the symmetry line, the droplet radius is defined as the radius at the cooling surface
and the contact area to the cooling surface is calculated using the radius of the droplet.

2.6. Uncertainty analysis

Uncertainties during the measurements can be divided into two categories - systematic, or bias,
errors that arise usually from to the measuring instruments and random errors due to unknown
or unpredictable changes in the experiments [32].

The main sources to systematic errors originates, for example, from the pipette technique i.e.
including errors in the mixing of water with the seeding particles, the reading of the instruments
during freezing and the positioning of the camera. These errors are difficult to detect since
they always force the result in the same direction and may therefore impact the outcome of the
experiments significantly, but careful planning and execution of experiments can minimize these
errors. The correlation error is normally 0.1 pixel [33].

The random errors stem mainly from the release of the droplet or from the frost layer created
on the surface that results in droplets with different contact angles and because of this different
freezing times. To get an estimate of the random errors a repeatability test can be performed, see
Coleman and Steele [32]. Ten experiments are considered where the magnitude of the corrected
velocities in the y-direction along the symmetry line between bottom and apex of the droplet is
studied. Since the droplets vary in height the interesting points is what happens just above the
freezing front, i.e. the lowest value of the corrected data set and at the top of the corrected data
in each case. Also, the points at 25, 50 and 75 % above the freezing front is determined, see the
inserted figure in Fig. 2 for the locations exemplified for case 1. The freezing front is defined as
the area where the water and ice meet in the droplet. To minimize the effect of freezing time the
times chosen for the repeatability test are scaled with the total freezing time. The times studied
are t = 0.09ttotal and 0.19ttotal , i.e. 9 and 19 % of the full freezing times, and these times are chosen
because on the different direction of flow (up and down respectively along the symmetry line) to
be able to study the error at two different conditions during the freezing process. In Table 2 the
precision errors with a 95 % confidence interval for the 5 points chosen are shown and it can be
seen that the errors are below, or mostly well below 1.5 %, suggesting that the random errors are
small regarding the velocities on the symmetry line. This can also be seen in Fig. 2, where the
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Table 2: The precision error in five points along the symmetry line for t = 0.09ttotal and 0.19ttotal

Position t = 0.09ttotal t = 0.19ttotal

Above freezing front 0.54 % 0.23 %
25 % 1.27 % 0.44 %
50 % 0.021 % 0.16 %
75 % 1.48 % 0.74 %
Top 0.076 % 0.62 %

mean velocity in the five points is shown together with the precision error presented using error
bars. This means that the velocities in the droplet are in fact comparable in each case despite their
differences in appearance, and that one of the droplets can be selected for further study.
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Figure 2: The mean velocity in the five points used in the repeatability study at 9 % and 19 % of the full freezing times
in the 10 cases studied. The precision error with a 95 % confidence interval in each point is shown with error
bars. In the inserted figure, the locations of the points used in the repeatability study are exemplified for case
1. Point 1 is located just above the freezing front and point 5 is located at the top of the corrected data. Points
2, 3 and 4 are found in-between point 1 and 5

3. Results and Discussion

In this part results regarding the freezing front and the flow field within one droplet is presented
and the frost formation is discussed. As exemplified in Fig. 2, the overall flow field in the 10
droplets is comparable and therefore one droplet can be chosen for further study.

3.1. The freezing front

The height of the freezing front, defined as the area where the water and ice meet in the droplet,
is studied in the performed experiments in three cases (case 1, 5 and 10) and compared to
experiments by Jin et al. [3] and simulations by Karlsson, et al. [34]. Note that the setups are
somewhat different and that the volumes of the droplets are not identical. The volumes of the
droplets in the experiments performed by Jin et al. and the simulations by Karlsson et al. are 9.32
µL as compared to 10 µL in this work (for exact details about the droplet sizes in this work, see
Table 1). Both the times and the heights are scaled with the total freezing time and the total height
of the droplet for each case. In Fig. 3 it can be seen that that the freezing front is approximately
linear for the first 25 % of the freezing process investigated (data up to 35 and 38 % of the freezing
processes is used from the works by Jin et al. [3] and Karlsson et al. [34] respectively) and that the

7



Experimental study of the internal flow in freezing water droplets on a cold surface

similarities between the three cases are strikingly close despite the differences between them. This
suggests that the freezing is caused by pure heat conduction from the cooling surface.
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Experimental data from present studies: case 1
Experimental data from present studies: case 5
Experimental data from present studies: case 10
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Simulated data by Karlsson et al. 2018

Figure 3: The height of the freezing front at different times scaled with the corresponding droplet heights and freezing
times in three works: from the present experiments (case 1, 5 and 10), experimental data by Jin et al. [3] and
from simulations by Karlsson et al. [34]

3.2. Internal flow patterns in the freezing water droplet

At t = 0 s, the droplet hits the surface and during the first second the water in the droplet moves in
a chaotic way, influenced by the release from the pipette and the collision with the surface. During
this time period, no data is extracted from the images. At t = 1 s (t = 0.06ttotal), it is clear that the
freezing has already started and vortices emerge on both sides of the symmetry line of the droplet
moving up along symmetry line and down along the droplet-air surface to the cooling surface, see
Fig. 4a. When the droplet has frozen to about half its volume (at approximately t = 0.25ttotal) these
vortices start to decay in strength and the flow is slowed down. As the freezing continues, no
vortices can be seen and there is almost no flow in the remaining water. In Fig. 5, the magnitude
of the velocity in the y-direction along the symmetry line at t = 1 to 4 s (t = 0.06ttotal to 0.25ttotal)
can be seen. The highest velocities can be found in the beginning of the freezing process, but at t
= 2.5 s (t = 0.16ttotal) the flow starts to shift, see Fig. 4d where the flow becomes chaotic and this is
also reflected in the velocity since it approaches zero at this point. After this time, the flow has
changed direction and an increase in velocity can be seen again at t = 3 s (t = 0.19ttotal) before it
slows down again at t = 4 s and the velocities approaches zero. In Fig. 6 the magnitude of the
velocity in the y-direction along four lines in the droplet are displayed, corresponding to the times
in Fig. 4, and here it is possible to see how the velocity varies throughout the droplet. Note that
the lines are at different locations at each time and that the velocity scales varies. When t = 1 s, it
can be seen that the highest velocities are found closer to the surface of the droplet, but just before
the shift in direction of the flow the velocities are evened out in the droplet. After the shift (at t =
2.5 s), the highest velocities can again be found closer to the surface, but shortly after the velocities
are again similar throughout the droplet.

If following the theory regarding Marangoni convection, the vortices are driven by the dif-
ferences in surface tension arising from the large temperature differences at the droplet surface.
According to Kawanami et al. [19] the Marangoni convection has larger effect on the flow than
natural convection caused by density differences. The initial temperature difference in the freezing
water droplets is about 30 ◦C between the water and the cooling surface. The surface tension for
water in contact with air increase with decreasing temperature, which means that the water will be
pulled to regions with higher surface tension (hence low temperature). For the case of a freezing
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(b) t = 1.5s (t = 0.09ttotal)
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(c) t = 2s (t = 0.13ttotal)
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(d) t = 2.5s (t = 0.16ttotal)
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(e) t = 3s (t = 0.19ttotal)
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(f) t = 4s (t = 0.25ttotal)

Figure 4: Internal flow patterns with normalized velocity vectors for the corrected data at t = 1, 1.5, 2, 2.5, 3 and 4 s
(i.e. from 6 % up to 25 % of the freezing time of the droplet)
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Figure 5: The magnitude of the velocity along the symmetry line at t = 1, 1.5, 2, 2.5, 3 and 4 s (i.e. from 6 % up to 25
% of the freezing time of the droplet)

droplet, this means that the water located higher up in the droplet will be pulled down along the
interface towards the cooling surface and then move up again close to the center of the droplet.
This behavior is observed up to t = 0.13ttotal in all cases, or up to the time t = 2 s presented in Fig.
4. Calculations of Marangoni number attained for these experiments suggest a number well above
10000 in the beginning of freezing, confirming large influence of Marangoni convection in ideal
conditions [35]. Marangoni convection in water droplets are however known to be highly sensitive
for impurities and contaminations [22] and [27].

A possible reason for the interesting phenomenon that appears after t = 2.5 s in Fig. 4, as the
flow moves in the direction from the cooling surface along the droplet surface to the top of the
droplet (down along the symmetry line) might be due to increased effect of natural convection
in the density inversion region of water together with decreased temperature difference at the
surface. Even though the temperature distribution in the droplet is not investigated here, it can be
assumed that the temperature of the water in the whole droplet at this time (at t = 4 s) has dropped
to a temperature close to zero. This assumption is based on the fact that since the mixing of water
is great during these first seconds and that the cooling surface is much larger in comparison with
the droplet, the water should have had time to cool off during this time period. Moreover, the flow
in this time period show large similarities with the natural convection dominated flow modeled
by Karlsson et al. [34], both regarding direction of the vortices and the shape of the freezing
front. Two differences between the simulations in Karlsson et al. and the presented experiments,
is the direction of the flow in the first seconds of freezing, as well as the fact that the highest
magnitude is retrieved in the absolute beginning of freezing, and not a few seconds into the
freezing process as observed in the simulations. This reasoning suggest that natural convection is
not the only mechanism inducing internal flow the freezing droplet. After this point the flow is
much slower due to the equalized temperatures in and around the droplet and also the viscosity
in the water increases (an increase of about 80 %, from T = 21 ◦C to T = 0 ◦C) hence this will make
the movement of the particles to decrease. As already mentioned, the analysis of the data ends
at t = 0.25ttotal due to the relatively large formation of ice, which at this point spreads the laser
sheet significantly. To conclude this section, note that the internal flow behavior in case 1 has been
observed in all of the 10 cases studied in this paper when the time is scaled with the full freezing
time.
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(a) t = 1s (t = 0.06ttotal)
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(b) t = 1.5s (t = 0.09ttotal)
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(c) t = 2s (t = 0.13ttotal)
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Figure 6: The magnitude of the velocity along four lines at t = 1, 1.5, 2, 2.5, 3 and 4 s (i.e. from 6 % up to 25 % of the
freezing time of the droplet)
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3.3. Comments on the frost formation

Even though the frost formation is not, in detail, investigated here, some comments about its
impact on the experiments should be made. How much frost that is actually created during
the experiments is not measured. The time and relative humidity is monitored so that similar
conditions are created at each experiment. If too much frost is added to the surface, the light
from the laser will be spread out resulting in poor quality of the images retrieved as the droplet
freezes. If too little frost is added to the surface, the droplet will not freeze and get super cooled
instead. Also, based on visual observations more frost on the surface results in droplets with
larger contact angles and longer freezing times. Since the surface is very smooth the frost initiates
the ice nucleation that starts the freezing of the droplets. The conclusion is therefore that the frost
is required to start the nucleation in the droplets, but based on the droplets seen in this work, it
is at the expense of repeatability in appearances of the droplets (i.e. droplet height and droplet
radius) and because of this also the freezing time of the droplet. More research of the impact of
the frost on the freezing of droplets has to be made, but since the interest is of the inner flow in
this paper, the current knowledge of the frost is considered sufficient.

