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In the present study, an experimental investigation was performed in an Icing Research Tunnel available
at Iowa State University (i.e., ISU-IRT) to quantify the unsteady heat transfer and dynamic ice accretion
process over an airfoil/wing surface under different icing conditions (i.e., dry rime ice accretion vs. wet
glaze ice accretion). A theoretic model was developed at first to evaluate the unsteady heat transfer pro-
cess over the ice accreting airfoil/wing surface in the term of convective heat transfer coefficient. During
the experiments, a high-speed infrared (IR) thermal imaging system was used to achieve temporally-
resolved measurements of the surface temperature distribution over the ice accreting airfoil/wing sur-
face. The transient behaviors of droplets impingement, surface water runback and dynamic phase chang-
ing processes over the airfoil/wing surface were characterized quantitatively based on the quantitative
surface temperature measurements. Based on the time evolution of the measured surface temperature
distributions over the airfoil/wing surface for the rime ice accretion case, the water collection efficiency
distribution around the airfoil surface was determined quantitatively, which was then imported into the
theoretic heat transfer model to estimate the convective heat transfer coefficients over the ice accreting
airfoil/wing surface. The convective heat transfer coefficient was found to reach its maximum value at the
airfoil stagnation point, and decrease gradually at the downstream locations. The formation of the ice
roughness near the airfoil leading edge was found to be able to enhance the convective heat transfer pro-
cess over the airfoil surface, which would further promote the ice formation and accretion over the
roughed airfoil surface.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Aircraft icing is widely recognized as a significant aviation haz-
ard to aircraft operation in cold weather. While the most familiar
and frequently observed aircraft icing events are the ice buildup
over airframe surfaces with airplanes being exposed to frozen pre-
cipitation at airports, such icing hazard can be easily overcome by
applying de-/anti-icing fluids over the airframe surfaces prior to
takeoff [1]. In-flight aircraft icing occurs when small, super-
cooled, airborne water droplets, which make up clouds and fog,
freeze upon impacting onto airframe surfaces. Since the airborne
water droplets are in a super-cooled state, they can either freeze
immediately or become mixtures of liquid water and ice upon
impinging onto airframe surfaces, depending on the ambient con-
ditions [2]. Ice accretion over in-flight aircraft surfaces was found
not only to result in a significant decrease in lift and a rapid rise
in drag, but also to induce unstable control conditions when ice
accumulates asymmetrically on aircraft control surfaces [3]. The
importance of proper in-flight aircraft icing control was high-
lighted by many aircraft crashes in recent years like the deadly
accident occurred at Clarence Center, New York on 02/12/2009
with fifty fatalities in the accident of a Bombardier DHC-8-400 air-
craft operated as Continental Flight 3407 [4].

It is well known that ice accretion process over the surface of an
in-flight airplane can be either wet (glaze) or dry (rime), depending
on ambient conditions [5]. When an airplane encounters clouds
with low liquid water content (LWC) and small-sized super-
cooled water droplets at relatively low ambient temperature (i.e.,
typically below �8 �C), rime ice would usually form as the super-
cooled water droplets freeze immediately upon impact. In rime
icing conditions, the released latent heat of fusion due to phase
change of the impinged super-cooled water droplets would be
removed efficiently through heat transfer, and no surface water
flow would exist over the airframe surfaces [2]. The amount and
rate of ice accretion over the airframe surfaces would be solely
determined by the impingement behavior of the super-cooled
water droplets [2]. Glaze icing process was found to be associated
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Fig. 1. A schematic of energy balance in an arbitrarily-chosen control volume over
an ice accreting airfoil/wing surface.
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with warmer ambient temperatures (i.e., usually above �8 �C),
higher liquid water contents in clouds, and larger super-cooled
water droplets. In glaze icing conditions, while the heat transfer
is insufficient to remove all the released latent heat of fusion of
the impinged super-cooled water droplets, only a portion of the
impinged super-cooled water droplets would freeze upon impact,
and the remaining would remain in liquid as unfrozen water and
run back over the airframe surfaces, as driven by the boundary
layer airflow over the aircraft surface [2,6,7]. As a result, the
amount and rate of glaze ice accretion over the airframe surfaces
are mainly determined by the heat transfer capacity to remove
the latent heat of fusion of the impinged supper-cooled water dro-
plets over the ice accreting surface [3,8–10].

A number of engineering software tools (e.g., TURBICE and
LEWICE) have been developed in recent years to predict the ice
accretion process for various aircraft icing mitigation applications
[11–15]. Such packages utilize airflow speed, temperature, accre-
tion time, liquid water content and droplet size as input data to
predict the shape and amount of resulting ice accretion on air-
foil/wing surfaces. It was found that, due to the very complex inter-
actions among multiphase flows (i.e., the boundary layer airflow,
super-cooled water droplets and surface water runback flows,
and ice accreting process over airframe surface) and the unsteady
mass and heat transfer processes associated with the dynamic
impingement of the super-cooled water droplets, transient surface
water transport and the dynamic solidification (i.e., phase chang-
ing) process, the accurate prediction of ice accretion over airframe
surfaces, especially for the glaze ice accretion case, was still very
challenging [16]. While the ice accretion tools usually include clas-
sical models and correlations for various multiphase components
which are assumed to contribute to the ice formation and accretion
processes, many important details of the complex coupled multi-
phase micro-physical processes associated with the dynamic ice
accretion process were usually ignored [6,17,18]. Such simplistic
evaluation of the transient behavior of surface water transport
and unsteady heat transfer process is considered to be a significant
contributing factor in the poor agreement between the predictions
of the theoretical models and the experimental results about glaze
ice accretion process [14,19–21].

Advancing the technology for safe and efficient operation of air-
craft in atmospheric icing conditions requires the development of
innovative, effective anti-/de-icing strategies for aircraft icing mit-
igation and protection. Doing so requires a keen understanding of
the underlying physics of complicated thermal flow processes per-
tinent to aircraft icing phenomena, both for the icing itself as well
as for the unsteady heat transfer and dynamic water runback along
ice accreting airframe surfaces. While a number of previous studies
have been carried out to simulate ice formation and accretion on
airfoil/wing models through icing wind tunnel testing [8,22,23]
or using ‘‘artificial” iced profiles with various types and amounts
of ice accretion to investigate the aerodynamic performance degra-
dation for iced airfoils/wings [24–26], very few fundamental stud-
ies can be found in literature to elucidate the underlying physics of
the dynamic ice accreting process. Many important micro-physical
processes associated with aircraft icing phenomena, such as char-
acteristics of the unsteady heat transfer and dynamic phase chang-
ing processes over ice accreting airfoil/wing surfaces, are still not
fully explored.

