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An experimental investigation was conducted to quantify the unsteady heat transfer and phase changing
process within small icing water droplets in order to elucidate underlying physics to improve our under-
standing of the important micro-physical process of icing phenomena. A novel, lifetime-based molecular
tagging thermometry (MTT) technique was developed and implemented to achieve temporally-and-spa-
tially resolved temperature distribution measurements to reveal the time evolution of the unsteady heat
transfer and dynamic phase changing process within micro-sized water droplets in the course of icing
process. It was found that, after a water droplet impinged onto a frozen cold surface, the liquid water
at the bottom of the droplet would be frozen and turned to solid ice rapidly, while the upper portion
of the droplet was still in liquid state. As the time goes by, the interface between the liquid phase water
and solid phase ice was found to move upward continuously with more and more liquid water within the
droplet turned to solid ice. Interestingly, the averaged temperature of the remaining liquid water within
the small icing droplet was found to increase, rather than decrease, continuously in the course of icing
process. The temperature increase of the remaining liquid water is believed to be due to the heat release
of the latent heat during solidification process. The volume expansion of the water droplet during the
icing process was found to be mainly upward to cause droplet height growth rather than radial to enlarge
the contact area of the droplet on the test plate. As a result, the spherical-cap-shaped water droplet was
found to turn to a prolate-spheroid-shaped ice crystal with cusp-like top at the end of the icing process.
The required freezing time for the water droplets to turn to ice crystals completely was found to depend
on the surface temperature of the test plate strongly, which would decrease exponentially as the surface
temperature of the frozen cold test plate decreases.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Wind energy is one of the cleanest renewable power sources in
the world today. The US Department of Energy has challenged the
nation to produce 20% of its total power from wind by 2030.
According to American Wind Energy Association (AWEA), the major-
ity of wind energy potential available in US are in the oceans off the
eastern and western seaboard and in the northern states such as
North Dakota, Kansas, South Dakota, Montana, Nebraska, Wyo-
ming, Minnesota, and Iowa, where wind turbines are subjected
to the problems caused by cold climate conditions. Wind turbine
icing represents the most significant threat to the integrity of wind
turbines in cold weather. It has been found that ice accretion on
turbine blades would decrease power production of the wind tur-
bines significantly (Laakso and Peltola, 2005). Ice accretion and
ll rights reserved.
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irregular shedding during wind turbine operation would lead to
load imbalances as well as excessive turbine vibration, often caus-
ing the wind turbine to shut off (Dalili et al., 2009). Icing can also
affect the tower structures by increasing stresses. This can lead
to structural failures, especially when coupled to strong wind loads
(Jasinski et al., 1998). Icing was also found to affect the reliability of
anemometers, thereby, leading to inaccurate wind speed measure-
ments and resulting in resource estimation errors (Homola et al.,
2006). Icing issues can also directly impact personnel safety due
to falling and projected large ice chunks (Seifert et al., 2003).

Due to lack of knowledge, current ice prediction tools and ice
protection system designs for wind turbine applications make
use of simple classical models which ignore many details of the
important micro-physical processes that are responsible for the
ice formation and accretion on wind turbines (Hansman and Tur-
nock, 1989; Jasinski et al., 1998). Advancing the technology for safe
and efficient wind turbine operation in atmospheric icing condi-
tions requires a better understanding of the important micro-phys-
ical phenomena pertinent to wind turbine icing phenomena. While
several studies have been carried out recently to simulate ice
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accretion on turbine blades through icing wind tunnel testing (Ho-
chart et al., 2008) or using ‘‘artificial’’ iced profiles with various
types and amounts of ice accretion to investigate the aerodynamic
performance and power output for iced blades (Tammelin et al.,
1998), very few fundamental studies can be found in literature to
elucidate underlying physics associated with wind turbine icing
phenomena. In order to elucidate the underlying physics associ-
ated with the important micro-physical processes, fundamental
icing physics studies capable of providing detailed information to
quantify important ice formation and ice-growth physical pro-
cesses such as droplet dynamics, unsteady heat transfer process
within water droplets or ice crystals, and phase changing process
of water droplets and water film flows over smooth/rough surfaces,
are highly desirable.

In the present study, an experimental investigation is conducted
to quantify the unsteady heat transfer and phase changing process
within small icing water droplets in order to elucidate underlying
physics to improve our understanding of the important micro-
physical process pertinent to wind turbine icing phenomena. A
novel, lifetime-based molecular tagging thermometry (MTT) tech-
nique is developed to achieve temporally-and-spatially resolved
temperature distribution measurements to reveal the time
evolution of the unsteady heat transfer and dynamic phase chang-
ing process within small icing water droplets in the course of icing
process, which is pertinent to the ice formation and accretion pro-
cess as water droplets impinge onto frozen cold wind turbine
blades. The underlying physics of the micro-physical processes that
are responsible for the icing formation and accretion within small
icing water droplets is elucidated in great detail. To the best knowl-
edge of the authors, this is the first effort of its nature. The new find-
ings derived from the icing physics studies as the one reported here
will lead to a better understanding of the important micro-physical
processes, which could be used to improve current icing accretion
models for more accurate prediction of ice formation and ice accre-
tion on wind turbine blades as well as development of effective
anti-/de-icing strategies tailored for wind turbine icing mitigation
and icing protection.