4. Conclusions

In this work the internal flow within freezing water droplets was investigated using Particle Image
Velocimetry. It has been shown that the method proposed can be used to disclose the velocity field
in freezing water droplets. To overcome the problems with the refraction at the droplet surface
a correction method was used that maps the velocity vectors from the original particle images
directly onto the object plane without image restoration. The time frame of interest is the first
25 % of the freezing process since this is when the characteristic vortices appear and the velocity
of the water is at maximum due to the large temperature differences in and around the droplet.
After this time period the temperature differences are small resulting in reduced velocity of the
water and no vortices and also, the ice formation in the droplet spreads the light too much after
this point resulting in images not suitable for analysis. Therefore, the results presented in this
work only covers this time frame. When using the correction method the inner flow close to the
centre of the droplet is well recovered and the vortices are easy to track, but the flow close to
the droplet surface is not retrieved. Initially the water is moving in the direction from the top of
the droplet along the interface towards the cooling surface and then it is moving up again close
to the center of the droplet, symmetrical on both sides of the centerline. This indicates that the
flow is caused by the Marangoni effect due to the large temperature differences in and around
the droplet. After a few seconds the flow has shifted in the opposite direction due to equalized
temperatures at the surface and due to an increased effect of natural convection in the density
inversion region of water. To the authors best knowledge, this is the first time that this change in
flow direction has been visualized in freezing droplets. To freeze the water droplets a frost layer
was created using humidified air. The time and relative humidity was monitored so that similar
conditions were created in each experiment. This was sufficient for this work, but the creation of
frost is interesting and should be investigated further.
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Abstract

The internal flow within freezing and evaporating water droplets has been investigated and compared to
one another using Particle Image Velocimetry. This study aims to reveal if natural convection and/or
Marangoni convection influence the flow in the droplets. Droplets are released on a cold and warm
surface using similar experimental techniques and set-ups. For evaporation, three heating temperatures are
considered where the impact of release and the internal flow during 50 s are investigated. For freezing, two
freezing temperatures were compared during the first 4 and 5 seconds of freezing. It was found that the
release of the droplet might impact the flow within evaporating droplets, but not within freezing droplets
because of the decreasing effect of viscosity with increasing temperature. For both the freezing and the
evaporating droplets, a shift in flow direction occurs early in the processes. For the freezing droplets this
effect could be traced to the Marangoni convection, but this is not as clear for evaporating droplets where
the explanations could be several. For evaporating droplets, within 15 s after the release of the droplet,
a form of "steady-state" has occurred, since the conditions in and around the droplet are not changing
significantly. It was also found that a warmer heating surface yields higher velocities as well as a faster
decrease in velocities as the geometrical effects of evaporation becomes significant compared to a colder
heating temperature. Although, the maximum velocities and the largest spread in velocity was found when
the temperature of the cooling surface was below zero.

1. Introduction

Evaporation and freezing of droplets is two interesting areas with many applications. Evaporation
of droplets is important in e.g. spray cooling, surface coating and ink-jet printing. For freezing
droplets, the applications are found mainly when dealing with icing on wind turbines, airplane
wings and roads.

To the author’s best knowledge, not many studies have been performed studying the internal
flow within the droplets for freezing of water droplets. Kavanami et al. [1] 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 are
important mechanisms for the internal flow. Karlsson et al. [2] modelled the inner flow when
internal natural convection was included and excluded (i.e only conduction from the surface)
in the model and the result was validated with existing experimental data. Karlsson et al. [3]
performed experiments by releasing droplets on a cold surface and the inner flow was captured by
using Particle Image Velocimetry (PIV). The flow field in the centre of the droplet was visualized
and the magnitude and direction of the velocities were derived.

The evaporation of sessile droplets has been studied thoroughly both experimentally and
numerically [4, 5, 6, 7, 8]. A similar setup as in the experiments performed in this paper was
done by Erkan and Okamoto and Erkan [9, 10], where liquid droplets were released with different
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impact velocities onto a dry (and later, also heated) sapphire plate. The flow inside the droplet
was investigated using time-resolved PIV, and a laser created a laser sheet illuminating a plane
parallel to the surface. The radial velocity distribution during the early phase of spreading inside
the droplets was compared to an analytical as well as a numerical model and both was proven to
show similar results. However none of the models could reproduce all of the experimental results
in detail.

An interesting study of the internal flow within droplets impacting on a surface was performed
by Kumar et al. [11] using the same ray-tracing algorithm as in this work proposed by Kang et
al. [12] to account for the image distortion at the droplet boundary. The vortices caused by the
impact to the surface were traced and the vortex strength was computed. The internal flow was
also studied by Thokchom et al. [13, 14] using PIV in externally heated sessile droplets confined
in a narrow gap between two glass plates. The benefit of using a "Hele-Shaw" droplet is in the
optics since no image correction has to be done and the surface flow is seen. The experiments
yielded that an alteration in the free surface temperature changes the fluid flow profile inside the
droplet and consequently also the deposition pattern of solute particles on the substrate. The heat
sources were an IR light and a heating element that was moved along the droplet surface to create
different effects. The measured velocity profiles were in qualitatively agreement with numerical
simulations.

In a recent study by Zhao et al. [15], the full velocity field in evaporating sessile droplets was
captured. Instead of correcting the raw PIV data as done in this work, the Scheimpflug principle
was applied. This is a mapping method used to eliminate the perspective effects and therefore
the flow near the droplet surface can be studied. This method is very useful when studying
evaporating droplets, but when working with freezing droplets this method will not work properly
because of the positioning of the camera. Since the camera is placed underneath the droplet, the
frost layer and the created ice during freezing will make it impossible for the camera to retrieve
good images of the freezing process. This is one of the reasons why the method by Kang et al.
[12] is used in the freezing experiments in the current study. For easier comparison, the same
method is also applied in the evaporation experiments.

In this work the effects of Marangoni convection on evaporating and freezing droplets are
studied and the results from the two different processes are compared to each other. The effects of
Marangoni convection on evaporating droplets has been studied before. To exemplify, Hu and
Larson [16] concluded from numerical simulations that a thermally driven Marangoni flow should
be visible in an evaporating water droplet, but this is not as easy to visualize in experiments.
One possible reason for this can be surfactant contaminants [16, 17]. Xu and Luo [18] showed
that even though this is partially true, the surface tension and the surface temperature change
nonmonotonously along the liquid surface due to a stagnation point at the droplet surface. Kita
et al. [19] induced a Marangoni flow in pure water drops by creating a temperature gradient
on the drop using infrared thermography. They found that to initiate a Marangoni flow as two
alike vortices, a temperature gradient along the liquid-air interface of about 2.5 ◦C is necessary
and to maintain them the temperature difference has to be about 1.5 ◦C. The main consensus is
that Marangoni convection is small for water droplets [17], [20], but can be induced [19]. This
motivates also a comparison between heated evaporating droplets and freezing droplets since
it has been shown that the Marangoni convection plays an important role for the flow in the
beginning of the freezing process, but after a while natural convection takes over [3]. This is not
as clear when studying evaporation of droplets, and this paper discusses the different effects in
the droplets.

Hence, in this paper the aim is to study and compare the inner flow when droplets are released
on a cold and warm surface and to reveal if natural convection and/or Marangoni convection
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have a noticeable influence on the flow within the droplets.

2. Method

To facilitate the presentation of the results, a schematic image of the direction of Marangoni flow
for a constant gradient is shown in Figure 1. The Marangoni flow when T1 > T2 is seen to the left
in the figure, i.e. the flow within an evaporating droplet and the Marangoni flow when T1 < T2 is
seen to the right, i.e. the flow within a freezing water droplet.

Figure 1: Direction of Marangoni driven flow for a constant gradient. Left: T1 > T2: evaporation. Right: T1 < T2:
freezing.

A similar set-up and experimental procedure were used for the freezing and evaporating droplets.
When these differ from one another, it will be clearly stated in the text.

2.1. Experimental setup

Droplets were gently deposited on a sapphire plate (aluminium oxide, Al2O3) using a pipette.
The sapphire plate measured 50.8 mm (2") in diameter, 5 mm thick and was chosen due to its
high thermal conductivity in combination with its transparency. The pipette was a ThermoFisher
Finnpipette F1 1 to 10 µL, micro and was kept in place by an optical rail to create repeatable
deposition of the droplets in each experiment. The sapphire plate was resting on an aluminium
holder that was heated using a Peltier element. The Peltier element was placed with its warm side
up during the heating experiments and its cold side up during the freezing experiments. It was
submerged in a box with either warm or cold circulating water depending on which experiment
was performed (closed system, connected to a tank water held at T = 22.7 ± 0.98 ◦C and T =
3.9 ± 1.3 ◦C respectively). The laser light was guided underneath the droplet using a prism that
was put inside a central hole in the aluminium holder and a tunnel inside the holder allowed
the light to pass through to the droplet. To protect the set-up from disturbances in the room a
PMMA (plexiglass) chamber was put around the sapphire plate. Four holes was made in the
chamber; one on top for the pipette to be able to release the droplets, one on the right side to
allow the laser light to pass through to the prism, one on the left side to enable the camera to
record the experiments and one on the back where the hygrometer was mounted. The sapphire
plate was cleaned using Propanol (C3H7OH) and deionized (DI) water using lens paper before
each experiment. A schematic diagram of the experimental setup can be seen in Figure 2. In both
the heating and freezing experiments the liquid used was DI water kept at room-temperature,
Twater = 21.1 ± 1.4 ◦C. The seeding particles in the freezing experiments were chosen due to its
good qualities when working with water. However, these particles did not work well in the
heating experiments since the droplets collapsed as they reached the surface after the release
from the pipette. Therefore, new particles were chosen for the heating experiments, see Table 1
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Table 1: Data of seeding particles

Case Particles Diameter (µm) Stokes number Conc. of particles
Heating Latex (Magsphere Inc.