In the present study, we reported an experimental investigation
to quantify the unsteady heat transfer and dynamic phase chang-
ing processes as super-cooled water droplets impacting onto the
surface of an airfoil/wing model under different icing conditions
(i.e., both dry rime and wet glaze icing conditions) to elucidate
the underlying icing physics pertinent to aircraft icing phenomena.
In the context that follows, a theoretic model was developed at
first to evaluate the unsteady convective heat transfer process over
an ice accreting airfoil/wing surface. By leveraging the unique Icing
Research Tunnel available at Iowa State University (i.e., ISU-IRT), a
comprehensive experimental campaign was conducted to investi-
gate the unsteady heat transfer and dynamic phase changing pro-
cesses over an ice accreting airfoil/wing surfaces under both rime
and glaze conditions. During the experiments, an infrared (IR) ther-
mal imaging systemwas used to achieve spatially-and-temporally-
resolved temperature distribution measurements over the airfoil/
wing surface during the dynamic ice accretion process. The charac-
teristics of the unsteady heat transfer and transient behaviors of
the surface water runback process over the ice accreting airfoil/
wing surface were examined quantitatively in the course of the
dynamic ice accretion process. Based on the spatially-and-tempo
rally-resolved temperature measurements around the leading edge
of the airfoil/wing model, the distribution of water collection effi-
ciency around the airfoil leading edge was derived quantitatively,
which was then imported into the convective heat transfer model
to further evaluate the unsteady heat transfer characteristics over
the ice accreting airfoil/wing surface.

2. Theoretical analysis of unsteady heat transfer over an ice
accreting airfoil surface

In the present study, the energy conservation law was applied
to an arbitrarily-chosen control volume over an ice accreting air-
foil/wing surface in order to evaluate the unsteady heat transfer
process over the airfoil/wing surface. As shown schematically in
Fig. 1, the rate at which the thermal and/or mechanical energies
enter into the control volume, minus the rate at which the thermal
and mechanical energies leave from the control volume would be
balanced by the rate of net energy increase stored within the con-
trol volume [27], which can be expressed as:

_Ein � _Eout ¼ dEst

dt
� _Est ð1Þ

where _Ein is the rate of energy enters the control volume, _Eout is the
rate of energy leaves the control volume, and _Est is rate of the net
energy increase stored inside the control volume.

The energy enters the control volume includes adiabatic heating
and kinetic heating energy. The energy leaves the control volume
includes the evaporation and sublimation, convection heat, energy
radiation, conduction heat, and sensible heat that is produced by
the temperature changes of the water and ice over the surfaces
of the control volume [6,18]. The net energy increase stored inside
the control volume are due to the changes in the internal, kinetic,
and/or potential energies of its contents [27], which is given as
following:
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DEst ¼ DU þ DKEþ DPE ð2Þ
where DU is the change in internal energy, DKE is the change of
kinetic energy,DPE is the change in potential energy inside the con-
trol volume.

During the ice accretion process over an airfoil/wing surface,
the changes of kinetic and potential energy inside the control vol-
ume are usually several orders of magnitude smaller in comparison
to the change in internal energy, thereby, can be neglected. When
super-cooled water droplets impinge onto the airfoil/wing sur-
faces, there will be a phase transition of the super-cooled water
droplets from liquid into solid state to give off energy (i.e., known
as the latent heat of fusion) due to the changes in the intermolec-
ular forces, and less from a sensible component that accounts for
the motion of the atoms/molecules. Thus, the net energy increase
stored inside the control volume is reduced, which can be
expressed as:

_Est ¼ �ð _Qlatent þ _QssÞ ð3Þ
where Qlatent is the latent heat of fusion, Qss is the sensible heat.

Therefore, the energy conservation law in the control volume
can be expressed as:

½ _Qadh þ _Qkin� � ½ _Qconv þ _Qsub=evp þ _Qcond� ¼ �ð _Qlatent þ _QssÞ ð4Þ
where Qadh is the adiabatic heating, Qkin is the kinetic heating, Qconv

is the convective heat, Qsub is the sublimation heat, Qevp is the evap-
oration heat, Qcond is the conductive heat.

The heat introduced by adiabatic heating occurring inside of the
boundary layer is defined as:

_Qadh ¼ hcv � ðTrec � Tair;1Þ � A ð5Þ
where hcv is the convective heat transfer coefficient, Trec is the
recovery temperature, Tair,1 is the free stream temperature, and A
is the panel surface area.

The recovery temperature, Trec in Eq. (5) is originally defined by
Schlichting [28]. It has been implemented in the modelling of heat
transfer for ice formation, as can be found in Fortin [6].

Trec ¼ T1 þ r � T1
Te

� U2
e

2 � Cair
ð6Þ

where Te is the temperature at the edge of the boundary layer, Ue is
the speed at the edge of the boundary layer, Cair is the specific heat
of air, r is the recovery factor that can be defined as r ¼

ffiffiffiffiffi

Pr
p

. Here,
the Prandtl number is defined as:

Pr ¼ Cair � lair

kair
ð7Þ

where mair is the dynamic viscosity of air, and kair is the thermal con-
ductivity of air.

The impingement of the super-cooled water droplets would
introduce kinetic energy into the control volume, which can be
expressed:

_Qkin ¼ 1
2
� _mimp � V2

imp ð8Þ

where _mimp is the mass flux of water impingement, and can be
defined as _mimp ¼ LWC � Vimp � A in the region very near the stag-
nation line; where Vimp is the impact speed of the super-cooled
water droplets, LWC is the liquid water content in the incoming
airflow.

The convective heat transfer would occur when cold air flows
over the airfoil surface. As describe in Incropera [27], the convec-
tion term in the energy equation can be expressed as:

_Qconv ¼ hcv � ðTsurf � Tair;1Þ � A ð9Þ
where Tsurf is the surface temperature.
The heat in the control volume can also be transferred to the
surroundings by evaporation and sublimation. As described in Li
[29] and Dong [30], the mass flux due to evaporation and sublima-
tion can be usually estimated using:

_mes ¼ 0:696 � hcv

Cair
� psðTbÞ � psðT1Þ

pm
� A ð10Þ

where the saturated vapor pressures, psðTbÞ and psðT1Þ are obtained
by using Goff-Gratch equation [31]. Tb is the water film tempera-
ture, and Pm is the average of wall pressure and free stream pres-
sure. Thus, the latent heat of evaporation and sublimation can be
calculated by using following equation:

_Qsub=evp ¼ _mes � ½g � Li þ ð1� gÞ � Lw� ð11Þ
where mes is the mass of evaporation and sublimation, Li is the
latent heat of sublimation of ice, Lw is the latent heat of vaporization
of water, g is the local freezing fraction.

Conductive heat transfer would occur if there is a temperature
gradient between the ice/water and the substrate of the airfoil/
wing model. The heat flux due to thermal conduction is given as:

_Qcond ¼ A � ðTsurf � TairfoilÞ
Rtot;cond

ð12Þ

where Tairfoil is the surface temperature of the airfoil substrate, Rtot,-
cond is the equivalent thermal resistance for conduction, which can
be derived based on the equivalent thermal circuit theory:

Rtot;cond ¼ Hice

kice
þ Hairfoil

kairfoil
ð13Þ

where Hice is the thickness of ice layer, Hairfoil is the thickness of air-
foil substrate, kice is the thermal conductivity of ice, and kairfoil is the
thermal conductivity of airfoil substrate. At the initial stage of ice
accretion, the ice thickness is very small (i.e., usually two orders
smaller than the thickness of airfoil substrate), while the thermal
conductivity of ice is much greater than that of the plastic airfoil
model used in the present study, Eq. (13) can be reduced to Rtot,cond
= Hairfoil/kairfoil. Therefore, the heat flux due to thermal conduction
can be derived as:

_Qcond ¼ kairfoil � A � ðTsurf � TairfoilÞ
Hairfoil

ð14Þ

The latent heat of fusion would be released when water freezes
over the airfoil surface. The amount of the latent heat released in
the control volume is dependent on the mass of the frozen water,
which can be written as:

Qlatent ¼ mfreeze � Ls ð15Þ
where mfreeze is the mass of the frozen water, Ls is the latent heat
released per unit water mass.