The Lifetime-based MTT technique used in the present study
can be considered as an extension of the Molecular Tagging Veloc-
imetry and Thermometry (MTV&T) technique developed by Hu and
Koochesfahani (2006). While all the previous studies by using the
lifetime–based MTT technique were conducted in single-phase
flows (Hu and Koochesfahani, 2003, 2006; Hu and Huang, 2009),
the work presented here will deal with a multiphase flow system
involving a harsh environment of low temperature and phase
changing process. In the sections that follow, the technical basis
of the lifetime-based MTT will be described briefly along with
the related properties of the phosphorescent tracer molecules used
for the lifetime-based MTT measurements. Then, the application of
the lifetime-based MTT technique to quantify the time evolution of
the unsteady heat transfer and phase changing process within
small icing water droplets in the course of icing process will be gi-
ven to elucidate underlying physics to improve our understanding
of the important micro-physical phenomena pertinent to wind tur-
bine icing phenomena.
2. Lifetime-based MTT technique

It is well known that both fluorescence and phosphorescence are
molecular photoluminescence phenomena. Compared with fluores-
cence, which typically has a lifetime on the of order nanoseconds,
phosphorescence can last as long as microseconds, even minutes.
Since emission intensity is a function of the temperature for some
substances, both fluorescence and phosphorescence of tracer mole-
cules may be used for temperature measurements. Laser-induced
fluorescence (LIF) techniques have been widely used for tempera-
ture measurements of liquid droplets for combustion applications
(Lu and Melton, 2000; Wolff et al., 2007). Harris et al. (1996) used a
LIF-based technique to conduct quantitative measurements of
internal circulation in droplets. Laser-induced phosphorescence
(LIP) techniques have also been suggested recently to conduct tem-
perature measurements of ‘‘in-flight” or levitated liquid droplets
(Omrane et al., 2004a,b). Compared with LIF techniques, the rela-
tively long lifetime of LIP could be used to prevent interference
from scattered/reflected light and any fluorescence from other sub-
stances (such as from solid surfaces) that are present in the mea-
surement area, by simply putting a small time delay between the
laser excitation pulse and the starting time for phosphorescence
image acquisitions. Furthermore, LIP was found to be much more
sensitive to temperature variation compared with LIF (Omrane et
al., 2004a,b), which is favorable for the accurate measurements
of small temperature differences within small liquid droplets.
The lifetime-based MTT technique used in the present study is a
LIP-based technique.

The technical basis of the proposed lifetime-based MTT mea-
surements is given briefly at here. According to quantum theory
(Pringsheim, 1949), the intensity of a first-order photolumines-
cence process (either fluorescence or phosphorescence) decays expo-
nentially. As described in Hu et al. (2006), for a diluted solution and
unsaturated laser excitation, the collected phosphorescence signal
(S) by using a gated imaging detector with integration starting at a
delay time to after the laser pulse and a gate period of dt can be gi-
ven by:

S ¼ AIiCeUp 1� e�dt=s� �
e�to=s ð1Þ

where A is a parameter representing the detection collection effi-
ciency, Ii is the local incident laser intensity, C is the concentration
of the phosphorescent dye (the tagged molecular tracer), e is the
absorption coefficient, and /p is the phosphorescence quantum effi-
ciency. The emission lifetime s refers to the time at which the inten-
sity drops to 37% (i.e., 1/e) of the initial intensity. For an excited
state, the deactivation process may involve both radiative and
non-radiactive pathways. The lifetime of the photoluminescence
process, s, is determined by the sum of all the deactivation rates:
s�1 = kr + knr, where kr and knr are the radiative and non-radiative
rate constants, respectively. According to photoluminescence
kinetics (Ferraudi, 1988), these rate constants are, in general, tem-
perature-dependant. The temperature dependence of the phospho-
rescence lifetime is the basis of the present lifetime-based MTT
technique.

It is well known that the absorption coefficient e, quantum yield
/p, and the emission lifetime s are temperature dependent in gen-
eral, resulting in a temperature-dependent phosphorescence signal
(S). Thus, in principle, the collected phosphorescence signal (S) may
be used to measure fluid temperature if the incident laser intensity
and the concentration of the phosphorescent dye remain constant
(or are known) in the region of interest. It should be noted that the
collected phosphorescence signal (S) is also the function of incident
laser intensity (Ii) and the concentration of the phosphorescent dye
(C). Therefore, the spatial and temporal variations of the incident
laser intensity and the non-uniformity of the phosphorescent dye
(such as due to photobleaching or expulsion of the dye molecular
from the liquid during icing process) in the region of interest would
have to be corrected separately in order to derive quantitative
temperature data from the acquired phosphorescence images. In
practice, however, it is very difficult, if not impossible, to ensure
a non-varying incident laser intensity distribution, especially for
unsteady thermal phenomena with varying index of refraction.
This may cause significant errors in the temperature measure-
ments. To overcome this problem, Hu and Koochesfahani (2003)
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Fig. 2. Phosphorescence lifetime versus temperature.
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developed a lifetime-based thermometry to eliminate the effects of
incident laser intensity and concentration of phosphorescent dye
on temperature measurements.