PS Red Fluorescent,
1.055 g/cm3)

5.1 < 5 · 10−4 0.99 ml DI water and
0.01 ml seeding parti-
cles

Freezing Rhodamine B (mi-
croParticles GmbH
PS-FluoRed, 1.050
g/cm3)

3.16 < 5 · 10−7 0.98 ml DI water and
0.02 ml seeding parti-
cles

for details about the seeding particles for each set-up. The Stokes number, Stk was calculated
for a "worst-case scenario" for both set-ups to determine if the particles was suitable for these
experiments, see Table 1. Since both have a Stk « 1, the conclusion is that the particles follow
the flow well. Based on the guidelines, the amount of particles in the water was continuously
evaluated to reach the recommended particles per interrogation area. The resulting concentration
of particles for both set-ups can be found in Table 1.

Figure 2: Schematic diagram of the experimental setup.

The temperature of the air and humidity inside the chamber was monitored using a hygrometer
and the temperature of the sapphire plate was measured using a thermocouple of K-type. The
laser was a continuous 50 mW 532 nm Nd:YAG (Altechna Co Ltd) connected to a half wave-plate,
a polarizing beam splitter (cube) and a beam dump. These components were used to adjust the
amount of light transmitted through the droplet. A cylinder lens assembly from Dantec Dynamics
created and focused the light sheet to a thickness of < 0.4 mm. A 12 mm thick window placed
on a rotation table was used to fine tune the position of the sheet to the center of the droplet
(up and down to be able to adjust the light sheet to move sideways in the droplet), see Figure
2. The motivation for guiding the laser light from underneath the droplet was the advantage of
the plane surface reducing the light scatter. This arrangement also allows a good view of the
symmetry line of the droplet. For the freezing set-up a CMOS camera (IDS µEye) with a spatial
resolution of 1280 x 1024 pixels and pixel size 5.3 x 5.3 µm2 together with a Navitar long distance
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Table 2: Experimental setup conditions

Case
Plate tempera-
ture, Tplate

RH % in cham-
ber

Temperature in
chamber

Sampling
rate (Hz)

Recording
times (s)

Heating
40 ◦C ± 0.22 ◦C,
50 ◦C ± 0.11 ◦C,
60 ◦C ± 0.05 ◦C

47.2 % ± 1.2 % 25.4 ◦C ± 0.77 ◦C 50-54 60

Freezing
-8.08 ◦C ±
0.12 ◦C

50.4 ± 4.5 % 16.7 ± 1.7 ◦C 50

Dependent
on the
freezing
times
of the
droplets

microscope captured images of the particles. For the heating set-up a similar CMOS camera (IDS
UI-3140CP-M-GL Rev.2) was used with the same spatial resolution and microscope mounted, but
with pixel size 4.8 x 4.8 µm2. Details about the specific sampling rates can be found in Table 2.
The height from which the droplets were released was measured to be 2.1 mm and the velocity as
the droplet hit the surface was calculated to be 52 mm/s for the heating experiments and 3.9 mm
and 77 mm/s respectively for the freezing experiments.

2.2. Experimental procedures

The following statements can briefly summarize the experimental procedures:

Heating

1. The heating of the surface starts.

2. At Tplate = 40, 50 or 60 ◦C (visually determined from the computer screen):
- the pipette was filled with the DI water and seeding particle suspension,
- the camera and the laser was switched on,
- the laser sheet was fine tuned to the centre of the droplet (while the droplet was still
hanging from the pipette),
- and finally the droplet was released.

3. The camera and laser light was turned off after about 60 s after the droplet has hit the
surface.

4. The surface was cleaned and a new experiment could begin.

Freezing

1. The cooling of the surface starts.

2. At Tplate = -8 or -12 ◦C (visually determined from the computer screen), the pressurized air
was switched on and turned off again when RH was around 50 %. This took about 60 s.

3. The pipette was filled with the DI water and seeding particle suspension.

4. The camera and the laser were switched on. The position of the light sheet was fined tuned
to the centre of the droplet (while the droplet was still hanging from the pipette).
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5. The droplet was released when Tplate reached -8 ◦C again (visually determined from the
computer screen), which occurred approximately 30 s from when the pressurized air was
switched off.

6. The cooling was turned off when the droplet was completely frozen.

7. The surface was cleaned and dried when Tplate > 0 ◦C and at Tplate = 4 ◦C a new experiment
could begin.

In the freezing experiments it was found that a roughness on the surface was necessary to initialize
the freezing process without delay. Due to the smoothness of the sapphire plate, this roughness
was added by producing frost on the surface. This layer was generated by letting pressurized air
pass through a container filled with water and this humidified air was then guided into the closed
chamber surrounding the experimental setup. The temperature of the surface, as well as the air
and the relative humidity inside the chamber was monitored in order to produce a layer of frost as
similar as possible during each freezing, see Table 2 for details about the conditions for the frost.
A longer discussion of how this frost layer can be found in Karlsson et al. [3].

The result of the evaporation experiments is based on six evaporating droplets with a simi-
lar geometry, i.e. droplets with approximately same heights and radiuses, when Tplate = 40, 50
and 60 ◦C. These are presented in Table 3. Two freezing droplets (when Tplate = -8 and -12 ◦C) are
also included in this table.

Table 3: Values of the geometries of the evaporating and freezing droplets at t = 1 s.

Case (Tplate-temperature) Droplet
height (mm)

Droplet
radius (mm)

Contact area at sur-
face (mm2)

Evaporation

40 ◦C: case 1 1.37 1.88 11.1
40 ◦C: case 2 1.43 1.86 10.9
50 ◦C: case 1 1.45 1.86 10.9
50 ◦C: case 2 1.47 1.84 10.6
60 ◦C: case 1 1.48 1.92 11.6
60 ◦C: case 2 1.45 1.85 10.7

Freezing

-8 ◦C 1.42 1.71 9.15
-12 ◦C 1.78 1.56 7.65

2.3. Uncertainty analysis

The uncertainties introduced during the measurements can be divided into the two categories;
systematic (bias) and random errors. The systematic errors usually arise from the measuring
equipment and the random errors are usually due to unknown or unpredictable changes in the
experiments [21].

Similar to the experiments performed in Karlsson et al. [3] the main sources to the systematic
error can be found in the pipette technique, i.e. the mixing of seeding particles in the water, the
reading of the measurements instruments and the positioning of the camera. Since these errors are
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Table 4: Values of the droplets geometry in the repeatability study at t = 5 and 15 s when Tplate = 60 ◦C. Note that the
radius of the droplets and contact areas at the heated surface are the same for both times.

Case
Droplet radius
(mm)

Contact area at sur-
face (mm2)

Droplet height
at t = 5 s (mm)

Droplet height
at t = 15 s (mm)

1 1.80 10.1 1.43 1.39
2 1.86 10.9 1.37 1.33
3 1.91 11.5 1.49 1.44
4 1.78 9.98 1.57 1.52
5 1.89 11.2 1.43 1.38
6 1.86 10.8 1.45 1.42
7 1.87 11.0 1.44 1.40
8 1.77 9.80 1.45 1.42
9 1.92 11.6 1.47 1.42
10 1.84 10.6 1.48 1.43

Table 5: The precision error in five points along the symmetry line for t = 5 and 15 s

Position t = 5 s t = 15 s

At heated surface 1.00 % 0.81 %
25 % 0.25 % 1.78 %
50 % 5.37 % 0.42 %
75 % 2.30 % 0.22 %
Top 2.68 % 0.02 %

introduced in each experiment, they may be difficult to detect and therefore have a large impact
on the result. However, careful planning and execution of experiments can minimize these errors.
Normally, the correlation error is 0.1 pixel [22].

The random errors can mainly be found in the release of the droplet, resulting in droplets
with different geometries and different initial internal flows (t < 5 s). To get an estimate of the
random errors a repeatability test can be performed, see [21]. Ten experiments for Tplate = 60 ◦C are
considered, where the magnitude of the corrected velocities in the y-direction along the symmetry
line between bottom and apex of the droplet is studied. Since the droplets vary in height the
interesting points is what happens at just above the heated surface, i.e., the lowest value of the
corrected data set and at the top of the corrected data in each case. Also, the points at 25, 50 and
75 % above the heated surface is determined. To get an estimate of the variations in the velocities
along the symmetry line in the beginning of evaporation and as the flow has settled in the droplet,
the times studied are t = 5 and 15 s. The specific time t = 5 s is chosen because the shift in flow
direction (see section 3.2.1) has occurred for all 10 cases in this investigation, before this time the
flow is more difficult to evaluate. In Table 2 the precision errors with a 95 %- confidence interval
for the 5 points chosen are shown and it can be seen that the errors are below, or mostly well
below 5.5%, suggesting that the random errors are relatively small regarding the velocities on
the symmetry line, especially for when t = 15 s. This can also be seen in Figure 3, where the
mean velocity in the five points is shown together with the precision error presented using error
bars. This means that the velocities in the droplet are in fact comparable in each case despite their
differences in geometry, and the six selected droplets in Table 3 can be used in the further study.
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Figure 3: The mean velocity in the five points used in the repeatability study at t = 5 and 15 s for 10 experiments when
Tplate = 60 ◦C. The precision error with a 95 % confidence interval in each point is shown with error bars.
Point 1 is located at the heated surface and point 5 is located at the top of the corrected data. Points 2, 3 and
4 are found in-between point 1 and 5.

3. Results and Discussion

3.1. Impact of release

When a droplet of equal temperature as the sapphire plate, held at T = 20 ◦C, is released and
reaches the surface, all movement stops completely within less than a second. This could suggest
that the movement inside the droplet after t = 1 s does not have to do with the release of the
droplet. However, since the viscosity of the water decrease with an increase in temperature (drops
about 50 % from 20 ◦C to 60 ◦C), any movement created by the release of the droplet should be
more visible at higher temperatures. This indicates that depending on how the droplet impact
the surface, different types of flow will be seen inside the droplets and there will be a seemingly
random motion in each droplet directly after impact. This can be compared to the freezing droplet
where the viscosity in the water is high as it reaches the surface and will only get larger as the
temperature inside the droplet decreases. This means that the movement inside of the freezing
droplet is not induced by the release of the droplet, but for the heated droplet the release may
have a larger impact on the flow inside the droplet.