Within the control volume, the liquid water mass is mainly
from the impinging water mass and the incoming runback water
mass. The amount of ice accumulated inside the control volume
is determined by the freezing fraction, g, which is defined as the
mass ratio of the frozen water to the total of water collection in
the control volume. Thus, the freezing rate in the control volume
can be expressed as:

_mfreeze ¼ ½ _mrunin � Aþ LWC � Vimp � A � b� � g ð16Þ

where mrunin is the incoming runback water mass per unit of area,
and b is the local water collection efficiency.

Then, the heat flux due to the latent heat of fusion can be
derived as:

_Qlatent ¼ _mfreeze � Ls ¼ ½ _mrunin þ LWC � Vimp � b� � A � g � Ls ð17Þ
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The sensible heat is mainly due to the enthalpy variation of fro-
zen and liquid water from the freezing temperature to the surface
temperature, which can be expressed as:

_Qss ¼ _mfreeze � Ci � ðTf � Tsurf Þ þ ð _mw � _mfreezeÞ � Cw � ðTf � Tsurf Þ ð18Þ

where Ci is the specific heat of ice, Cw is the specific heat of water.
Here, _mw is the mass flux of water in the control volume. Within
the control volume, _mw � _mrunin � Aþ LWC � Vimp � A � b. By substitut-
ing Eqs. (5), (8), (9), (11), (14), (17) and (18) into Eq. (4), the energy
conservation equation can be expressed as following:

hcv � ðTrec � Tair;1Þ � Aþ 1
2
� LWC � Vimp � A � V2

imp þ ½ _mrunin � A
þ LWC � Vimp � A � b� � ½g � Ls þ ðTf � Tsurf Þ � ðg � Ci þ ð1� gÞ � CwÞ�

¼ A � ½hcv � ðTsurf � Tair;1Þ� þ A � ðTsurf � TairfoilÞ=Rcond;tot

þ 0:696 � hcv=Ca � ½psðTbÞ � psðT1Þ�=pm � A � ½g � Li þ ð1� gÞ � Lw�
ð19Þ

In the present study, since the temperature of the airfoil/wing
model and the incoming airflow temperature were at the same val-
ues during the experiments, the terms of temperature differences
in the heat convection and heat conduction can be considered as
the same, and denoted as DT . Therefore, the convection heat trans-
fer coefficient, hcv over the ice accreting airfoil/wing surface can be
derived as following:

hcv ¼
½DT=Rcond;tot �ð _mruninþLWC �Vimp �bÞ½g �LsþðTf �Tsurf Þ � ðg �Ciþð1�gÞ �CwÞ��0:5 �LWC �V3

imp �
½Trec �Tair;1�DT�0:696 � ½psðTbÞ�psðTair;1Þ�=ðCa �pmÞ � ½g �Liþð1�gÞ �Lw ��

ð20Þ

In the present study, by leveraging the unique Icing Research
Tunnel available at Iowa State University (ISU-IRT), a comprehen-
sive experimental campaign was performed to examine the
transient behavior of the convective heat transfer over an ice
accreting airfoil/wing surface under different icing conditions.
With the quantitative measurements of the surface temperature
distributions over the ice accreting airfoil/wing surfaces obtained
through the experiment campaign, along with the relevant con-
trolling parameters such as the water collection efficiency (b),
the time evolution of the convective heat transfer coefficient over
the ice accreting airfoil/wing surfaces in the course of dynamic
ice accretion process will be evaluated quantitatively by using
Eq. (20).
3. Experimental setup and test model

The experimental study was performed in a newly-refurbished
Icing Research Tunnel available at Iowa State University (ISU-IRT).
As shown schematically in Fig. 2, ISU-IRT is a multifunctional icing
research tunnel with a transparent test section of 0.40 m � 0.40 m
� 2.0 m in size. An axial fan was used to drive the airflow cycling
inside the tunnel with the wind speed in the test section up to
60 m/s. The tunnel is refrigerated via a heat exchanger, which is
chilled by a 30 kW compressor (Vilter). As a result, the airflow
inside ISU-IRT can be cooled down to �25 �C. An array of 8 pneu-
matic atomizing spray nozzles (Spraying Systems Co., 1/8NPT-
SU11) along with pressure regulators were installed at the
entrance of the contraction section of ISU-IRT to inject micro-
sized water droplets (i.e., MVD = �20 mm) into the airflow. The vol-
ume flow rate of water injected into the tunnel was monitored
with a digital flow meter (Omega, FLR-1605A). By manipulating
the pressure regulators on the air and water lines of the spray noz-
zles, the mass flow rate of water injected into the airflow, thereby,
the liquid water content (LWC) of the airflow inside the tunnel, can
be adjusted. In summary, ISU-IRT can be operated over a range of
test conditions, i.e., from very dry rime ice (e.g., LWC � 0.1 g/m3)
to extremely wet glaze ice (LWC > 5.0 g/m3), to duplicate/simulate
aircraft icing phenomena over a range of icing conditions.

In the present study, a NACA0012 airfoil/wing model with a
chord length C = 150 mm was used for the experimental study.
The airfoil/wing model was 3D printed by using a rapid prototyp-
ing machine (i.e., 3D printer). The surface of the wing model was
coated with several layers of spray-on primer. The primed surfaces
were then wet-sanded by using fine sandpapers (i.e., up to 2000
grit) to achieve a very smooth, glossy finish with a characteristic
roughness over the surface about 25 lm. Then, a readily available
all-weather protective spray-on enamel (Rustoleum, Flat Protec-
tive Enamel, white in color) was coated onto the primed surface.
The sanded primer layers would provide a strong adhesion of the
enamel onto the airfoil/wing surface. Supported by a stainless-
steel rod, the airfoil/wing model was mounted at its quarter-
chord and oriented horizontally across the middle of the test sec-
tion of ISU-IRT. The angle of attack of the airfoil/wing model was
adjustable by pivoting the model about the rod and fixing it at
the desired angle measured with a digital inclinometer. During
the experiments, the angle of attack of the airfoil/wing model
was set at a = �5.0� in order to observe the icing and heat transfer
processes on the pressure side of the airfoil/wing model, where the
surface water runback and ice formation are most prominent.

As shown schematically in Fig. 2, a circular infrared (IR) trans-
mission window of 101.6 mm in diameter (FLIR-IRW-4C) was
mounted on the top panel of the ISU-IRT test section. An IR thermal
imaging system (FLIR-A615 with 640 pixels � 480 pixels in spatial
resolution) was mounted above the IR transmission window to
map the temperature distribution over the airfoil surface during
dynamic ice accreting process. The IR thermal imaging system
adopts a new interface standard of GigE Vision that allows for fast
image transfer to achieve 16-bit thermal imaging outputs at frame
rates up to 200 Hz. In the present study, the IR thermal imaging
camera was mounted at a distance of 350 mm above the airfoil/
wing model. The IR radiation from the ice accreting airfoil/wing
surface would be transmitted through the IR window with a trans-
mission coefficient of 0.82. Table 1 gives the IR emissivity coeffi-
cients of the different materials, i.e., airfoil/wing model surface,
ice, and liquid water, respectively.