The lifetime-based thermometry works as follows: As illus-
trated in Fig. 1, laser-induced phosphorescence emission is interro-
gated at two successive times after the same laser excitation pulse.
The first image is detected at the time t = to after laser excitation for
a gate period dt to accumulate the phosphorescence intensity S1,
while the second image is detected at the time t = to + Dt for the
same gate period to accumulate the phosphorescence intensity
S2. It is easily shown (Hu and Koochesfahani, 2006), using Eq. (1),
that the ratio of these two phosphorescence signals (R) is given by:

R ¼ S2=S1 ¼ e�Dt=s ð2Þ

In other words, the intensity ratio of the two successive phos-
phorescence images (R) is only a funtion of the phosphorescence
lifetime s and the time delay Dt between the image pair, which
is a controllable parameter. This ratiometric approach eliminates
the effects of any temporal and spatial variations in the incident la-
ser intensity (due to pulse-to-pulse laser eneragy variations) and
non-uniformity of the dye concentration (e.g. due to photobleach-
ing or expulsion of the molecular tracers during icing process). For
a given molecular tracer and fixed Dt value, Eq. (2) defines a unique
relation between phosphorescence intensity ratio (R) and fluid
temperature T, which can be used for thermometry as long as
the temperature dependence of phosphorescence lifetime is
known.

The phosphorescent molecular tracer used for the present study
is phosphorescent triplex (1-BrNp�Mb-CD�ROH). The phosphores-
cent triplex (1-BrNp�Mb-CD�ROH) is actually the mixture com-
pound of three different chemicals, which are lumophore
(indicated collectively by 1-BrNp), maltosyl-b-cyclodextrin (indi-
cated collectively by Mb-CD) and alcohols (indicated collectively
by ROH). Further information about the chemical and photolumi-
nescence properties of the phosphorescent triplex (1-BrNp�Mb-
CD�ROH) is available at Hartmann et al. (1996) and Koochesfahani
and Nocera (2007). In the present study, we used a concentration
of 2 � 10�4 M for Mb-CD, a saturated (approximately 1 � 10�5

M) solution of 1-BrNp and a concentration of 0.06 M for the alcohol
(ROH), as suggested by Gendrich et al. (1997).

Upon the pulsed excitation of a UV laser (quadrupled wave-
length of Nd:YAG laser at 266 nm for the present study), the phos-
phorescence lifetime of the phosphorescent triplex (1-BrNp�Mb-
CD�ROH) molecules in an aqueous solution was found to change
significantly with temperature. Fig. 2 shows the measured phos-
phorescence lifetimes of 1-BrNp�Mb-CD�ROH molecules as a func-
tion of temperature, which were obtained though a calibration
experiment similar as those described in Hu and Koochesfahani
Fig. 1. Timing chart of lifetime-based MTT technique.
(2006). It can be seen clearly that phosphorescence lifetime of 1-
BrNp�Mb-CD�ROH molecules varies significantly with increasing
temperature, decreasing from about 7.2 ms to 1.1 ms as the tem-
perature changes from 1.0 �C to 40.0 �C. The relative temperature
sensitivity of the phosphorescence lifetime is about 3.6% per de-
gree Celsius, which is much higher than those of fluorescent dyes.
For comparison, the temperature sensitivity of Rhodamine B
widely used for LIF-based thermometry is less than 2.0% per degree
Celsius (Coppeta and Rogers, 1998; Hu et al., 2006).
3. Experimental setup