3.2. Evaporation

After the droplet is released on the surface the flow is fluctuating in velocity and for at least the
next 5 s, see Figure 4 where the magnitude of the mean velocity along the the symmetry line for
Tplate = 40, 50 and 60 ◦C when t = 1-50 s is plotted. The size of the fluctuations and how long
these occur, increase with increasing temperature, i.e. when Tplate = 40 ◦C, the velocity settles
faster than for when Tplate = 60 ◦C. After this initial time period, i.e. when t = 5-20 s the flow
settles and the velocity decreases for the higher temperatures and is fairly constant for the lowest
temperature. A form of "steady state" is reached, since the conditions in and around the droplet
are not changing significantly. The only varying parameter is the drying of the droplet, which
reduces the size and thereby also the velocities inside the droplet. This chapter will be divided in
two parts: Evaporation until "Steady state" and Evaporation after "Steady state".
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Figure 4: The magnitude of the mean velocity along the symmetry line for Tplate = 40, 50 and 60 ◦C when t = 1-50 s.

3.2.1 Evaporation until "Steady state"

For all cases studied, during the first second or the first few seconds for some cases, the flow
is moving down the symmetry line of the droplet and up along the curved surface. This is
exemplified in Figure 5 (a) for Tplate = 60 ◦C: case 1. Within 15-20 s the flow has settled and the
flow is moving in the opposite direction up along the symmetry line. For Tplate = 60 ◦C: case 1 this
takes place already within 3 s. After this, the flow is moving upwards along the symmetry line
and down along the curved surface. The initial direction of the flow may indicate that Marangoni
convection can actually be seen in heated water droplets directly after the impact on the surface.
After this initial time period natural convection takes over changing the direction of the flow. This
is interesting since the effects of Marangoni convection has also been shown to be the dominant
for freezing droplets, up to about 15 % of the total freezing process [3]. However, even though the
direction corresponds to Marangoni flow it is difficult to conclude that this is the cause. Another
explanation for this flow pattern is due to the release of the droplet. The force created as the
droplet impact the heated surface will be directed upwards in the direction away from this surface
forcing the water upwards along the curved surface in the droplet. Since the viscosity is decreasing
with increasing temperature, the water moves more easy when a force is applied. Finally, a third
possibility for this type of initial flow pattern might be due to the temperature differences, ∆T
caused by the heating of the surface. When ∆T = 0 (at room-temperature), no flow is seen inside
the droplet and this could indicate that the droplets initial change in form do not induce a flow.
However, when ∆T 6= 0, this initial change in form might actually affect the flow and this could
cause the flow moving in this initial direction as exemplified in Figure 5. All three causes are
plausible and there might also be an interaction between all three contributing to the flow.

The direction of the flow is altered within seconds after the release from the pipette. This can be
seen in Table 6, where the time for when the flow shifts in direction can be found for all cases. As
the temperature increases, the time for when the flow is shifting is decreasing. Since the viscosity
decreases with higher temperatures, the impact from the release might be seen for a longer time
in the flow or it could also be that the effects from Marangoni has larger impact on the flow when
the temperature increases. It should be noted that the flow seen in Figure 5 is similar, but not
identical, in each of the six cases studied. Even though the goal for the release of the droplet on
the surface is to be identical in each experiment, there are still differences, and therefore different
types of flow emerges inside the droplet. Vortices are created at different locations in each droplet,
but as the flow settles (at t = 5-20 s) two vortices are seen or are discernible at either side of the
symmetry line in the droplet, see Figure 5. The flow direction, as discussed above, is however the
same in all droplets. When the turn in flow direction occur the velocities drops considerably as
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Figure 5: Internal flow patterns with normalized velocity vectors for the corrected data when Tplate = 60 ◦C: case 1 at t
= 1-15 s.
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Figure 6: The magnitude of the velocity along the symmetry line for Tplate = 60 ◦C: case 1 when t = 1-5 s and t = 7-15
s.

seen in Figure 6 at t = 3 s, where the magnitude of the velocity is exemplified for Tplate = 60 ◦C:
case 1. After the shift, the velocities recover and reach a similar level as before. Towards the end
of the measuring period (t = 13 s) the flow slows down. When the temperature of the heated
surface is higher the velocities is also higher inside the droplet, see Figure 7 where the spread
(standard deviation) in velocity along the symmetry line in the droplet at t = 1-15 s can be seen
for all temperatures. Here the mean velocity is seen as a solid and a dotted line representing the
two cases for each temperature. As the temperature of the heated surface increases, the spread in
velocity becomes larger in magnitude. This is both due to the release of the droplet and the large
temperature differences in the droplet compared to the heated surface and is therefore expected.
Some variations in velocity between the two cases compared at each temperature can be seen, but
the magnitude of velocity is similar suggesting that they are in fact comparable and repeatable as
long as the droplet geometries are similar.

Table 6: The point in time when the flow shifts during evaporation

Case Time (s)

40 ◦C: case 1 6
40 ◦C: case 2 6
50 ◦C: case 1 4
50 ◦C: case 2 4
60 ◦C: case 1 3
60 ◦C: case 2 2
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Figure 7: The spread (standard deviation) in velocity along the symmetry line during evaporation for Tplate = 40, 50
and 60 ◦C (all cases) when t = 1-15 s shown using error bars. The solid line is the mean velocity of all times.

3.2.2 Evaporation after "Steady state"

After the initial time period, the flow inside the evaporating droplets begins to settle. The velocity
starts to decrease around t = 15-20 s and the decrease in mean velocity is more rapid when Tplate =
60 ◦C, see Figure 4. To exemplify, if studying the velocity vectors for Tplate = 60 ◦C: case 1 in Figure
8 for t = 20-50 s, it can be seen that the flow is approximately similar during this time. The vortices
move somewhat between the time frames, probably due to a decrease in velocity and contact
angle, but a type of "steady-state" has occurred. This "steady-state" is also reflected in Figure 9,
where the magnitude of the velocity along the symmetry line for the same case and corresponding
times is seen and here the velocities are approximately similar with a slight decrease with time.
In Figure 4 this decrease is seen for all Tplate-temperatures and cases. Scrutinizing the full time
period, i.e. t = 1-50 s, yields that the decrease in velocity is more rapid in the beginning of the
evaporation compared to the end. When the "steady-state" period is reached, the temperature
differences between the water and the heated surface have evened out and the heat exchange with
the surroundings is constant. Also, the velocity differences increases with the increase in surface
temperature of the heating surface if the full time period, t = 1-50 s is considered. In Figure 10
the spread (standard deviation) in velocity along the symmetry line in the droplet at t = 20-50 s
can be seen for all temperatures and here the mean velocity is seen as a solid and a dotted line
representing the two cases for each temperature. Note that the maximum spread in velocity is still
larger (if comparing to Figure 7) when the temperature of the heated surface is higher compared
to a lower temperature.
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Figure 8: Internal flow patterns with normalized velocity vectors for the corrected data when Tplate = 60 ◦C: case 1 at t
= 20-50 s.
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Figure 9: The magnitude of the velocity along the symmetry line for Tplate = 60 ◦C: case 1 when t = 20-50 s
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Figure 10: The spread (standard deviation) in velocity along the symmetry line during evaporation for Tplate = 40, 50
and 60 ◦C (all cases) when t = 20-50 s shown using error bars. The solid line is the mean velocity of all
times.
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3.3. Freezing

The internal flow patterns with normalized velocity vectors for when Tplate = −12 ◦C at t = 1-5 s
are seen in Figure 11. Here, the flow is moving up along the symmetry line and down along the
curved surface up to when t = 0.19ttotal , after this the flow is changing direction and at t = 0.22ttotal
the flow is moving in the opposite direction - down along the symmetry line and up again along
the curved surface. This flow behavior is in agreement with the flow behavior seen for Tplate =
−8 ◦C in Karlsson et al. [3], but the time when the shift is slightly different. The shift occur at
approximately 16 % of the full freezing time when Tplate = −8 ◦C [3] compared to approximately
19 % when Tplate = −12 ◦C (current study). In Figure 12 the magnitude of the velocity along the
symmetry line are presented for the corresponding times in Figure 11. As for Tplate = −8 ◦C, the
highest velocities are found in the beginning of freezing and the large drop in velocity that occur
before the shift in the flow is also seen when Tplate = −12 ◦C. However, the increase in velocity after
the shift is not as clear when Tplate = −12 ◦C as for Tplate = −8 ◦C [3], but a similar flow behavior
is seen for both temperatures. The spread (standard deviation) in velocities along the symmetry
line for when Tplate = −8 ◦C and −12 ◦C at t = 1-4 s and t = 1-5 s respectively is found in Figure
13, where it can be seen that the velocities in the droplet varies significantly. In the beginning of
freezing the velocities are high, but shortly after the shift in flow direction the velocities are almost
zero resulting in a very large spread in velocities with respect to time.
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Figure 11: Internal flow patterns with normalized velocity vectors for the corrected data when Tplate = −12 ◦C at t =
1-5 s.
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Figure 12: The magnitude of the velocity along the symmetry line for Tplate = −12 ◦C when t = 1-5 s.

3.4. Comparing the flows within freezing and evaporating droplets

Higher Tplate - temperatures results in higher velocities, but the highest velocities are found when
Tplate < 0. The highest velocities in this study are found when Tplate = −12 ◦C suggesting that the
velocity is increasing with decreasing Tplate - temperature for temperatures when Tplate < 0. The
maximum spread in velocities is also seen for when Tplate = −12 ◦C suggesting that the highest
velocities may be found here, but when t = 0.19ttotal the velocities are almost zero as for when
Tplate = −8 ◦C [3]. Regarding evaporation, the highest velocities are found the first 15 s in all cases,
see Figures 7 and 10. The highest velocities for when Tplate = 60 ◦C is comparable to the highest
velocities when Tplate = −8 ◦C, suggesting that Marangoni convection might actually affect the flow,
at least for the first second or seconds. For freezing droplets Marangoni convection seem to affect
the flow due to the higher velocities in comparison to evaporation. This can also be compared to
the theoretical value for the Marangoni (Ma), which is well above 80 for all cases studied. This
means that the Marangoni effects should be present in both the freezing and evaporating droplets.
Finally, when the flow shifts in direction the velocity approaches zero for both evaporation and
freezing and after the shift the velocities increases again, but never to the highest levels as seen
before the shift in flow.

