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1 Project summary

Objectives

The aim of this project is a better understanding of the
physical properties and structure of atmospheric icing to produce
more effective engineering response to the atmospheric 1icing
problems, such as developments and improvements of de-icing and
anti-icing devices.

It was expected that the physical properties and structure
of atmospheric 1ice significantly vary with time during ice
growth, because atmospheric icing involves the phase change from
water to 1ice. An understanding of the time variation of the
physical properties and structure of atmospheric ice 1is also
necessary to develop and improve the anti-icing and de-icing
operation systems. Whereas many studies have been performed in a
variety of ways, to the best of our knowledge, most of the
experimental studies are conducted after ice formation Iis
complete, and therefore do not provide data about physical
properties and structure of atmospheric ice during its dynamic
phase change period.

Thus, this project focuses on the following 1iIn situ
measurements of the physical properties and structure of
atmospheric ice during its growth to add to the fundamental data

of atmospheric icing.

Approach

Experimental techniques for iInvestigating the physical
properties and structure of atmospheric ice during its growth are
the following.

e Simulation of atmospheric icing In icing wind tunnel:
At this first stage of the project, an icing wind tunnel

(Figure 1) was set up and upgraded for the purpose of



investigating the atmospheric icing under a wide range of

experimental conditions.

e Capacitance and conductance measurements conducted on
atmospheric ice:
Due to the large difference in electrical properties between
ice and water, it is possible to obtain the liquid fraction in
growing atmospheric ice by measuring the electric capacitance
and conductance of atmospheric 1ice. To measure those
parameters during ice growth, a new ice probe was designed.
The 1ice probe was made of a copper foil having thin grid
electrodes (Figure 2). The probe was manufactured using a
printed circuit board technology. An advantage of this probe
was that it could be made small enough not to disturb the ice
growth process. And also a new data analysis method was
developed to calculate the liquid fraction in the atmospheric

ice from the experimental data.

e Mechanical tests conducted on atmospheric ice:

To investigate the adhesion strength of atmospheric ice during
its growth, a simple technique for measuring the adhesion
strength was developed. An illustration of experimental setup
is shown in Figure 3. The technique simply uses several
stainless wires aligned on the windward surface of the ice
collector, on which ice is accumulated. The wires are able to
be pulled out though holes on a wall of the test section of
the icing wind tunnel. Because of simplicity, the adhesion
strength of ice to wire is easy to measure at any certain
moments after ice growth begins.

Significance and Army Value

Experimental data collected in the course of the proposed

research will provide new and valuable information on the

physical properties and structure of atmospheric ice during the



growth phase, while it still contains unfrozen liquid water. The
results can then be used to improve the design of engineered
structures that are subject to atmospheric icing, as well as iIn
the development of de-icing and anti-icing devices.

Accomplishments

e Icing wind tunnel:

An icing wind tunnel is set up to simulate typical atmospheric
icing. The icing wind tunnel is installed in installed In one
of cold rooms of Thayer School of Engineering, Dartmouth
College. The wind tunnel can operate under a wide range of
experimental conditions. The maximum air speed is 35m/s in the
inside of a 20 cm x 20 cm working section of the wind tunnel.
The liquid water content in air (LWC) can vary from 0.1 to 5

3

g/m°. The temperature can vary from 0 °C to -30 °C. Our studies

were undertaken using this icing wind tunnel.

e Estimation of the liquid fraction in growing atmospheric
ice wusing 1In situ measurements of capacitance and
conductance:

A new approach to determine the liquid fraction in growing

atmospheric ice from in-situ measurements of capacitance and

conductance was proposed. Computer simulations and
experimental data analysis of the four different connections

between liquid and solid parts of atmospheric ice show that a

combination of series and parallel connections is the most

appropriate model for calculating the volumetric liquid
fraction (W). Assuming this combination model, and using in-
situ measurements of capacitance and conductance, we were able
to determine the time-variation of W. An example of the

results i1s shown in Figure 4, in which W is plotted as a

function of time.



e In situ measurements of the adhesion strength of growing

atmospheric ice to a stainless wire.
A simple technique fTor measuring the adhesion strength of
atmospheric ice during ice growth was developed and conducted.
The technique uses stainless steel wires aligned on the
surface, on which ice accumulates. Using this technique, the
adhesion strength of growing ice to wires can be measured as a
function of time. The measurements were performed using an
icing wind tunnel, under the conditions of liquid water
content in air (LWC) from 0.3 to 2.4 g/m®, air speeds of 10 and
20 m/s, and an air temperature of —10 °C. The adhesion strength
increases with time from about 0 and asymptotically approaches
to a constant value. The adhesion strength also shows the
complex LWC and air speed dependences. Figure 5 shows the time
dependence of the adhesion strength of growing 1ice as a
function of time for different LWC. Data analysis shows that
the freezing process, related to the ice temperature and the
phase change of water, and the porosity of ice affect the ice
adhesion. Those two factors can explain well the experimental
data.

Technology Transfer

e None.
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Figure 1. General view of the icing wind tunnel.
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Figure 2(a). lIce probe (made of copper foil having thin grid electrodes) on
the ice collector (Plexiglas). The electrodes had a width of 0.68 mm and
were spaced at 0.59 mm. The electrode thickness was 0.075 mm.