Fig. 3 shows the schematic of the experimental setup used in the
present study to implement the lifetime-based MTT technique to
quantify unsteady heat transfer and phase changing process within
small icing water droplets to elucidate underlying physics of micro-
physical process of icing phenomena. A syringe with a sharp needle
was used to generate micro-sized water droplets (about 400 lm in
radius and 250 lm in height) to impinge onto a test plate to simu-
late the processes of small water droplets impinging onto a wind
turbine blade. The temperature of the test plate, which was moni-
tored by using a thermocouple, was kept constant at a pre-selected
low temperature level by using a Water Bath Circulator (Neslab
RTE-211). Fig. 4 shows the measured temperature profiles above
the test plate when the wall temperature of the test plate was set
to TW = 5.0 �C and TW = �2.0 �C. The small water droplets with ini-
tial temperature of 20.5 �C (room temperature) would be convec-
tively cooled after they impinged onto the cold test plate. Phase
changing process would occur inside the small water droplets when
the temperature of the test plate was set to below freezing. A laser
sheet (�200 lm in thickness) from a pulsed Nd:YAG laser at a qua-
drupled wavelength of 266 nm was used to tag the premixed 1-
BrNp�Mb-CD�ROH molecules along the middle plane of the small
water droplets. A 12-bit gated intensified CCD camera (PCO Di-
Cam-Pro, Cooke Corporation) with a fast decay phosphor (P46)
was used to capture the phosphorescence emission. A 10� micro-
scopic objective (Mitsutoyo infinity-corrected, NA = 0.28, depth of
field = 3.5 lm) was mounted in the front of the camera. The camera
was operated in the dual-frame mode, where two full frame images
of phosphorescence were acquired in a quick succession after the
same laser excitation pulse. The camera and the pulsed Nd:YAG la-
ser were connected to a workstation via a digital delay generator
(BNC 555 Digital Delay-Pulse Generator), which controlled the tim-
ing of the laser illumination and the image acquisition. For the life-
time-based MTT measurements in the present study, the first
phosphorescence image was acquired at 0.5 ms after the laser exci-
tation pulse and the second image at 3.5 ms after the same laser
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Fig. 4. Measured temperature profiles above the test plate when the surface
temperature of the test plate was set to TW = 5.0 �C and TW = �2.0 �C.
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pulse with the same exposure time of 1.5 ms for the two image
acquisitions. It is noted that, since low concentration of the phos-
phorescent triplex 1-BrNp�Mb-CD�ROH was used for the present
study, the effects of the molecular tracers on the physical properties
of water are believed to be negligible. During the experiments, the
energy level of the pulse laser used to tag the molecular tracers
within small water droplets was below 1.0 mJ/pulse. The repetition
rate of the pulsed excitation was 2 Hz. The energy deposited by the
excitation laser into the small water droplet was very small, and the
temperature rise of the droplets due to the energy deposition of the
excitation laser was estimated to be less than 0.1 �C. Further details
about the experimental setup and procedures to implement the
lifetime-based MTT technique to quantify unsteady heat transfer
and phase changing process within small icing water droplets are
given in Jin (2008).
4. On the spatial resolution and accuracy of the lifetime-based
MTT measurements

As described in Hu and Koochesfahani (2006), like most mea-
surement techniques, the lifetime-based MTT technique used in
the present study does not give information at a ‘point’. Rather, it
provides the spatially-averaged temperature of a molecularly
tagged region. Similar to Particle Image Velocimetry (PIV) mea-
surements, the effective spatial resolution of the MTT measure-
ment is given by the sum of the source phosphorescence images
leading to noise in the estimated lifetime and potential inaccura-
cies in the identification of the region in the second phosphores-
cence image corresponding to the original tagged region in the
first image. The selection of the interrogation windows for life-
time-based MTT image processing often involves a balanced choice
between the spatial resolutions of the measurements versus the
accuracy of the temperature measurements.

It should be noted that the lifetime-based MTT used in the pres-
ent study is a Lagrangian method, which is fundamentally different
from the LIF-based thermometry approaches of Lu and Melton
(2000) and Wolff et al. (2007). The tracer molecules that are tagged
by a pulsed laser excitation are imaged at two successive times
after the same excitation laser pulse. The accuracy of temperature
measurements by using lifetime-based MTT technique is affected
by two primary factors: (a) the image noise in the two phosphores-
cence images leading to noise in the estimated lifetime and (b) po-
tential inaccuracies in the identification of the region in the second
phosphorescence image corresponding to the original tagged re-
gion in the first image.

The accuracy in the determination of lifetime from Eq. (2), and
the resulting accuracy in temperature measurements, is directly
influenced by noise in the two phosphorescence signals S1 and
S2. Even though a 12-bit camera is used in the present study, the
actual image noise at each pixel, characterized by the standard
deviation of the signal, is found to be in the 3% range. This noise le-
vel is connected to the Charge-Coupled Device (CCD) depth of well
and the intensifier stage of the CCD. As suggested by Ballew and
Demas (1999), the accuracy in calculating the phosphorescence
lifetime can be estimated by:

rs

s
¼ 1

lnðS1=S2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rS1

S1

� �2

þ rS2

S2

� �2
s

ð3Þ

where rS1 , rS2 , and rs are the standard deviations of S1, S2, and s,
respectively. The aforementioned 3% phosphorescence signal accu-
racy at each pixel will, therefore, result in lifetime measurement
accuray of about 6% and an instantaneous temperature error of
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1.6 �C (using the averaged lifetime temperature sensitivity of 3.6%
per degree Celsius for reference). Since this error is unbiased, it
can be substantially reduced by averaging over neighboring pixels.
Assuming statistical independence, the error can be reduced by the
factor 1=

ffiffiffiffi
N
p

, where N is the number of the pixels in the interroga-
tion window. For the results given in the present study based on
21 � 21 pixel interrogation windows (�20 lm � 20 lm in space),
the instantaneous measurement error due to the noise in the ac-
quired phosphorescence images is estimated to be less than 0.3 �C.