17



Comparing internal flow in freezing and evaporating water droplets using PIV

-0.1 0 0.1 0.2 0.3 0.4 0.5

Velocity [mm/s]

0.2

0.4

0.6

0.8

1

1.2
y
 [

m
m

]

(a) Tplate = −8 ◦C, when t = 1-4 s

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Velocity [mm/s]

0.2

0.4

0.6

0.8

1

1.2

1.4

y
 [

m
m

]

(b) Tplate = −12 ◦C, when t = 1-5 s

Figure 13: The spread (standard deviation) in velocity along the symmetry line during freezing for Tplate = −8 ◦C
and −12 ◦C when t = 1-4 s and t = 1-5 s respectively, shown using error bars. The solid line is the mean
velocity of all times.

4. Conclusions

In this work the internal flow in freezing and evaporating water droplets have been investigated
using Particle Image Velocimetry and a comparison between the two cases has been performed.
Three heating and two cooling temperatures were studied where the aim was to reveal if natural
convection and/or if Marangoni effects influences the flow within the droplets. Due to the low
viscosity in heated droplets, the early flow within these droplets might be influenced by the release
of the droplet. For freezing droplets, the viscosity is high in the water and therefore the internal
flow is not influenced by the release of the droplet, the movement is only due to freezing and
∆T. During evaporation, within 15 s after the release of the droplet to the surface, a form of
"steady-state" occurs since the conditions in and around the droplet are not changing significantly.
As for the freezing droplets, a shift in flow direction occurs early in evaporation. This might be
due to the Marangoni effects, but it could not be concluded in this work. Two other explantations
could be due to the temperature differences caused by the heated surface or because of the force
created as the droplets impact the heated surface, pushing the water up along the curved surface.
In the freezing droplets, the flow is similar between the two temperatures and shows a typical
"Marangoni flow"-behavior, suggesting that the Marangoni effects influences the early flow within
freezing droplets. However, the shift in direction of the flow and the magnitude of the velocities
differ between the two cases. When comparing the velocities during freezing and evaporation, it
was found that a warmer heating surface yields higher velocities and a larger spread in velocities
compared to a colder heating temperature. Although, the highest velocities and the largest spread
in velocities was found when the temperature of the cooling surface was below zero.

18



Comparing internal flow in freezing and evaporating water droplets using PIV

References

[1] T. Kawanami, M. Yamada, and S. Fukusako, “Solidification characteristics of a droplet on a
horizontal cooled wall,” Heat Tran Jpn Res, vol. 26, no. 7, pp. 469–483, 1997.

[2] L. Karlsson, A.-L. Ljung, and T. S. Lundström, “Modelling the dynamics of the flow within
freezing water droplets,” Heat Mass Transf, vol. 54, no. 12, pp. 3761–3769, 2018.

[3] H. Karlsson, L. Lycksam, A.-L. Ljung, P. Gren, and T. S. Lundström, “Experimental study of
the internal flow in freezing water droplets on a cold surface,” Exp Fluids, vol. 60, no. 182,
2019.

[4] H. Y. Erbil, “Evaporation of pure liquid sessile and spherical suspended drops: A review,”
Adv Colloid Interface Sci, vol. 170, no. 1-2, pp. 67–86, 2012.

[5] R. G. Larson, “Transport and deposition patterns in drying sessile droplets,” AIChE J, vol. 60,
no. 5, pp. 1538–1571, 2014.

[6] A.-L. Ljung and T. S. Lundström, “Evaporation of a sessile water droplet subjected to forced
convection in humid environment,” Dry Technol, vol. 37, no. 1, pp. 129–138, 2019.

[7] A.-L. Ljung and T. S. Lundström, “Heat and mass transfer boundary conditions at the surface
of a heated sessile droplet,” Heat Mass Transf, vol. 53, no. 12, pp. 3581–3591, 2017.

[8] A.-L. Ljung, E. Lindmark, and T. S. Lundström, “Influence of plate size on the evaporation
rate of a heated droplet,” Dry Technol, vol. 33, no. 15-16, pp. 1963–1970, 2015.

[9] N. Erkan and K. Okamoto, “Full-field spreading velocity measurement inside droplets
impinging on a dry solid surface,” Exp Fluids, vol. 55, no. 1845, 2014.

[10] N. Erkan, “Full-field spreading velocity measurement inside droplets impinging on a dry
solid-heated surface,” Exp Fluids, vol. 60, no. 88, 2019.

[11] S. S. Kumar, A. Karn, R. E. A. Arndt, and J. Hong, “Internal flow measurements of drop
impacting a solid surface,” Exp Fluids, vol. 58, no. 12, 2017.

[12] K. H. Kang, S. J. Lee, C. M. Lee, and I. S. Kang, “Quantitative visualization of flow inside an
evaporating droplet using the ray tracing method,” Meas Sci Technol, vol. 15, pp. 1104–1112,
2004.

[13] A. K. Thokchom, A. Gupta, P. J. Jaijus, and A. Singh, “Analysis of fluid flow and particle
transport in evaporating droplets exposed to infrared heating,” Int J Heat Mass Tran, vol. 68,
pp. 67–77, 2014.

[14] A. K. Thokchom, S. K. Majumder, and A. Singh, “Internal fluid motion and particle transport
in externally heated sessile droplets,” AIChE J, vol. 62, no. 4, pp. 1308–1321, 2016.

[15] H. Zhao, T. Wang, and Z. Che, “Full-field flow measurement in evaporating sessile droplets
based on the scheimpflug principle,” Appl Phys Lett, vol. 115, 2019. 091603.

[16] H. Hu and R. G. Larson, “Analysis of the effects of marangoni stresses on the microflow in
an evaporating sessile droplet,” Langmuir, vol. 21, no. 9, pp. 3972–3980, 2005.

[17] H. Hu and R. G. Larson, “Marangoni effect reverses coffee-ring depositions,” J Phys Chem B,
vol. 110, pp. 7090–7094, 2006.

19



Comparing internal flow in freezing and evaporating water droplets using PIV

[18] X. Xu and J. Luo, “Marangoni flow in an evaporating water droplet,” Appl Phys Lett, vol. 91,
no. 124102, 2007.

[19] Y. Kita, A. Askounis, M. Kohno, Y. Takata, J. Kim, and K. Sefiane, “Induction of marangoni
convection in pure water drops,” Appl Phys Lett, vol. 109, no. 171602, 2016.

[20] R. Savino, D. Paterna, and N. Favaloro, “Buoyancy and marangoni effects in an evaporating
drop,” J Thermophys Heat Tr, vol. 16, no. 4, pp. 562–574, 2002.

[21] H. Coleman and W. Steele, Experimentation, Validation, and Uncertainty Analysis for Engineers.
Hoboken, New Jersey: John Wiley & Sons, Inc., 2009.

[22] J. Westerweel, “Theoretical analysis of the measurement precision in particle image velocime-
try,” Exp Fluids, vol. 29, no. Suppl 1, pp. S003–S012, 2000.

20



E
Numerical study on the impact of

internal flow on the velocity and
temperature distribution inside a

freezing droplet

Authors:
L. Karlsson, A.-L. Ljung, T.S. Lundström

To be submitted.





The impact of internal flow on the velocity and temperature distribution inside a freezing droplet

Numerical study on the impact of
internal flow on the velocity and
temperature distribution inside a

freezing droplet

Linn Karlsson, Anna-Lena Ljung, T. Staffan Lundström

Division of Fluid and Experimental Mechanics,
Luleå University of Technology, SE-97187 Luleå, Sweden

Corresponding author: linn.karlsson@ltu.se

Abstract

In this work the velocity and temperature distribution in a freezing water droplet has been investigated
numerically. Different heat transfer mechanisms has been included in the model to reveal whether natural
convection or Marangoni convection (surface tension) dominate the flow in the freezing droplet. The
surface tension is modeled by applying a shear stress at the curved surface (100% shear stress or shear
stress reduced 10 or 100 times) and the natural convection is modelled by allowing for density differences
and including gravity in the model. The numerical work has been compared to existing experiments.
When surface tension is included in the model, initially one or two vortices are seen in the flow, moving
down along the curved surface and up along the symmetry line. When only including conduction and
natural convection, the flow is moving in the opposite direction. In two of the cases when surface tension
is included in the model, the flow shifts in direction early in the freezing process and then exhibits a
typical natural convection flow. After a certain point, for all cases investigated, the flow resembles the flow
as when only conduction is included in the numerical model, moving from the freezing front up to the
top of the droplet. If comparing the velocities along the symmetry line between the simulations and the
experimental work, the case where surface tension is reduced 100 times yields the best correspondence.
The results thus indicate that Marangoni convection do have a large impact on the flow initially, but
not as much as the theoretical value. The natural convection effects are seen, both in simulations and
experiments, to be a driving force for the flow after a few seconds, when there is a shift in flow direction.

1. Introduction

The detailed understanding of freezing of water droplets can be fundamental for many areas, as
for example when dealing with icing on wind turbines, airplane wings and roads. It also involves
several interesting phenomenas including Marangoni and natural convection driven flow and the
phase change from water to ice.

In practical terms it has been shown that factors important for the freezing process of a water
droplet are 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 the cooling surface [5], the freezing
on superhydrophobic surfaces, e.g. [6, 7, 8], the effect of an inclined surface [9, 10, 11], internal
heat transfer [12, 13], contact angle [14, 15, 16] and internal flow [17].