Before performing surface temperature measurements to quan-
tify the dynamic ice accretion process over the airfoil/wing model
surface, a calibration experiment was conducted to calibrate/vali-
date the IR thermal imaging system for the surface temperature
measurements of the airfoil/wing model at several pre-scribed
low temperatures (i.e., ranged from �11 �C to 0 �C). With the air-
foil/wing model mounted in a calibration camber at the pre-
selected temperatures, the IR thermal imaging system was used
to measure the surface temperatures over the airfoil/wing model.
The measurement results of the IR thermal imaging system were
compared quantitatively with the nominal temperatures of the cal-
ibration camber measured by using K-typed thermocouples. A very
good agreement (i.e., difference less than ±0.2 �C) was found
between the nominal temperature and the measurement results
of the IR thermal imaging system.

After carefully calibrated and validated, the IR thermal imaging
system was then used to measure the surface temperature distri-
butions over the ice accreting surface of the airfoil/wing model
under different icing conditions (i.e., with different freestream air-
flow temperature T1, wind speed V1, and LWC levels). During the
experiments, the temperatures of the incoming airflow and the
surface temperature of the airfoil/wing model were also monitored
by using thermocouple probes. The IR thermal imaging system was
synchronized with the electric switch of the water spray system of
ISU-IRT so that the dynamic ice accreting process (i.e., initial dro-
plet impingement, transient water film/rivulets runback, and
dynamic ice accretion process) over the surface of the airfoil/wing



Fig. 2. A Schematic of the Icing Research Tunnel (ISU-IRT) and the experimental setup used for temperature measurements over the ice accreting airfoil/wing surface.

Table 1
Emissivity of the materials pertinent to the test model used in the
present study.

Material Emissivity

Airfoil surface (Enamel coated) 0.960
Ice 0.965
Water 0.950–0.963
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model can be revealed clearly and quantitatively from the mea-
surement results of the IR thermal imaging system.
Fig. 3. Time evolution of the temperature distributions over the pressure side
surface of the airfoil/wing model at AOA = �5� with the test conditions of
V1 = 40 m/s, T1 = �8 �C, LWC = 0.3 g/m3.
4. Measurement results and discussions

4.1. Time evolutions of the temperature distribution over the ice
accreting airfoil surface

In performing the ice accretion experiments, ISU-IRT was oper-
ated at a pre-scribed frozen-cold temperature level (e.g., T1 = �8
�C for the present study) for at least 20 min to ensure ISU-IRT
reaching a thermal steady state. Since the temperature inside the
ISU-IRT was set to be well below the water frozen temperature,
the water droplets exhausted from the spray nozzles would be in
a super-cooled state after the water spray system of the ISU-IRT
was switched on at the time of t = t0. Dynamic ice accretion process
would start upon the impact of the super-cooled water droplets
onto the surface of the airfoil/wing model.

As described above, a high-speed IR thermal imaging system
was used to achieve time-resolved measurements of the surface
temperature distribution over the ice accreting surface of the air-
foil/wing model under different test conditions (i.e., under both
dry rime icing and wet glaze icing conditions). Figs. 3 and 4 show
typical snapshots of the IR measurement results over the pressure
side surface of the airfoil/wing model with the incoming airflow
velocity being V1 = 40 m/s, the airflow temperature T1 = �8 �C,
and the liquid water content (LWC) level of the incoming airflow
at LWC = 0.3 g/m3 and LWC = 3.0 g/m3, respectively. Based on the
time sequences of the measured temperature distributions over
the ice accreting airfoil surface, the characteristics of the unsteady
heat transfer over the airfoil surface can be revealed clearly and
quantitatively in the course of rime and glaze ice accretion
processes.

As described in Papadakis et al. [32], the direct impingement
area of the water droplets would concentrate within a narrow
region near the stagnation line of the NACA0012 airfoil model.
Due to the release of the latent heat of fusion associated with the



Fig. 4. Time evolution of the temperature distributions over the pressure side
surface of the airfoil/wing model at AOA = �5� with the test conditions of
V1 = 40 m/s, T1 = �8 �C, LWC = 3.0 g/m3.
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solidification of the impinged super-cooled water droplets (i.e.,
icing process), the temperature within the impingement area of
the water droplets would increase rapidly. As shown clearly in
Fig. 3(a), with the very first group of the super-cooled water dro-
plets impacted onto the airfoil surface (i.e., at the time instance
of t = t0 + 0.5 s), the surface temperature within the direct impinge-
ment area of the super-cooled water droplets (i.e., the narrow
region near the airfoil leading edge) was found to increase rapidly
due to the release of the latent heat of fusion associated with the
icing process, as expected. It should be noted that, even though
the surface temperature near the airfoil leading edge was found
to become higher than the ambient temperature (i.e., Tsurface > �8
�C), their values were found to be still much lower than the water
frozen temperature for both of the test cases, indicating that the
water droplets were in a super-cooled state before impinged onto
the airfoil surface. As described in Davis [33] and further confirmed
by Jung et al. [34], there are two sequential stages in the course of
the freezing process for a super-cooled water droplet. At the first
stage, a partial solidification of the super-cooled water droplet
would take place very rapidly, with most of the released latent heat
of fusion being absorbed by the remaining liquid water to cause its
temperature increase, while only a small portion of the heat would
be transferred to the surroundings. In the second stage, the
remaining liquid water would freeze isothermally at a much
slower rate (i.e., nearly three orders of magnitude slower than
the first stage, as described in Jung et al. [34]). The freezing process
in the second stage would be mainly controlled by the rate of heat
transfer through convection or conduction, resulting in a freezing
front at either the gas-liquid or liquid-solid interface. As a result,
upon impingement of the super-cooled water droplets onto the
airfoil surface, the icing process can be either finished completely
or partially, depending on how rapidly the released latent heat of
fusion can be transferred and/or dissipated into the surrounding
ambient.

For the test case as that given in Fig. 3, with the incoming air-
flow being quite dry (i.e., LWC = 0.3 g/m3) at relatively low temper-
ature (i.e., Tair,1 = �8 �C), the super-cooled water droplets carried
by the incoming airflow would freeze immediately upon impact
onto the surface of the airfoil/wing model. As described in Hans-
man and Kirby [2], with the ambient temperature being far below
the water freezing point, the heat transfer would be sufficiently
strong to rapidly remove all of the released latent heat of fusion.
As a result, the icing morphology over the surface of the airfoil/
wing model was found to be of typical rime ice accretion process,
and no surface water runback was observed for this test case. It is
called dry ice growth process by Hansman and Kirby [2]. As shown
clearly in Fig. 3, right after the very first group of the super-cooled
water droplets impinged onto the airfoil surface near the leading
edge (i.e., at the initial stage of ice accretion during the time
instances from t = t0 to t = t0 + 0.50 s), the latent heat of fusion
was rapidly released to cause the surface temperature near the
stagnation line to increase instantly. The strong convective heat
transfer was found to remove the heat from the remaining liquid
water very quickly, resulting in an immediate frozen of the entire
impinged liquid water mass with its temperature decreased to
the same level as the ambient airflow (i.e., Tair,1 = �8 �C) rapidly.
As the time goes on, due to the continuous impingement of the
super-cooled water droplets onto the airfoil surface, the ice layer
accreted near the airfoil leading edge was found to become thicker
and thicker. As revealed clearly from the measured temperature
distributions during the time instances from t = t0 + 1.5 s to t = t0
+ 3.0 s, the regions with relatively higher surface temperature
(i.e., due to the greater amount of latent heat release) were still
found to concentrate within a narrow area near the airfoil stagna-
tion line for this rime ice accretion case.