In the lifetime-based MTT measurement, the long-lived laser-
induced phosphorescence is imaged at two successive times after
the same laser excitation pulse. The molecular region tagged in
the first image would convect to a new region in the second image
according to its Lagrangian displacement over the time delay be-
tween the two phosphorescence image acquisitions. To determine
the phosphorescence lifetime correctly, this new region in the sec-
ond phosphorescence image needs to be identified. In the original
work of Hu and Koochesfahani (2003, 2006) in developing Molec-
ular Tagging Velocimetry and Thermometry (MTV&T) technique,
the new region in the second phosphorescence image correspond-
ing to a tagged molecular region (i.e., interrogation window) in the
first phosphorescence image was determined based on a cross-cor-
relation procedure (Gendrich et al., 1997), which determines the
displacement vector of the tagged molecular region over the time
interval between the two phosphorescence image acquisitions.
The procedure is named Molecular Tagging Velocimetry (Koo-
chesfahani and Nocera, 2007), which can be considered as the
molecular version of PIV technique.

In present study, the Marangoni flow velocity within convec-
tively-cooled water droplets was measured by using a micro-
scopic Particle Image Velocimetry system. Detailed information
about the experimental setup and the micro-PIV measurements
is available in Jin (2008). It was found that the Marangoni flow
velocity within the convectively-cooled water droplets is on the
order of 10 lm/s. Therefore, the displacement of the tagged mol-
ecules due to the Marangoni flow during the time delay between
the two phosphorescence image acquisitions for the lifetime-
based MTT measurements is estimated to be about 0.02 pixels
for the present study. The diffusion of the tagged tracer mole-
cules over the time delay between the two phosphorescence im-
age acquisitions may also result in the mismatch of the tagged
tracer molecules in the two phosphorescence images. It may af-
fect the accuracy and spatial resolution of the lifetime-based MTT
measurements. According to Miles et al. (2000), the displacement
of the tagged molecules due to the molecular diffusion over the
time delay between the two phosphorescence image acquisitions
can be estimated to be less than 0.2 pixels for the present study.
In the present study, interrogation windows of 21 � 21 pixels
(about 20 lm � 20 lm in space) were used for the lifetime-based
MTT image processing. The interrogation windows were chosen
at the same locations for the first and second phosphorescence
images. In order to assess the uncertainty level in the final mea-
sured temperature by ignoring the effects of the Marangoni flow
velocity and molecular diffusion, temperature field was com-
puted using regions in the second phosphorescence image that
were deliberately displaced an additional ±1 pixel to exaggerate
the effects of the convective Marangoni velocity and molecular
diffusion. The ‘‘induced” mismatch resulted in a temperature er-
ror of about 0.2 �C for the conditions of the present study. In
addition, the procedure described here was also applied to the
case of a water droplet at room temperature, for which the tem-
perature distribution within the water droplet should be uniform
and constant. The measured temperature distribution within the
droplet was found to have an uncertainty within 0.5 �C, which is
the total measurement uncertainty and accounts for all the ef-
fects discussed above.
It should also be noted that, although the laser-sheet thickness
(�200 lm) is significant relative to the drop radius (�400 lm), the
depth of field of the microscopic objective used in the present
study is only about 3.5 lm. The situation is similar to the measure-
ments by using microscopic PIV technique (Olsen and Adrian,
2000; Meinhart et al., 2000; Bourdon et al., 2004) and microscopic
LIF technique (Natrajan and Christensen, 2009; Motosuke et al.,
2009; Ichiyanagi et al., 2009) in micro-flows with volume illumina-
tion. According to Olsen and Adrian (2000) and Meinhart et al.
(2000), the flux of the photoluminescence light from an excited
particle/molecule that reaches the image plane (i.e., the photolu-
minescence intensity collected by the image detector through
microscopic objective) would decrease significantly as the parti-
cle/molecule is away from the focal plane of the microscopic objec-
tive. Based on the theoretic equation given in Olsen and Adrian
(2000), the detected phosphorescence intensity of the tagged
tracer molecules at 7.0 lm away from the focal plane of the micro-
scopic objective (i.e., twice of the depth of field of the microscopic
objective used in the present study) was estimated to become less
than 8.0% of the intensity from the same amount of tagged tracer
molecules in the focal plane of the microscopic objective for the
present study. Therefore, the spatial resolution of the MTT mea-
surements in the direction normal to the microscopic objective’s
focal plane is mainly determined by the depth of field of the micro-
scopic objective rather than the laser-sheet thickness. However, it
should be noted that, although their contributions become much
less importance, the excited unfocused tracer molecules, which
lie outside the focal plane of the microscopic objective, would also
be detected as the background intensities in the acquired phospho-
rescence images. Further investigation is planned to quantify the
effects of the background intensities from the unfocused tracer
molecules on the temperature measurements.
5. Measurement results and discussions

Fig. 5 shows a typical pair of acquired phosphorescence images
for MTT measurements and the instantaneous temperature distri-
bution inside the water droplet derived from the phosphorescence
image pair. The image pair was taken at 5.0 s later after the water
droplet (initial temperature 20.5 �C) impinged onto the cold test
plate (Tw = 5.0 �C). As described above, the first image (Fig. 5a)
was acquired at 0.5 ms after the laser excitation pulse and the sec-
ond image (Fig. 5b) at 3.5 ms after the same laser pulse with the
same exposure time of 1.5 ms for the two image acquisitions. Since
the time delays between the laser excitation pulse and the phos-
phorescence image acquisitions can eliminate scattered/reflected
light and any fluorescence from other substances (such as from
the surface of the test plate) in the measurement region effectively,
the phosphorescence images of the water droplet are quite ‘‘clean”
even though no optical filter was used in the present study for the
phosphorescence image acquisition.