As seen above, several papers have been published investigating the different aspects of the
freezing process experimentally, while numerical studies are relatively rare partly due to the
many mechanisms involved. The freezing front evolution has been investigated using differ-
ent approaches. Based on Stefan’s relation for planar surfaces, Nauenberg [18] presented an
approximate theory of how the ice-water front develops in droplets that are placed on a plane
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surface at a temperature below zero degrees. The theory was compared to experiments with
good agreement. Vu et al. [19] used an axisymmetric front-tracking method to represent the
interface between water and ice in a water droplet that is either sessile or pendant from a cold
plate. Depending on the Bond number and the droplet shape, they show that the droplet can
break up into smaller droplets during solidification when studying pendant droplets. Chaudhary
and Li [20] modelled the freezing process of water droplets on surfaces with different wettability
using an enthalpy-based heat conduction equation to give insight into the heat transfer during the
freezing process. Also, analytical and numerical investigations have been performed to study the
dome shaped tip appearing in the end of the freezing process [21, 22, 23, 24, 25]. Other authors
have considered the effects of a supercooled droplet, e.g. [7, 8, 26, 27, 28].

Only a few studies have addressed the inner flow in a freezing process with both experiments
and numerical methods. Kawanami et al. [17] used a model considering both surface tension and
the density maximum at 4 ◦C and derived that these mechanisms are important for the internal
flow. In Karlsson et al. [29] a freezing droplet was modelled including and excluding internal
natural convection (only conduction from the surface). It was found that when internal natural
convection was included in the model the velocities are higher in the density inversion region
compared to when it was excluded from the model. Also, the characteristic vortices that are
seen in freezing or heated water droplets were revealed. In Karlsson et al. [30] experiments were
performed on droplets freezing on a cold surface and it was shown that the Marangoni effects
influence the flow within the droplet the first second/seconds during freezing, then the flow shifts
in direction and natural convection effects (gravity) dominate the flow. The velocities in the water
were estimated and can thus be used to validate numerical models.

Even though only a few studies have been conducted of the internal flow in freezing droplets,
several papers have been published considering the internal flow in evaporating droplets, e.g.
[31, 32, 33, 34]. Using this knowledge, a similar approach as presented in Ljung and Lundström
[33, 34] for evaporating droplets will be used in the current study. Here, a droplet with fixed shape
is used neglecting the moving boundary seen in the experiments towards the end of the freezing
process, i.e. the dome shape formation. The benefit of a fixed boundary is a simpler model where
the focus is only on the transport of heat inside the droplet. The drawback is obviously the fixed
shape. From the experiments it is, however, evident that most of the change in shape takes place
after the flow within the droplet has settled. The main objective of this paper is, as in Karlsson
et al. [29] to see whether it is possible to capture the main features of the freezing process even
though the model does not cover all aspects of the process, such as variation in contact angle. The
aim of this work is also to disclose whether natural convection effects or Marangoni convection
effects (surface tension) dominate the flow in the freezing droplet and study the impact on the
temperature and velocity distribution within the droplet. The experimental work done by Karlsson
et al. [30] is used to validate the numerical model.

2. Theory

The equations for continuity, energy and momentum are given by

∂ρ

∂t
+∇ · (ρu) = 0, (1)

∂(ρH)

∂t
+

∂p
∂t
∇ · (ρuH) = ∇ · (k∇T) + u · ∇p (2)

and
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∂(ρu)
∂t

+∇ · (ρuu) = −∇p +∇ · (µ∇u) + S. (3)

The liquid and solid fractions, water and ice or xl and xs are treated as a multicomponent fluid
and are given by the relationship

xl + xs = 1. (4)

For the water/ice temperatures T > 273 K, xl = 1 and for T < 273 K, xl = 0. To determine the
mass fraction of water at T = 273 K, the Lever rule is used according to

xl =
Hmix − Hs

Hl − Hs
. (5)

Eq. 4 can be used when calculating, for example, the mixture viscosity as µ = xlµl + xsµs. Note that
the specific heat, specific volume and the conductivity also follow the aforementioned correlation.
The energy equation, Eq. 2 is given in terms of static enthalpy, as [35]

H = Hre f +
∫ T

Tre f

cpdT +
∫ p

pre f

1
ρ

[
1 +

T
ρ

(
∂ρ

∂T

)
p

]
dp. (6)

The density is in its turn, set to ρ(T) = f (T), where f (T) is provided by Andersland et al. [36].
The latent heat released during the freezing process is modelled as the difference in enthalpy
between water and ice. Here, the reference enthalpy for ice is 0.0 and the total reference enthalpy
is then given by Hre f = xl Hre f ,l . The reference values for temperature, pressure and enthalpy are
Tre f = 273 K, pre f = 0.0 Pa and Hre f = 334 kJ/kg. When the latent heat is modelled in this way, it is
known as the enthalpy method and is well represented in the literature; see for example Voller et
al. or Swaminathan and Voller [27, 28]. The source term in Eq. 3 is given by

S = − µs

Kp
u (7)

where Kp is the permeability of the porous ice. Hence, Kp approaches 1 when there is only water
and approaches 0 when there is pure ice. This means that there is a large "resistance" in the system
when there is ice resulting in zero velocities and when there is only water, there is no "resistance"
resulting in unchanged velocities. The source term in Eq. 7 may be extended by adding a term to
model buoyancy, resulting in the new expression

S =
µs

Kp
u + (ρ− ρre f )g (8)

where ρre f = 990 kg/m3 and g is gravity. The surface tension is modelled by applying a specified
shear at the curved surface. The shear stress is given by

τ =
∂σ

∂T
OsT (9)

where dσ/dT is the surface tension gradient with respect to temperature, and OsT is the surface
gradient.
A correlation for surface tension is given by Vargaftik et al. [37] as

σ = B
[

Tc − T
Tc

]µ [
1 + b

(
Tc − T

Tc

)]
(10)
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where B = 235.8×10−3 N/m, b = -0.625, Tc = 647.15 K and µ = 1.256.

For water the surface tension increases with decreasing temperature. When the water freezes the
effects from the surface tension can be neglected [37].

3. Method

The simulations are set-up and carried out using the hybrid Finite Volume/Finite Element CFD
Software ANSYS CFX 19.5 in a similar manner as in Karlsson et al. [29]. The simulation are
compared to the experimental work by Karlsson et al. [30].

3.1. Geometry

The geometry was chosen based on the volume of the droplets presented in Karlsson et al. [30]
and it is assumed that the droplets are spherical. Hence, to save computational time, the droplet is
an axi-symmetrical droplet modelled as a slice with symmetrical boundary conditions. The digital
droplet is 1.68 mm in radius and 1.68 millimeter in height and is extruded 5◦. The geometries and
meshes were generated using the software ICEM CFD and the geometry can be seen in Figure 1.

Figure 1: The geometry and boundary conditions applied in the simulations.

3.2. Simulation settings

When the simulation starts, at t = 0, the droplet is at rest and there is only water in the model.
The water is held at a temperature of Twater = 21◦C, has no initial velocity and is at zero relative
pressure. The flow is laminar due to the low velocities of the internal flow and the small scale. The
model do not handle subcooled water and it is therefore assumed that ice particles always nucleate
when T < 0. This in not always the case in reality, see Karlsson et al. [30] where it was shown that
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frost was necessary on the smooth surface to start the nucleation within the droplet. The freezing
process is time dependent and it was found that very small time steps were required to reach
a converged solution. A High Resolution second order advection scheme is applied, where the
blend factor values are allowed to vary in the domain. This means that the blend factor will be
close to 1.0 in areas with low variable gradients and closer to 0.0 where there is a sharp change in
the gradients. This is to assure an accurate solution, to prevent overshoots and undershoots and
maintain robustness [38].

The cooling surface, shown in Figure 1 is held at two temperatures Tplate = -8.0 and -12.0◦C.
The higher temperature is chosen in accordance with the experimental work by Karlsson et al. [30]
and the other one is chosen for comparison. The curved surface is given two different boundary
conditions (BC), one is an adiabatic BC (no heat or flow in or out of the droplet, qw = 0) and the
other one is shear stress to model the surface tension, see Eq. 9.

3.3. The studied cases

Theoretically, Marangoni has a strong impact on the flow within freezing and evaporating droplets,
but it has been difficult to visualize this in experiments. To exemplify, it has been shown that
Marangoni is 100 times lower than the theoretical value in evaporating droplets [39, 40] and
therefore it is interesting to investigate if this is also true for freezing droplets. Five cases was
modeled, as presented in Table 1. The first case is if the surface tension (or Marangoni) was
assumed to be 100 %, applied in the model using the shear stress, τ in Eq. 9, the second and
third cases are if the surface tension is reduced 10 or 100 times respectively, i.e. 0.1·τ or 0.01·τ,
the fourth case is when only conduction and natural convection is in included in the model, i.e.
when τ = 0 for comparison. For the first four cases, Tplate = -8.0◦C, while for the fifth case Tplate =
-12.0◦C with full surface tension.

Table 1: The cases modelled in this work.

Case Plate temperature, Tplate
Amount of shear stress, τ (Eq.
9)

Full surface tension (σ) -8.0 ◦C τ
10 times reduced σ -8.0 ◦C 0.1·τ
100 times reduced σ -8.0 ◦C 0.01·τ
Only conduction and natural
convection (NC)

-8.0 ◦C τ = 0

Full σ -12.0◦C τ

3.4. Mesh study

A mesh convergence study was performed based on the results of three subsequent grids to
estimate the magnitude of the discretization error. Two parameters were studied, i.e. the average
velocity at the curved surface and the volume average of temperature in the whole domain when
t = 1-5 s and t = 0-3 s respectively, see Figure 2. The first second is not included in the average
velocity analysis since it takes almost a second for the flow to settle in the droplet resulting in
differences in the observed velocities. The differences between the grids are small suggesting that
both the velocitiy and the temperature are comparable between the three cases and any of the
three grids can be chosen, but the simulation times are similar and of reasonable length so the
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Figure 2: The results from the mesh study.

finer grid (8253 nodes) is chosen in the further analysis. If a finer grid (than 8253 nodes) is used
a much smaller time step is required, which results in more time consuming simulations and
therefore not suitable for analysis. The simulations are highly time sensitive and a specific time
step is required to reach a converged solution. Here, the time steps for grid 1 and 2 are found to
be 5 · 10−5 and 2 · 10−5 respectively and for grid 3, an adaptive time step is used, where the time
step is 5 · 10−6 during the first second, thereafter the time step is set to vary between 1 · 10−4 and
5 · 10−6. The residual target is RMS 1 · 10−4.