As described in Potapczuk [1], rime ice accretion occurs mainly
in the impingement region, which would closely follow the original
contour of the airfoil profile [1]. Papadakis et al. [32] reported that,
while the maximum water collection efficiency would occur at the
stagnation point of the airfoil, the water collection efficiency would
decrease very quickly and become almost zero in the region far
away from the stagnation point. As shown clearly in Fig. 3, the
regions with relatively high temperatures were found to concen-
trate within the direct impingement region of super-cooled water
droplets, and the temperature decreased rapidly in the region far
away from the leading edge. Such distribution pattern in the mea-
sured surface temperature maps was found to be in good accor-
dance with the typical water collection efficiency distribution for
the NACA0012 airfoil/wing model.

As shown clearly in Fig. 4, with the velocity and temperature of
the incoming airflow being still kept at the same values of Vair,1 =
40 m/s and Tair,1 = �8 �C, but the incoming airflow being quite wet
with LWC = 3.0 g/m3, the ice accreting process over the airfoil/wing
surface was found to become of typical glaze ice accretion, which is
significantly different from the rime ice accretion process shown in
Fig. 3. In comparison with the rime ice accretion case described
above, since the LWC value was increased by a factor of 10 for this



(a). Location of the 5 selected points 

(b). the test case with LWC = 0.3 g/m3

(c). the test case with LWC = 3.0 g/m3

Fig. 5. Time evolution of the measured temperature increments at 5 selected
chord-wise locations over the ice accreting airfoil surface under the icing test
condition of Vair,1 = 40 m/s and Tair,1 = �8 �C; but with the LWC being of 0.3, and
3.0 g/m3, respectively.
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test case, much more super-cooled water droplets would impinge
onto the airfoil surface within the same time duration after the
spray system of ISU-IRT was switched on. As a result, the airfoil
surface was found to become wetted very rapidly. Upon impact
of the 10 times more water mass onto the airfoil surface, a much
greater amount of the latent heat of fusion would be released
within the same duration. As shown clearly in Fig. 4(a), right after
the spray system of ISU-IRT was turned on (i.e., at the time
instance of t = t0 + 0.5), the temperature distribution over the air-
foil surface was found to have a similar pattern as the droplet
impingement efficiency distribution as reported in Papadakis
et al. [32], i.e., with the maximum occurring at the stagnation
region and decreasing rapidly at further downstream locations.
As described in Jung et al. [34], the released latent heat of fusion
would be absorbed by the liquid water at first to cause its temper-
ature to increase rapidly, and then the released latent heat was
transferred/dissipated to surroundings via convection and/or con-
duction in a much slower rate. Due to the continuous impingement
of the massive super-cooled water droplets carried by the incom-
ing airflow onto the airfoil surface, more and more latent heat of
fusion would be released, causing a greater surface temperature
increase over the ice accreting airfoils, as shown in Fig. 4(b). The
heat transfer process, however, was not fast enough to remove
all the latent heat of fusion from the impinged water mass for this
test case, and caused a portion of the impinged water mass to stay
in liquid phase to form a water film over the airfoil surface. Driven
by the boundary layer airflow over the airfoil surface, the unfrozen
water film would run back along the airfoil surface and then freeze
at further downstream in the region beyond the direct impinge-
ment area of the super-cooled water droplets, as can be seen
clearly from the measured temperature map at the time instance
of t = t0 + 1.5 s shown in Fig. 4(c). As revealed clearly in Zhang
et al. [35] and Liu et al. [36], due to the complex interactions
among the multiphase flows (i.e., boundary layer airflow, unfrozen
liquid water in either droplet or film morphology, and the accreted
solid ice over the airfoil surface), the front contact line of the water
film over the airfoil surface would break up to form finger-like
structures (i.e., rivulet structures) as the surface water ran back,
which were revealed clearly from the measurement results given
in Fig. 4(d), (e) and (f). Similar phenomena were also observed in
the experimental studies of Hansman [37] and Waldman and Hu
[38]. Such finger-like rivulet structures would serve as the water
runback channels to transport the continuously impinged unfrozen
water mass from the airfoil leading edge to downstream regions.
Along with the runback of the unfrozen water mass over the airfoil
surface, a large amount of released latent heat of fusion would also
be transported downstream through the rivulets, as indicated by
the higher temperature stripes in the measured temperature maps
at the time instances of t = t0 + 2.0 s to t = t0 + 3.0 s (i.e., as shown in
Fig. 4(d), (e) and (f)). As the unfrozen water ran back over the airfoil
surface, the heat stored in the liquid water would be transferred/
dissipated to the surroundings mostly by convection. Since the
ambient temperature during the experiment was well below the
frozen temperature of water (i.e., Tair,1 = �8 �C), the runback water
would be frozen into ice eventually to from rivulet-shaped ice fea-
tures over the airfoil/wing surface, as reported in Waldman and Hu
[38].

Based on the time sequences of the acquired IR thermal images
as those shown in Figs. 3 and 4, the variations of the temperature at
the selected points over the surface of the airfoil/wing model can
be extracted quantitatively for further analysis. Fig. 5 shows the
time evolutions of the temperature increment (i.e., DT = Tsurface �
Tair, 1) at five typical chord-wise positions over the airfoil/wing
surface under different icing test conditions (i.e., rime ice vs. glaze
ice accretion), which can be used to reveal the characteristics of the
ice accreting processes more clearly and quantitatively. The loca-
tions of the five pre-selected points were shown schematically in
Fig. 5(a). While the first point (i.e., point A) was selected to be at
the airfoil leading edge in the middle span of the airfoil/wing
model, the other four points (i.e., the points of B, C, D, and E) were
also located in the middle plane of the airfoil/wing model, spread-
ing along the chord-wise direction with the same spacing of 10%
chord length.