As described above, Eq. (2) can be used to calculate the phos-
phorescence lifetime of the tagged molecules on a pixel-by-pixel
basis, which results in a distribution of the phosphorescence life-
time over a two-dimensional domain. With the calibration profile
of phosphorescence lifetime versus temperature as shown in
Fig. 2, a two-dimensional, instantaneous temperature distribution
within the water droplet can be derived from the phosphorescence
image pair. As described above, interrogation windows of 21 � 21
pixels (�20 lm � 20 lm in space) were used in the present study
for the lifetime-based MTT image processing to balance the spatial
resolution of the measurements versus the accuracy of the temper-
ature measurements. Fig. 5c shows the instantaneous temperature
distribution derived from the phosphorescence image pair with
interrogation windows of 21 � 21 pixels (�20lm � 20 lm in
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space). Based on a time sequence of the measured transient tem-
perature distributions within the water droplet as the one shown
in Fig. 5c, the unsteady heat transfer process within the convec-
tively-cooled water droplets was revealed quantitatively.

Fig. 6 shows the spatially-averaged temperature of the water
droplet as a function of the time after it impinged onto the cold test
plate, which was calculated based on the time sequence of instan-
taneous MTT temperature distributions. The characteristics of the
unsteady heat transfer within the water droplet in the course of
convectively cooling process were revealed quantitatively from
the time evolution of the spatially-averaged temperature of the
water droplet. Since initial temperature of the water droplet
(20.5 �C) was significantly higher than that of the cold test plate
(TW = 5.0 �C), the temperature of the water droplet was found to
decrease rapidly after it impinged on the test plate. The measure-
ment results given in Fig. 6 also revealed that a thermal steady
state would be reached at about 20 s after the water droplet im-
pinged on the cold test plate. The spatially-averaged temperature
of the water droplet would not decrease anymore when the ther-
mal steady state was reached.

When the temperature of the test plate was set below the freez-
ing temperature, water droplets impinging on the test plate were
found to turn to ice rapidly. It should be noted that one of the tech-
nical challenges to achieve quantitative temperature measure-
ments within icing water droplets is the expulsion of the tracer
molecules from the liquid water during the icing process (much
like salt is expelled from a saline solution during freezing). This
would concentrate the tracer molecules in the remaining liquid
and cause significant errors in the temperature measurements
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Fig. 6. Spatially-averaged temperature of the water droplet versus time when the
surface temperature of the test plate was set to TW = 5.0 �C.
for commonly-used LIF-based thermometry techniques. As de-
scribed above, since the lifetime-based MTT technique used in
the present study is a ratiometric approach, it can eliminate the ef-
fects of the concentration variations due to the expulsion of phos-
phorescent tracer molecules during freezing process on
temperature measurements effectively.

Fig. 7 shows the time sequence of the acquired phosphores-
cence images of a water droplet when it impinged onto the frozen
cold test plate (TW = �2.0�C). The corresponding instantaneous
temperature distributions of the remaining liquid water within
the icing droplet measured by using the lifetime-based MTT tech-
nique are given in Fig. 8. The transient behavior of the phase
changing process within the small icing water droplet was re-
vealed clearly from the acquired phosphorescence images and
the MTT measurement results. In the phosphorescence images,
the ‘‘brighter” region (i.e., more concentrated dye due to the expul-
sion of the phosphorescence tracer molecules during icing process)
in the upper portion of the droplet represents liquid phase – water;
while the ‘‘darker” region at the bottom indicates solid phase – ice.
It can be seen clearly that the liquid water at the bottom of the
droplet was frozen and turned to solid ice rapidly since the wall
temperature of the test plate was below frozen temperature, while
the upper portion of the droplet was still in liquid state. As the time
goes by, the interface between the liquid phase water and solid
phase ice was found to move upward continuously. As a result,
the droplet was found to grow upward with more and more liquid
phase water turning to solid phase ice. At about 35 s after the drop-
let impinged onto the cold test plate, the droplet was found to turn
completely into a solid ice crystal completely.

It should be noted that, as shown clearly in the acquired phos-
phorescence image given in Fig. 7f, a distinctive cusp-like tip is
found to protrude from the top surface of the droplet when the
water droplet was frozen completely to become an ice crystal.
The formation of distinctive cusp-like tips on the top frozen drop-
lets was also observed for all the other test cases with different sur-
face temperatures of the frozen cold test plate. The observations
indicate that a frozen droplet would have cusp-like sharp tip in-
stead of a round top. A similar cusp-like shape top was also re-
ported by Anderson et al. (1996) when they studied droplet
solidification process for ultrapure material production. They also
suggested that a theory involving dynamics growth angles at the
tri-junction between solid ice, liquid water, and surrounding air
can be used to explain the formation of the cusp-like sharp top
in droplet solidification process.