4. Results and Discussion

In this part, the temperature and velocity distribution inside the freezing droplets will be inves-
tigated and discussed, the velocities within the droplets will be studied and compared to the
experimental data by Karlsson et al. [30], the behavior of the freezing front in the simulation cases
will be compared to each other and the freezing times will be discussed. Also, the velocity and
temperature distribution, the freezing front evolution, the freezing time as well as behaviors of
the flow for the case with full surface tension at Tplate = -8.0◦C will be compared to when Tplate =
-12.0◦C.

4.1. The temperature and velocity distribution in the freezing droplet

The velocity distribution in the freezing droplets are shown in Figures 3-6 where large differences
are seen between the cases. For the three cases where the surface tension is included in the model
see Figures 3, 4 and 5, the highest velocities are found very close to the curved surface in the
beginning of freezing. This is expected since the shear stress boundary condition is applied at the
curved surface and this will induce a flow along the curved surface down to the freezing front
as long as the temperature difference is high. In the case where only conduction and natural
convection is included in the model, see Figure 6, the highest velocities are found closer to the
curved surface than the symmetry line, but not at the surface. This is due to the gravity effects,
which will be the dominant factor for the flow inside the droplet. As reported in Karlsson et al.
[29] this flow is created by the large temperature differences inside the droplet and this will force
the warmer water at the top of the droplet down along the symmetry line to areas where there
is colder water close to the freezing front. For all cases studied in this paper, the characteristic
vortices expected in freezing droplets are seen. In the case where only conduction and natural
convection is included, the flow is moving down the symmetry line and up along the curved
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (f) t = 5 s (f) t = 7.3 s

Figure 3: The velocity profiles when full surface tension is included in the model for Tplate = -8.0◦C, at t = 0.5-5 s

surface. For all the simulated cases when surface tension is included in the model, the flow is
moving in the opposite direction, down along the curved surface and up along the symmetry line,
except for in the beginning of freezing in the case for full surface tension where two vortices are
seen. An attempt to explain these vortices follows in the next part of this section. The flow has
shifted in direction at t = 7.3 s for the case when full surface tension is included in the model, see
Figure 3 (f) and at t = 3.8 s for the case when surface tension is reduced 100 times, see Figure 5 (e).
This shift in flow direction will be discussed in Section 4.2. At t = 5 s, or after for all cases, the
flows resembles the flow seen in Figure 5 (f), where the water is moving in the direction from the
freezing front to the top of the droplet. This type of flow was also seen in the work by Karlsson et
al. [29] for the case when only conduction from the cooling surface was included in the model.
This means that for most part of the freezing process, for all of the cases investigated in this work,
the flow patterns inside the freezing droplet show an almost identical behavior. If comparing the
result for the case when full surface tension is included in the model at Tplate = -8.0◦C to when
Tplate = -12.0◦C, see Figures 3 and 7 respectively, the velocity distribution is similar between the
two cases. At the start of the freezing process, vortices are seen up to t = 1.5 s and at t = 2 s, only
one vortex is moving in the direction up along the symmetry line and down along the curved
surface. The difference between the two cases is found mainly in the shift in flow direction that
occur earlier for when Tplate = -12.0◦C, at t = 5 s compared to t = 7.3 s for Tplate = -8.0◦C.

The corresponding temperature distributions in the freezing droplets have some interesting
features, see Figures 8-11. When full surface tension is included in the model, the temperature
is uneven above the freezing front up to t = 2 s, after this time the temperature has settled in
the droplet, i.e. the temperature contour results in ordered patterns (lines) in the droplet. The
reason for this uneven temperature distribution and the fact that the flow is moving in an opposite
direction at the surface compared to the cases when the surface tension is reduced 10 and 100 times,
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 4: The velocity profiles when Marangoni is reduced 10 times for Tplate = -8.0◦C, at t = 0.5-5 s

(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3.8 s (f) t = 5 s

Figure 5: The velocity profiles when Marangoni is reduced 100 times for Tplate = -8.0◦C, at t = 0.5-5 s
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 6: The velocity profiles when only including conduction and natural convection for Tplate = -8.0◦C, at t = 0.5-5
s

(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 7: The velocity profiles when full surface tension is included for Tplate = -12.0◦C, at t = 0.5-5 s.

9



The impact of internal flow on the velocity and temperature distribution inside a freezing droplet

(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (f) t = 5 s (f) t = 7.3 s

Figure 8: The temperature profiles with full surface tension for Tplate = -8.0◦C, at t = 0.5-5 s

might be explained with the fact that the surface tension only acts where there is temperature
gradients. In the beginning of freezing there is a large gradient at the curved surface close to the
cooling surface. This gradient creates a vortex (moving in a clockwise direction as in Figure 3 (a),
which in turn drives a larger vortex moving in a counterclockwise direction. In between these
vortices, cold water is transported upwards in the droplet and then down again closer to the center
of the droplet. For the cases when the surface tension is reduced 10 and 100 times in Figures 9 and
10, the temperature distribution are similar to each other. A more uneven temperature distribution
occurs as for the case with full surface tension, but later in the freezing process and because of this,
the ordered temperature patterns arrives later, at t = 3 s and t = 5 s for when surface tension is
reduced 10 and 100 times respectively. In the case where only conduction and natural convection
is included in the model in Figure 11, the uneven temperature distribution at especially t = 3 s can
be traced back to when the vortices are seen in the droplet. This will create a larger mixing in the
droplet and therefore a more uneven distribution of the temperature will initially be seen in the
droplet. The temperature settles faster when full Marangoni is included in the model compared
to the other cases due to the larger velocities and therefore greater mixing. At the time, t = 5
s the temperature distribution is similar for all the cases and the velocities are close to zero. If
comparing the result for the case when full surface tension is included in the model at Tplate =
-8.0◦C to when Tplate = -12.0◦C, there is an expected temperature difference between the two cases.
The temperature in the droplet are much lower for Tplate = -12.0◦C compared to Tplate = -8.0◦C,
but the behavior of the temperature distribution, i.e. how the droplet is cooled is nearly the same.
At t = 2 s, the ordered patterns (lines) in the droplet are seen for both cases, but the temperature
in the droplet is slightly lower when Tplate = -12.0◦C.
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 9: The temperature profiles when surface tension is reduced 10 times for Tplate = -8.0◦C, at t = 0.5-5 s

(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3.8 s (f) t = 5 s

Figure 10: The temperature profiles when surface tension is reduced 100 times for Tplate = -8.0◦C, at t = 0.5-5 s
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(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 11: The temperature profiles when only including conduction and natural convection for Tplate = -8.0◦C, at t =
0.5-5 s

(a) t = 0.5 s (b) t = 1 s (c) t = 1.5 s

(d) t = 2 s (e) t = 3 s (f) t = 5 s

Figure 12: The temperature profiles with full surface tension for Tplate = -12.0◦C, at t = 0.5-5 s
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4.2. Velocities within the droplet

Furthermore, a shift in flow direction has been found for two of the modelled cases when Tplate =
-8.0◦C and also in the experiments by Karlsson et al. [30]. The times for which these occurs can be
found in Table 2 and are seen in Figures 3 (f) and 5 (e). This shift occurs due to large temperature
gradients as a result from the shear stress applied at the curved surface. When the temperature
and velocity are reduced in the droplet, the effect from the surface tension is in its turn reduced
and the gravity effects (or natural convection effects) takes over resulting in a shift in direction
of the flow. For the case when the surface tension is reduced 10 times, a shift in direction is not
as clear as for the other cases. Instead an instability occur at t = 4.6 s, and after a while, the flow
starts to resemble the flow discussed in Section 4.1, where the flow is moving in the direction from
the freezing front up to the top of the droplet (conduction). For the case when natural convection
is included in the model, there is no turn. The reason is because there in no large gradients at
the curved surface, instead the gravity effects dictates the flow until the temperature differences
are evened out and the flow resembles the flow in Figure 5 (f). In the experiments, the shift in
flow direction takes place at approximately t = 2.4 s or at 15 % of the total freezing time. In the
simulations, the case closest to this result is when the shear stress at the droplet surface is reduced
100 times (case 4), at 3.8 s or 20 % of the full freezing process. Hence, there is a fair agreement
between simulations and experiments. For comparison, when Tplate = -12.0◦C the maximum mean
velocity in the water is 9.8 mm/s and is occurring at t = 0.4 s. Even though this value is of a larger
area of the droplet compared to the other cases, the velocities are still comparable to the case when
full surface tension is included in the model at Tplate = -8.0◦C. The shift in direction of the flow
is occurring at approximately t = 5.0 s, seen in Figure 7 which is earlier compared to same case
when Tplate = -8.0◦C.

The velocities along the symmetry line is investigated for the four cases modelled when Tplate
= -8.0◦C for 6-25 % of the full freezing process, seen in Figure 13 and in Table 2, where the
experimental results by Karlsson et al. [30] is included for comparison. Note that all modelled
cases are scaled with the freezing time for each case. All the points of the full freezing process is
chosen based on the experimental results where 6 % = 1 s up to 25 % = 4 s. The results in Table 2
is based on the data from Figure 13. In Table 2 it can be seen that the closest match in maximum
velocities between the simulations and the experiments is found for when the surface tension
is reduced 10 and 100 times, but still the differences are fairly large between simulations and
experiments. The maximum velocity is about 10 times higher in the simulations compared to the
experiments and occurs at a later point in the freezing process, i.e. at 11 and 16 % respectively in
the simulation cases compared to 6 % in the experiments. For comparison, when Tplate = -12.0◦C
the maximum mean velocity in the water is 9.8 mm/s and is occurring at t = 0.4 s. Note that
this value of the velocity is of a larger area of the droplet compared to the other cases, but the
velocities are still comparable to the case when full surface tension is included in the model at
Tplate = -8.0◦C. The shift in direction of the flow is occurring at approximately t = 5.0 s, seen in
Figure 7, which is earlier compared to same case when Tplate = -8.0◦C.