As described above, under the icing test conditions of Vair,1 =
40 m/s and Tair,1 = �8 �C, the ice accreting process over the air-
foil/wing surface would be of typical rime ice accretion when the
LWC level of the incoming airflow being relatively low (i.e., at
LWC = 0.3 g/m3). Due to the almost immediate freezing of the
super-cooled water droplets upon impact onto the airfoil surface
for such a dry ice accreting process, all the water mass collected
over the airfoil surface would freeze immediately to form rime
ice within the direct impingement area of the super-cooled water
droplets (i.e., within a narrow region near the airfoil stagnation
line). Corresponding to the higher water collection efficiency near
the stagnation point as reported in Papadakis et al. [32], only the
temperature values at point A (i.e., the airfoil leading edge) and
point B (i.e., 10% chord length downstream) were found to increase
rapidly as the icing test experiment just started (i.e., t < 1.5 s),
while the temperatures at other downstream points were found
to be almost unchanged, especially for those points beyond the



(a). the test case with LWC = 0.3 g/m3

(b). the test case with LWC = 3.0 g/m3

Fig. 6. Time-evolutions of the temperature distribution around the ice accreting
airfoil leading edge with the freestream airflow velocity Vair,1 = 40 m/s and
temperature Tair,1 = �8 �C. (a) LWC = 0.3 g/m3. (b) LWC = 3.0 g/m3.
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direct impingement region of the super-cooled water droplets (i.e.,
the points of C, D and E), as shown clearly in Fig. 5(b). As the time
goes on, with the continuous impingement of the super-cooled
water droplets on the ice accreting airfoil surface, the temperature
within the direct impingement region was found to keep increas-
ing, but with a much slower increasing rate, indicating a thermal
equilibrium state would be achieved over the ice accreting airfoil.
For the temperature evolution at point C (i.e., 20% chord length
downstream), since it is located at the far edge of the direct
impingement region as reported in Papadakis et al. [32], only a
very limited amount of the super-cooled water droplets can reach
the downstream location and froze subsequently. As the time goes
on, only a small temperature increase (i.e., �0.5 �C) was observed
as shown in Fig. 5(b). During the ice accretion process, while the
released latent heat of fusion within the direct impingement region
are expected to be mostly taken away by convective heat transfer
via the boundary layer airflow over the airfoil surface, a small por-
tion of the released latent heat of fusion may also dissipate within
the airfoil/wing substrate via heat conduction. Both the convective
and conductive heat transfer may cause the slight temperature
increases over the downstream airfoil surface beyond the direct
impingement region, as can be seen at the point D and E (i.e.,
30% and 40% chord length downstream of the airfoil leading edge).

For the test case with the LWC level in the incoming airflow
being increased to LWC = 3.0 g/m3, much more super-cooled water
droplets (i.e., by a factor of 10) would impinge onto the airfoil sur-
face within the same time duration of the experiment. As revealed
clearly in Fig. 5(c), due to the significant amount of the water mass
collected around the airfoil leading edge for such a wet test case,
the heat transfer process was not fast enough to remove all the
released latent heat of fusion. As a result, only a portion of the
impacted water mass would be frozen into ice upon impact, and
the rest of the impinged water mass remained in liquid state. As
driven by the boundary layer airflow over the airfoil surface, the
unfrozen liquid water would run back along the airfoil surface.
As shown clearly in Fig. 5(c), at the beginning of the icing experi-
ment (i.e., t < 1.5 s), the surface temperature was found to increase
rapidly not only within the direct impingement region of the
super-cooled water droplets (i.e., at the points of A and B), but also
at the further downstream location (i.e. at the points of C and D,
which are beyond 20% chord length). Interestingly, the tempera-
ture increments at the locations of 10% and 20% chord length
downstream (i.e., at the points of B and C) were found to become
even greater than that at the leading edge (i.e., at the point A) very
soon after the ice accretion experiment started (i.e., less than t =
1.0 s). It was suggested that such a shift in the maximum temper-
ature increment was due to the obvious runback of the unfrozen
water over the airfoil surface. As the time goes on, with the contin-
uous impingement of the super-cooled water droplets onto the air-
foil surface, the unfrozen liquid water would form film/rivulet flow
to transport the impacted water mass into the further downstream
locations. Due to the release of the latent heat release associated
with the solidification of the runback surface water over the airfoil
surface, the temperatures at the point D and E (i.e., at the down-
stream locations of 30% and 40% chord length) were also found
to increase substantially at the time instants of t = 2.0 s and t =
3.0 s, as shown in Fig. 5(c). As the time goes by, a thermal equilib-
rium state was found to achieve along the ice accreting airfoil sur-
face. As a result, the temperature increments over the ice accreting
airfoil surface were found to become almost unchanged after t =
3.0 s, as shown clearly in Fig. 5(c).

It should be noted that, a greater temperature increment at a
location would indicate more latent heat of fusion released due
to the solidification of the liquid water, hence, more ice accretion
at the downstream location. The measured temperature results
given in Fig. 5 also suggest that, in comparison with that at the air-
foil leading edge, a greater amount of ice would be accreted at the
downstream locations of 10% and 20% chord length for this glaze
ice accretion case, which was confirmed by measuring the ice mor-
phology accreted over the surface of the airfoil/wing model after
finishing the ice accretion experiment. Similar findings were also
reported in the experimental study of Waldman and Hu [38], in
which a high-speed imaging system was used to quantify the tran-
sient glaze ice accretion process over a similar airfoil/wing model
as that used in the present study.

4.2. Further discussions about the temperature distributions near the
airfoil leading edge

As described above about theoretic analysis of convective heat
transfer over the surface of the ice accreting airfoil, water collec-
tion efficiency (b) is a very important parameter that needs to be
quantitatively defined. The measured surface temperature distri-
butions given in Figs. 3 and 4 reveal clearly that, at the initial stage
of ice accreting process, the temperature gradients around the air-
foil leading edge would comply well with the variations of droplet
impingement intensity as described in Papadakis [32] and Özgen
and Canıbek [39]. Therefore, in the present study, an effort was
made to quantitatively define the distribution of water collection
efficiency based on the time-resolved temperature measurements
around the airfoil leading edge.

Fig. 6 shows the time-evolutions of the surface temperature
increments around the leading edge of the ice accreting airfoil with
the freestream velocity and temperature being Vair,1 = 40 m/s and
Tair,1 = �8 �C, while the LWC levels being 0.3 g/m3 to 3.0 g/m3,
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respectively. As discussed above, for the test case of LWC = 0.3 g/
m3, the ice accretion process over the airfoil/wing surface is a typ-
ical rime icing process, with the impinged super-cooled water dro-
plets being frozen immediately upon impact. Therefore, a greater
temperature increment over the airfoil surface for this test case
would indicate directly more latent heat release due to the solidi-
fication of the impinged liquid water mass, thereby, more ice
accretion at the location. As shown clearly in Fig. 6(a), before the
super-cooled water droplets impinged onto the airfoil surface,
the surface temperature around the airfoil leading edge was found
to be the same as the incoming airflow temperature, i.e., with zero
temperature increment, as expected. After the super-cooled water
droplets impinged onto the airfoil surface (i.e., at the time instant
of t = t0 + 0.5 s), due to the release of the latent heat of fusion asso-
ciated with the solidification of the impacted super-cooled water
droplets, the measured surface temperatures around the airfoil
leading edge (i.e., from X/C = 0 to X/C = 0.04) were found to increase
rapidly with a similar pattern as that of the water collection effi-
ciency given in Papadakis [32] and Özgen and Canıbek [39]. It
was found that the maximum temperature increment was located
at X/C � 0.014, which was the stagnation point when the attack of
angle of the airfoil/wing model was set at a = �5� for the present
study. As the time goes on, with more and more super-cooled
water droplets impinging onto the airfoil surface, the ice layer
accreted over that airfoil surface within the direct impingement
region of the super-cooled water droplets would become thicker
and thicker, as indicated by the continuous temperature increase
around the airfoil leading-edge from the time instant of t = t0 +
0.5 s to t = t0 + 2.0 s. It should be noted that, in such a dry rime
ice accretion process, the total amount of the ice accumulation at
a location over the airfoil surface would be solely determined by
the local water collection efficiency. Therefore, by measuring the
temperature increments over the airfoil surface that is linearly pro-
portional to the total amount of released latent heat of fusion due
to the solidification of the impacted super-cooled water droplets,
the distribution of the water collection efficiency over the airfoil
surface can be determined quantitatively during the rime ice accre-
tion process.