Based on the time sequences of the instantaneous MTT mea-
surements results as those shown in Fig. 8, the time evolution of
the averaged temperature of the remaining liquid water within
the icing droplet in the course of icing process were calculated,
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Fig. 7. Time sequence of the acquired phosphorescence images to visualize the icing process (the surface temperature of the test plate was set to TW = �2.0 �C).
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Fig. 8. Corresponding MTT measurements in the course of icing process with the surface temperature of the test plate set to TW = �2.0 �C.
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which is shown in Fig. 9. As described above, the initial tempera-
ture of the liquid water droplet was 20.5 �C before impinging onto
the frozen cold test plate. The temperature of the water droplet is
expected to decrease with the time after it impinged onto the cold
test plate, as the one shown in Fig. 6, if the temperature of the cold
test plate is above freezing (i.e., there is not phase changing process
involved). Surprisingly, the measurement results given in Fig. 9 re-
veal a completely different trend data for the icing droplet. The
averaged temperature of the remaining liquid water within the
icing droplet was found to increase monotonically with time in
the course of icing process. It should be noted that, since the frame
rate for the phosphorescence image acquisition used in the present
study is relative low, (i.e., f = 2 Hz), the details of the initial temper-
ature drop of the water droplet at the moment as it impinged onto
the frozen cold test plate were not able to be resolved due to the
limited temporal resolution of the present measurements.

The unexpected temperature increase of the remaining liquid
water within the droplet in the course of the icing process is
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Fig. 9. The averaged temperature of the remaining liquid water in the icing droplet
versus time when the surface temperature of the test plate was set to TW = �2.0 �C.
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believed to be closely related to the heat release of the latent heat
of solidification. As visualized clearly from the MTT measurement
results given in Fig. 8, the liquid water at the bottom of the icing
droplet would turn to solid ice rapidly after the droplet impinged
onto the frozen cold test plate. It is well known that there will be
a significant amount of latent heat of solidification being released
as liquid water turned to solid ice. According to the physics text-
book of Cutnell and Johnson (1995), the specific latent heat of
solidification for water is 334 kJ/kg (i.e., 79.7 cal/g). While some
of the released latent heat of solidification would be conducted
through the cold test plate and dissipated by the thermal bath cir-
culator, a portion of the released latent heat of solidification would
be conducted through the interface between the solid ice and the
liquid water within the icing droplet to heat the remaining liquid
water with the icing droplet. In the course of icing process, more
and more liquid water was found to turn to ice with the latent heat
of solidification releasing continuously, while the total amount of
the remaining liquid water within the icing droplet would become
less and less. As a result, the averaged temperature of the remain-
ing liquid water within the icing droplet would increase monoton-
ically with time until the droplet turned to ice crystal completely,
which is at about 35 s after it impinged onto the frozen cold test
plate for the case shown in Fig. 8. It should be noted that, the rapid
temperature rise during the freezing of liquid metals caused by the
release of latent heat as the metals undergo a change in crystalline
structure is actually well known in material science and engineer-
ing community; these are usually called ‘‘recalescence” phenomena
(Hofmeister et al., 1990).

Based on the acquired phosphorescent images, the shape profile
of the icing droplet in the course of icing process can also be ex-
tracted, which is given in Fig. 10. The time evolution of the droplet
shape profile in the course of the icing process was revealed quan-
titatively. It can be seen clearly that the water droplet was round,
as a cap of a sphere, at the beginning, as expected. As visualized
clearly in the acquired phosphorescence images and MTT measure-
ments described above, the liquid water at the bottom of the drop-
let would be frozen and turned to solid ice rapidly, while the upper
portion of the droplet was still in liquid state. As the time goes by,
the droplet would grow upward with more and more liquid water
turned to solid ice within the icing droplet. As a result, the
rounded, spherical-cap-shaped profile of the droplet was found
to be sharpened substantially at the top to become a prolate-spher-
oid-shaped profile. Eventually, the rounded, spherical-cap-shaped
water droplet was found to turn to a prolate-spheroid-shaped ice
crystal with distinctive cusp-like top at the end of the icing
process.
It is well known that a liquid water droplet will experience vol-
ume expansion as it is turning into solid ice. The time evolution of
the droplet volume expansion in the course of the icing process
was also revealed clearly and quantitatively from the variation of
the droplet shape profiles given in Fig. 10. It can be seen clearly
that, while the contact radius of the droplet on the test plate is al-
most constant, the height of the droplet was found to increase con-
tinuously during the icing process. It indicates that, in the course of
icing process, the volume expansion of the water droplet would be
mainly upward to cause droplet growth in height rather than in ra-
dius. As described above, the laser illuminating plane is along the
middle plane of the droplet for the present MTT measurements,
the volume of the droplet can be determined based on the droplet
shape profiles with a reasonable assumption of the droplet being
axisymmetric. Fig. 11 shows the time histogram of the volume
expansion of the droplet, V/VO, in the course of the icing process,
where VO is the initial volume of the water droplet. It can be seen
clearly that the volume of the droplet was found to increase rapidly
at the beginning of the icing process since the majority of the drop-
let was still in liquid water state. The volume expansion rate was
found to decrease with time since less and less liquid water was
found to remain within the droplet. The volume expansion profile
was found to become a flat line at about 35 s after the droplet im-
pinged onto the frozen cold test plate, which indicates that the vol-
ume of the droplet would not change with time anymore after the
water droplet turned to solid ice crystal completely.