If continuing with Figure 13, in the very beginning of the freezing process and up to the shift
in direction of the flow at 15 % of the full freezing process, the experimental results by Karlsson
et al. [30] indicates that the Marangoni effects is the dominant factor for the flow. In Figure 13
(a) at about 6 % of the full freezing process, it can be seen that the case with full surface tension
is not matching the experimental data, in fact the velocities are up to 19 times higher compared
to the experimental results. When decreasing the effects of the surface tension by a factor of
10, the velocities are still 11 times larger compared to the experimental work. The best match
compared to the experiments is when Marangoni is reduced 100 times, where the differences is

13



The impact of internal flow on the velocity and temperature distribution inside a freezing droplet

Table 2: Properties of the flow for the cases: Full surface tension (σ), 10 times reduced σ, 100 times reduced σ, only
including conduction and natural convection (NC), full σ for when Tplate = -12.0◦C and from the experiments
by Karlsson et al. [30]. Note that the velocities along the symmetry line is based on the data for Figure 13 and
that the data for Tplate = -12.0◦C is the maximum velocity in the water, not only in the symmetry line.

Case
Freezing
time

Shift in flow
direction (%
of freezing
process)

Max. velocity
along symme-
try line

Time for max.
velocity along
symmetry line
(% of freezing
time)

Full σ 18.1 s 7.3 s (40 %) 12.0 mm/s 1.0 s (6 %)
10 times reduced σ 18.5 s unclear 6.5 mm/s 1.5 s (8 %)
100 times reduced σ 18.8 s 3.8 s (20 %) 6.4 mm/s 2.0 s (11 %)
Only conduction and NC 19.2 s no turn 5.3 mm/s 3.0 s (16 %)

Full σ when Tplate = -12.0◦C (in
the water)

12.3 s 5.0 s 9.8 mm/s 0.4 s (0.8 %)

Experiments by Karlsson et al.
[30] when Tplate = -8.0◦C 16.0 s 2.4 s (15 %) 0.65 mm/s 1.0 s (6 %)

only about 30 %. For the next time, at about 9 % of the full freezing process seen in Figure 13
(b), the case when surface tension is reduced 100 times is still the best match, but the maximum
velocity is 3 times higher compared to the experiments. Up to this point in time, the maximum
velocity for the natural convection case has been very low, but at 12.5 % of the full freezing process
seen in Figure 13 (c), the water speeds up and the velocity is almost identical to the experiments.
At 16-25 % of the full freezing process, seen in Figure 13 (d)-(f), both the case when natural
convection included in the model and the case when surface tension is reduced 100 times reach
their maximum velocities during the full freezing process, while the case with full surface tension
and the case when surface tension is reduced 10 times is decreasing in velocity. At 25 % of the full
freezing process seen in Figure 13 (f), the velocities for all cases are almost zero. The conclusion is
that none of the cases can fully match the results from the experimental work by Karlsson et al.
[30] if only studying the velocities along the symmetry line.
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Figure 13: The magnitude of the velocity along the symmetry line for the four modeled cases when Tplate = -8.0◦C and
the experimental work by Karlsson et al. (2019) at 6-25 % of the full freezing process. Note that some of the
lines intersects.
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4.3. Freezing front evolution

The largest differences in freezing front evolution are found in the beginning of the freezing
process where the freezing front displays different appearances close to the curved surface, see
Figure 14 where the freezing fronts are showed for the four cases with Tplate = -8.0◦C. In the case
with full surface tension, the freezing front is pointing downwards close to the curved surface, i.e.
less ice has formed here compared to the middle of the droplet. This is also the area where the
velocities are highest and the mixing is largest in the droplet due to the surface tension gradient at
the curved surface. This means that warmer water from higher up in the droplet is brought down
to the freezing front close to the curved surface, which results in a delayed ice formation in this
area. This effect is seen up to about t = 2-3 s of the full freezing process, after this the freezing
front is straightened out and starts to move upwards along the freezing front. At about t = 5 s and
forward, the flow freezing front appearance is very similar to the case including only conduction
and natural convection. A similar, but slightly reduced upward freezing front evolution is seen
for the case when surface tension is reduced 10 times. In this case, the temperature gradients are
slightly smaller resulting in a smaller impact on the formed ice in the area close to the curved
surface. When including only conduction and natural convection and when surface tension is
reduced 100 times, the freezing front is straighter or has a weak inclination upwards, i.e. the ice
formation is more or less uniform throughout the droplet. This is due to the weak surface tension
gradient in the case when surface tension is reduced 100 times and the non-existing surface tension
gradient in the case including only conduction and natural convection. After t = 5 s, all cases
converge to the same behavior where the ice front starts to move upwards at the curved surface.
In the experimental work by Karlsson et al. [30] it is difficult to distinguish the freezing front from
the rest of the droplet. However, from the work by Jin et al. [4] it can be seen that the freezing front
is straight in the beginning but as the time goes the freezing front is moving upwards along the
curved surface, very similar to the case when only conduction and natural convection is included
in the model or the case when surface tension is reduced 100 times. In Figure 7 and 12 the freezing
front evolution for the case when full surface tension is included in the model when Tplate =
-12.0◦C can be seen (up to when t = 5 s). This case exhibits the same behavior as when Tplate =
-8.0◦C. As a comparison, the height of the freezing front in the simulations can be compared to the
experimental results from Karlsson et al. [30], see Figure 15. The heights are determined at the
symmetry line (i.e. the middle of the droplet) for all droplets. The heights are scaled with the
corresponding droplet heights and the times are scaled with the freezing times for each droplet.
Note that the full freezing process is seen in the figure for the simulated droplets, but only 25 % of
the full freezing process is seen for the experimental droplet. The correspondence is very good,
both between all the modelled cases, but also between the modelled cases and the experiments.
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Figure 14: The freezing front at t = 0.5 - 16 s when Tplate = -8.0◦C for the cases: Full surface tension (σ), 10 times
reduced σ, 100 times reduced σ and only including conduction and natural convection (NC).
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Figure 15: Height of the freezing front at different times scaled with the corresponding droplet heights and freezing
times in the cases when Tplate = -8.0◦C: Full surface tension (σ), 10 times reduced σ, 100 times reduced
σ, only including conduction and natural convection (NC) and the experimental data by Karlsson et al.
(2019).

4.4. Freezing time

A parameter discussed in the work by Karlsson et al. [29] is the freezing time of the droplet. There
it was seen that it was no difference between the case only conduction and the case conduction
and natural convection. Since the velocities are higher for the case when full surface tension is
included in the model, the mixing of the water should be greater and this would also suggest that
the freezing time of the droplet should be faster. This is also seen in Table 2, where the freezing
times for the different cases are presented. The shortest freezing time is seen for the case when
full surface tension is included in the model, i.e. t = 18.1 s and then the freezing time is increasing
with reduced surface tension, i.e. t = 18.5 and 18.8 s for when surface tension is decreased 10 and
100 times respectively. When only conduction and natural convection is included the freezing time
is the longest, i.e. t = 19.2 s. The difference between the case when full surface tension is included
in the model compared to the case when only conduction and natural convection is included
is therefore only 1.1 s. The difference between the cases when only conduction and natural
convection is included compared to the experiments performed by Karlsson et al. [30] is in its turn
3.2 s. Since the temperature in the droplet is evened out in all cases when t = 5 s, this means that
all of the action is taking place during this short time period and that the similarities between the
cases are therefore more than the differences, resulting in a similar freezing time between the cases.
This suggest that the heat transfer mechanisms: natural convection and Marangoni convection in
fact has little effect on the freezing time, but that the size of the droplet, the contact angle to the
surface and the surface contact area as well as the temperature of the cooling surface (conduction
from the surface) are instead the largest contributors. The differences in freezing times between
the modelled droplets and the experiments is due to the differences in the surface area to the
cooling surface and the heights of the droplets. For the simulated droplets, the surface area is 8.86
mm2 and the height is 1.68 mm compared to 9.15 mm2 and 1.42 mm for the experimental droplet.
If the geometries of the droplets had been more alike, the freezing times would be more similar.
Finally, for the case when full surface tension is included in the model when Tplate = -12.0◦C, the
freezing time is t = 12.3 s. This is expected, since the temperature of the cooling surface is lower,
the freezing time of the droplet should be faster.
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5. Conclusions

The velocity and temperature distribution in a freezing water droplet under the influence of the
internal flow inside the droplet has been investigated numerically. This has been studied in five
cases by applying different heat transfer mechanisms on the droplet and compared to existing
experimental data. The first case is where full surface tension is included in the model by applying
a shear stress at the curved surface, the second and third cases are where the surface tension is
reduced 10 and 100 times, the fourth case is when one only conduction and natural convection are
included (the shear stress is zero) and for comparison, the fifth case is where full surface tension
is included in the model at a lower cooling temperature. The numerical work has been compared
to existing experiments. When full surface tension is including in the model vortices are moving
in the direction up along symmetry line and down along the curved surface. This type of flow is
also seen for when surface tension is reduced 10 and 100 times. The opposite flow direction is
seen for the case where only conduction and natural convection is included. For the cases when
full surface is included in the model and for when it is reduced 100 times a shift in flow direction
is seen. The latter case shows the best correspondence with the experimental results. After a
certain point in the freezing process for all cases, the flow is moving in the direction from the
freezing front up to the top of the droplet, i.e. a typical flow behavior seen when only conduction
is included in the simulation model. If comparing the velocities along the symmetry line between
the simulations and the experimental work, the cases where surface tension is reduced 10 and 100
times yields the best results, but none of the cases could fully capture the experimental results.
For the cases where full surface tension is included in the model and when it is reduced 10 times,
the freezing front is initially pointing downwards at the curved surface. For the other cases the
freezing front is more flat. After a few seconds, the freezing front is pointing slightly upwards at
the droplet surface for all cases and to the end of the freezing of the droplet. The height of the
freezing front at the symmetry line (middle of the droplet) corresponds well between simulations
and experiments. The freezing time is longest for the case including only conduction and natural
convection, and shortest for the case with full surface tension. Due to differences in the surface
area to the cooling surface and the height of the droplets, there are some deviations between
simulations and experiments in freezing time, but the times are comparable. If comparing the
case when full surface tension is included in the model for two cooling surface temperatures, the
similarities are strikingly alike. The temperature of the water decreases faster, but the velocities are
comparable. The largest differences are seen in the shift in direction of the flow and the freezing
time, which is expected. The conclusion is that the case where the surface tension is reduced 100
times has the best correspondence to the experimental work and this is also in agreement with
other authors. It is therefore clear that the Marangoni effects do have a large impact on the flow,
but not as much as the theoretical value. The natural convection effects is seen, both in simulations
and experiments to be a driving force for the flow after the shift in flow direction. However, more
research is required to fully understand and capture the velocity and temperature distribution
within the droplet.
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