When the LWC level in the incoming airflow was increased to
LWC = 3.0 g/m3, 10 times more super-cooled water droplets would
impinge onto the airfoil surface within the same time duration of
the ice accretion experiment. As shown clearly in Fig. 6(b), with
the very first group of the super-cooled water droplets impinged
onto the airfoil surface (i.e., at the time instance of t = t0 + 0.5 s),
a very similar temperature distribution over the airfoil surface
for this wet glaze ice accretion case was observed as that of the
dry rime ice accretion case described above, due to the rapid
release of the latent heat of fusion upon the impact of the super-
cooled water droplets [33]. However, as the time goes by, associ-
ated with the more and more super-cooled water impinged onto
the airfoil surface, the much larger amount of the latent heat of
fusion released during the same time duration could not be trans-
ferred out and/or dissipated rapidly for this test case. As a result, a
significant portion of the released latent heat absorbed by the
unfrozen liquid water would be transported downstream along
with the surface water runback, as driven by the boundary layer
airflow. Therefore, the distribution of the temperature increments
around the airfoil leading edge would be no longer determined
solely by the local water collection efficiency. As shown clearly in
Fig. 6(b), a much more uniform temperature pattern was observed
in the region of X/C = 0.014 to X/C = 0.04 at the ice accretion time of
t > t0 + 1.0 s.

As discussed above, for the dry rime ice accretion case, the dis-
tribution of water collection efficiency of the airfoil/wing model
can be determined quantitatively based on the analogy between
the distributions of the measured temperature increment and the
water collection efficiency around the airfoil surface. In the present
study, the normalized water collection efficiency, i.e., the ratio of
the local water collection efficiency to the maximum water collec-
tion efficiency at the stagnation point, is defined as:

bi ¼ bi=b0 ð21Þ
where bi is the local water collection efficiency, and b0 is the water
collection efficiency at the stagnation point.

For the dry rime ice accretion case, since the measured temper-
ature increment around the airfoil surface is proportional to the
local water collection efficiency (i.e., DTi / bi), the normalized
water collection efficiency over the airfoil surface can be estimated
directly based on the measured surface temperature distributions
shown in Fig. 6(a), i.e., �bi=bi/b0 = DTi/DT0, where DTi is the local
temperature increment, and DT0 is the temperature increment at
the stagnation point of the airfoil/wing model. By scaling the
chord-wise coordinates (i.e., X/Xb0, where Xb0 is the airfoil stagna-
tion point), distributions of the normalized water collection effi-
ciency at the different time instances (i.e., t = t0 + 0.5 s, t = t0 + 1.0
s, t = t0 + 1.5 s, and t = t0 + 2.0 s) were calculated and plotted in
Fig. 7. The predictions of the water collection efficiency for a
NACA0012 airfoil/wing model at the angle of attack of AOA = 5.0�
(i.e., with a mirrored distribution curve of that at AOA = �5.0�)
by using the theoretical model suggested by Özgen and Canıbek
[39] were also given in the same plot for quantitative comparison.

As shown clearly in Fig. 7, the normalized water collection effi-
ciency data calculated based on the measured temperature incre-
ments of the present study agree well with the predictions of the
theoretic model suggested by Özgen and Canıbek [39] in general,
which validates the method of the present study to determine
the water collection efficiency profile of the airfoil/wing model
by measuring the surface temperature distributions over the air-
foil/wing surface during the dynamic rime ice accreting process.

By comparing the measurement data obtained at the different
instances after starting the rime ice accretion experiment, it can
be seen clearly that, while the normalized water collection effi-
ciency data in the region near the airfoil stagnation point (i.e., 0
< X/Xb0 < 1.5) were found to have almost no variations as the time
goes by, the water collection efficiency data based on the surface
temperature measurements obtained at the later time instances
were found to be greater than those at the earlier time instances,
especially in the downstream locations far away from the airfoil
stagnation point (i.e., X/Xb0 > 2.0). It may be explained by the facts
that, as the super-cooled water droplets impinged onto the airfoil
surface in the region near the stagnation point(i.e., X/Xb0 � 1), a
normal impact for the impinging water droplets is expected. Since
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the super-cooled water droplets would be impinging normally
onto the airfoil surface and frozen immediately upon impact due
to the fast heat transfer under the dry rime ice accretion condition,
the accreted ice over the airfoil surface in the region near the airfoil
stagnation point (i.e., at X/Xb0 � 1.0) had almost no effects on the
behaviors of the normally impact water droplets, the water collec-
tion efficiency in the region would be at almost the same values, as
the time goes by.

However, as the water droplets impinged onto the airfoil
surface in the region far away from the airfoil stagnation point
(X/Xb0 > 1.5), an oblique impact process is expected for the imping-
ing water droplets [40]. As the time goes by, with more and more
super-cooled water droplets impacting on the airfoil surface in the
region, the thicker and thicker ice layer accreted over the airfoil
surface would grow outwards into the incoming airflow to catch
more super-cooled droplets carried by the incoming airflow. As a
result, the water collection efficiency in the downstream region
far away from the airfoil stagnation point (i.e., in the downstream
region of X/Xb0 > 1.5) is expected to increase continuously as the
time goes by. As shown clearly in Fig. 7, with the ice accretion time
increasing from t = t0 + 0.5 s to t = t0 + 2.0 s, the values of the water
collection efficiency at the downstream locations of X/Xb0 > 1.5
were found to increase noticeably (i.e., was found to increase by
12.4% at the downstream location of X/Xb0 = 1.5, and by an even
greater factor of 25.3% at the further downstream location of X/
Xb0 = 2.8).

For the dry rime ice accretion case, since the super-cooled water
droplets would freeze immediately upon impact, the local freezing
fraction is expected to be unity around the airfoil leading edge with
no surface water runback. Thus, the expression of the convective
heat transfer coefficient given in Eq. (20) can be reduced as:

hcv ¼ ½DT=Rcond;tot � LWC � Vimp � b½Ls þ ðTf � Tsurf Þ � Ci� � 0:5 � LWC � V3
imp�

½Trec � Tair;1 � DT � 0:696 � ½psðTbÞ � psðTair;1Þ�=ðCa � pmÞ � Li�
ð22Þ

In this reduced form of convective heat transfer coefficient, the
temperature difference, DT, has been quantitatively measured.
Combined with the distribution of water collection efficiency
derived in the present study and the previously defined relevant
parameters [6,27–32,39], the local convective heat transfer coeffi-
cient around the airfoil leading edge can be calculated. In the pre-
sent study, the Frossling number was used to represent the
variation in the convective heat transfer coefficient as suggested
by Dukhan et al. [41] and Poinsatte et al. [42]. The Frossling num-
ber can be calculated by

Fr ¼ NuRe�0:5 ¼ ðhcvc=kÞðVc=tÞ�0:5 ð23Þ

where c is the chord length of the airfoil, k is the thermal conductiv-
ity of air, V is the freestream velocity, and t is the kinematic viscos-
ity of airflow.