The time variation of the averaged specific weight (thereby
density) of the droplet, c, in the course of the icing process can also
be determined based on the measured droplet volume expansion
profile, which is also given in Fig. 11. For comparison, the standard
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value of the specific weight of pure ice (i.e., cice = 0.9168) was also
given in the figure as the dashed straight line. It can be seen clearly
that the specific weight (or density) of the droplet was found to be-
come smaller and smaller as more and more remaining liquid
water within the droplet turned to solid ice. As it is expected, the
profile of the measured specific weight of the icing droplet was
found to approach the standard value of the specific weight of
ice (i.e., cice = 0.9168) as the time goes by. When the water droplet
turned to solid ice crystal completely at 35 s after it impinged onto
the frozen cold test plate, the measured value of the specific weight
of the ice crystal was found to be c = 0.9165, which agree with the
standard value of specific weight of pure ice cice = 0.9168 very well.

The required freezing time, which is defined as the time interval
between the moment when a water droplet impinged on the fro-
zen cold test plate and the moment when the water droplet was
found to turn to an ice crystal completely, can also be determined
based on the time sequences of the MTT measurements as those
reported above. The information about the required freezing time
is of great important to wind turbine icing phenomena since the
required frozen time would determine the types of the ice forma-
tion on wind turbine blades being rime ice or glaze ice (Fortin and
Perron, 2009). Fig. 12 shows the variations of the required freezing
time of the water droplets with the surface temperature of the
freezing cold test plate changed from �1.0 �C to �5.0 �C. As it is ex-
pected, the required freezing time for the water droplets (initial
temperature at 20.5 �C) turned to ice crystal was found to strongly
depend on the surface temperature of the test plate. An exponen-
tial curve was found to fit the measurement data very well to rep-
resent the relationship between the required freezing time and the
surface temperature of the frozen cold test plate.
6. Conclusions

An experimental investigation was conducted to quantify the
unsteady heat transfer and phase changing process within small
icing water droplets in order to elucidate underlying physics to im-
prove our understanding of the important micro-physical process
pertinent to wind turbine icing phenomena. A lifetime-based
molecular tagging thermometry (MTT) technique was developed
and implemented to reveal the time evolution of the unsteady heat
transfer and dynamic phase changing process within small icing
water droplets in the course of icing process, which is pertinent
to the ice formation and accretion process as water droplets
impinging onto frozen cold wind turbine blades. For the lifetime-
based MTT measurements, a pulsed laser is used to ‘‘tag” phospho-
rescent molecules premixed within the small water droplets. Long-
lived laser-induced phosphorescence is imaged at two successive
times after the same laser excitation pulse. The temperature mea-
surement is achieved by taking advantage of the temperature
dependence of phosphorescence lifetime, which is estimated from
the intensity ratio of the acquired phosphorescence image pair.

The time evolution of the unsteady heat transfer and phase
changing process within small icing water droplets was revealed
clearly and quantitatively based on the MTT measurements. It
was found that, after water droplet impinged onto the frozen cold
test plate, the liquid water at the bottom of the droplet was found
to be frozen and turned to solid ice rapidly, while the upper portion
of the droplet was still in liquid state. As the time goes by, the
interface between the liquid phase water and solid phase ice was
found to move upward continuously with more and more remain-
ing liquid water within the droplet turned to solid ice. The round,
spherical-cap-shaped profile of the water droplet was found to be
sharpened continuously to become a prolate-spheroid-shaped pro-
file. A cusp-like sharp tip instead of a round top was found to pro-
trude at the top of the droplet at the end of the icing process.
Interestingly, the averaged temperature of the remaining liquid
water within the icing droplet was found to increase rather than
decrease monotonically in the course of icing process. The temper-
ature increase of the remaining water with the icing droplet is be-
lieved to be caused by the significant heat release of the latent heat
of solidification during the icing process. As it is expected, while
the volume of the droplet was found to increase with time mono-
tonically, the specific weight (thereby the density) of the icing
droplet would decrease with time monotonically in the course of
icing process, approaching the standard value of pure ice as the
droplet turned to ice crystal completely. The volume expansion
of the water droplet was found to be mainly upward to cause drop-
let height growth rather than radial to enlarge the contact area of
the droplet on the test plate in the course of the icing process. The
required frozen time of the droplet was found to strongly depend
on the temperature of the test plate, which would decrease expo-
nentially with the decreasing surface temperature of the frozen
cold test plate. The new findings derived from the icing physics
studies as the one reported at here would lead to a better under-
standing of the important micro-physical processes, which could
be used to improve current icing accretion models for more accu-
rate prediction of ice formation and ice accretion on wind turbine
blades as well as development of effective anti-/de-icing strategies
tailored for safer and more efficient operation of wind turbines in
cold weather.
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