Fig. 8 shows the time evolution of the measured Frossling num-
bers around the airfoil leading edge of the present study during the
rime ice accretion process, i.e., with the incoming airflow velocity
being Vair,1 = 40 m/s, the temperature being Tair,1 = �8 �C, and
the liquid water content (LWC) being LWC = 0.3 g/m3. The mea-
sured Frossling numbers of a previous study of Newton et al.
[43] were also plotted in Fig. 8 for comparison, in which the heat
transfer measurements were performed over the smooth surface
of a NACA0012 airfoil model at the same angle of attack (i.e.,
a = �5�). As shown in Fig. 8, the distributions of the measured Fros-
sling number around the airfoil leading edge for the present study
were found to follow the same trend as that given in Newton et al.
[43]. According to the heat transfer textbook of Incropera and
DeWitt [27], the convective heat transfer over the airfoil surface
would be influenced greatly by the boundary layer airflow over
the airfoil surface. As shown clearly in Fig. 8, while the rate of
the convective heat transfer was found to be at its peak at the air-
foil stagnation point (i.e., having the maximum value for the Fros-
sling numbers), the measured Frossling numbers were found to
decrease gradually at the downstream locations away from the air-
foil stagnation point due to the development of the boundary layer
and acceleration of the airflow over the airfoil surface.

As described above, for the present rime ice accretion case, the
super-cooled water droplets carried by the incoming airflow would
freeze instantly upon impact onto the airfoil surface, forming ice
roughness within the direct impingement region near the airfoil
leading edge [44]. The formation of such ice roughness near the
airfoil leading edge would greatly promote the growth and transi-
tion of the laminar boundary layer airflow over the airfoil surface,
thereby, enhancing the convective heat transfer process over the
airfoil surface [41,45]. As the time goes by, with more and more
super-cooled water droplets impinging onto the airfoil surface
and proceed the rime ice accretion process, the airfoil surface
would become rougher and rougher. Therefore, as shown quantita-
tively in Fig. 8, the Frossling numbers over the airfoil surface were
found to increase continuously as the ice accretion time increases.
More specifically, at the very beginning of the ice accretion process,
i.e., at the time instance of t = t0 + 0.5 s, the Frossling numbers at
the airfoil stagnation point (i.e., at X/Xb0 = 1, where Xb0/C = 0.014)
and the downstream location of X/Xb0 = 2.8 were found to be Fr
� 4.4 and Fr = 2.3, respectively. As the ice accretion time increase
to t = t0 + 2.0 s, with much more super-cooled water droplets
impinged onto the airfoil surface to form ice roughness over the
airfoil surface, the corresponding Frossling numbers were found
to increase to Fr = 4.9 (i.e., �11% increase) at the stagnation point,
and Fr = 2.6 (i.e., �13% increase) at the downstream location of
X/Xb0 = 2.8. The findings derived from the present study suggest
that, in the course of the ice accretion process, the convective heat
transfer over the airfoil surface would be enhanced substantially
due to the formation of the ice roughness over the airfoil surface.
Such enhanced convective heat transfer would further promote
the ice formation and accretion over the airfoil surface as more
and more super-cooled water droplets impact onto the roughed
airfoil surface.
5. Conclusion

In the present study, an experimental investigation was per-
formed to examine the unsteady heat transfer and dynamic ice
accretion processes over the surface of a NACA 0012 airfoil/wing



Y. Liu, H. Hu / International Journal of Heat and Mass Transfer 122 (2018) 707–718 717
model under different icing conditions. The experiments were con-
ducted in the unique Icing Research Tunnel available at Iowa State
University (i.e., ISU-IRT). During the experiments, while the free-
stream velocity and temperature of the airflow in ISU-IRT were
kept at Vair,1 = 40 m/s and Tair,1 = �8 �C, the liquid water content
(LWC) level of the airflow was changed from LWC = 0.3 g/m3 to
LWC = 3.0 g/m3 in order to generate typical dry rime icing and
wet glaze icing conditions. A high-speed Infrared (IR) thermal
imaging system was used to achieve time-resolved temperature
distribution measurements to quantify the unsteady heat transfer
and dynamic phase changing process over the ice accreting air-
foil/wing surface under different icing conditions (i.e., dry rime
icing vs. wet glaze icing). In the present study, a theoretic heat
transfer model was also developed as a function of the key test
parameters (e.g., LWC, freestream velocity and temperature of
the airflow, water collection distribution, and local freezing frac-
tion) to characterize the unsteady heat transfer process over the
ice accreting airfoil/wing surface.

The measurement results reveal clearly that, under both dry
rime and wet glaze icing conditions, the direct impingement area
of the super-cooled water droplets would concentrate mainly
within a narrow region near the stagnation point of the airfoil/
wing model. With the LWC level of the airflow in ISU-IRT being rel-
atively small (i.e., LWC = 0.3 g/m3), the heat transfer process was
found to be sufficiently fast to remove all the latent heat of fusion
released during the solidification process of the impinged super-
cooled water droplets, resulting in typical rime ice accretion sce-
nario over the airfoil surface. As the time goes by, with more and
more super-cooled water droplets impinging onto the airfoil sur-
face, while the ice layer accreted over the airfoil surface was found
to become thicker and thicker, a thermal equilibrium state was
found to be reached eventually with the surface temperatures of
the airfoil/wing model being almost constant as the ice accretion
process goes on.

When the LWC level of the incoming airflow was increased to
LWC = 3.0 g/m3, due to the insufficient heat transfer to remove
all the released latent heat of fusion associated with the solidifica-
tion of the much more impinged super-cooled water mass over the
airfoil surface, the ice accretion was found to become of a typical
glaze ice accretion process with significant surface water runback
being observed in the form of film/rivulets morphologies. Along
with the surface water runback, a great amount of the latent heat
of fusion released during the solidification process was transported
downstream and then transferred/dissipated by convection, form-
ing the rivulet-shaped features in the measured surface tempera-
ture maps.

Based on the time evolution of measured surface temperature
distributions over the airfoil surface for the typical dry rime ice
accretion case, the distributions of the water collection efficiency
over the airfoil surface were determined quantitatively based on
the analogy between the surface temperature increment due to
rime ice accretion and the water collection efficiency around the
airfoil surface. The estimated water collection efficiency data were
then imported into the theoretic heat transfer model to evaluate
the unsteady heat transfer over the airfoil/wing surface during
the dynamic rime ice accretion process. It was found that the con-
vective heat transfer would reach its maximum at the airfoil stag-
nation point, and decrease gradually at the downstream locations
due to the development of the boundary layer airflow. The forma-
tion of ice roughness near the airfoil leading edge was found to be
able to greatly promote the growth and transition of the laminar
boundary layer airflow over the airfoil surface, thereby, enhancing
the convective heat transfer process over the airfoil surface. The
enhanced convective heat transfer would further promote the ice
formation and accretion over the roughed airfoil surface.
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