Figure 2(b). An ice growth on the ice probe at T = -10 °C and air speed of
33 m/s.
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Figure 4. Time-variations of volumetric liquid fraction (W) as calculated in
combination models #1 and #2. The experimental conditions: Temperature = -10

°C, air speed = 33 m/s, liquid water content in air (LWC) = 1.67 g/m3
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Figure 5. A schematic picture of the adhesion strength of growing
atmospheric ice as a function of time for different LWC. The used
experimental conditions: liquid water content in air (LWC) =0.3, 1.1, and
2.4 g/m*, temperature = —10 °C, air speed = 20 m/s.
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2 Estimation of the liquid fraction in growing atmospheric ice using

in situ measurements of capacitance and conductance

ABSTRACT

A new approach to determine the liquid fraction (W) in growing
atmospheric ice from in situ measurements of capacitance and
conductance was proposed. Computer simulations and experimental data
analysis of the four different connections between liquid and solid
parts of atmospheric ice show that a combination of series and
parallel connections is the most appropriate model for calculating W.
Assuming this combination model, and using in situ measurements of
capacitance and conductance, we were able to accurately determine the

time-variation of W in growing atmospheric ice.

2.1 INTRODUCTION

The physical properties of atmospheric ice play a crucial role
in the icing of structures such as aircraft, helicopters, power lines,
and towers (Minsk, 1982). Since the presence of unfrozen water
significantly affects these physical properties, the liquid fraction
in growing atmospheric ice is one of the most important parameters to
measure. While intensive theoretical and experimental studies of
atmospheric ice have been done (e.g., Druez et al. 1986, Bragg et al.

1997, Lozowski et al. 2005), most were conducted after ice formation
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was complete and therefore do not provide data about physical
properties during the dynamic phase change period. Thus, an in-situ
study of the liquid fraction is necessary to fully understand the
physical properties of atmospheric ice.

Our approach for measuring the volumetric liquid fraction (W) in
the growing atmospheric ice makes use of the well-known fact that ice
and water differ greatly in their electrical properties such as their
relative permittivity and their electric conductivity (Petrenko and
Whitworth 1999). Thus, it is possible to distinguish between water and
ice by measuring these electrical properties. This paper describes our
approach in detail for using in-situ measurements of capacitance and

conductance to calculate W.

2.2 ICING WIND TUNNEL

An 1cing wind tunnel was used to simulate atmospheric icing (Fig.
1). 1Ice was grown with a TfTine water-spray under turbulent-flow
conditions iIn a 20 cm x 20 cm test section of the wind tunnel. Water
droplets of distilled water were produced by a spray nozzle,
manufactured by Spray Systems Co. having air cap #J73160 and fluid cap
# J2050, at an air pressure of 140 kPa and a water pressure of 200-350
kPa. The 1icing wind tunnel is installed in installed in one of cold
rooms of Thayer School of Engineering, Dartmouth College. The wind

tunnel can operate under a wide range of experimental conditions. The
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maximum air speed is 35m/s in the inside of a 20 cm x 20 cm working
section of the wind tunnel. The liquid water content in air (LWC) can

vary from 0.1 to 5 g/m®*. The temperature can vary from 0 °C to -30 °C.

2.3 ICE PROBE

Due to the large difference in electrical properties between ice
and water, it is possible to obtain the liquid fraction in growing
atmospheric ice by measuring the electric capacitance and conductance
of atmospheric ice. To measure those parameters during ice growth, a
new ice probe was designed. The ice probe was made of a copper foil
having thin grid electrodes (Fig. 2). The probe was manufactured using
a printed circuit board technology. An advantage of this probe was
that 1t could be made small enough not to disturb the ice growth
process. The electrodes of ice probe had a width of 0.68 mm and a
thickness of 0.075 mm. And they were spaced at 0.59 mm. A schematic
view of the ice probe is shown in Figure 3.

Using this ice probe, we measured the electrical capacitance and
conductance between probe electrodes as a function of time both during
and after ice growth. The capacitance was measured at the frequency of
200 kHz and the conductance was measured at 100 Hz. At those
frequencies, the differences in electrical properties (the
permittivity and the conductivity) between ice and water are

significant (e.g., Petrenko and Whitworth 1999). A low-frequency
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impedance analyzer (HP4192A) was used and the maximum sampling rate in
our system was 0.5 Hz.

The measured time-variation of the ice sample’s capacitance (C)
and conductance (G) reflect not only the liquid fraction (W) but also
the sample thickness (Ls) due to the electrodes’ dimensions, so that we
have to separate these effects using the relationship between the
capacitance of solid ice (liquid-water-free ice), (C;) and Ls and that
between the conductance of solid ice (G;j) and Ls. We determined these
relationships using the electrostatic model and the conductive media
DC current model from a FEMLAB software package (Comsol Inc.). This
software can solve the electrostatic boundary problem and the steady
electric current problem by a finite element method. We performed a
simulation of the capacitance and conductance for one unit cell and
calculated the total capacitance and conductance of ice sample on the
whole surface of the electrodes. Here, we assumed uniform condition in
the Z-direction so that the model can be treated as two-dimensional
(see Fig. 4). The measured width of the electrodes and space between
the electrodes are given to the unit cell (see Figure 3). Insulating
boundary conditions are applied to all boundaries except the surface
of the electrodes. The relative permittivity and the conductivity of
solid ice are set as the values measured in our experiments for each
test. Figure 4 shows an example of such simulation for the electric

field in the solid ice using the electrostatic model.
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Figure 5 shows the relationship between C; and Ls and that
between G; and Ls for solid ice obtained by the simulation. As seen iIn
Figs. 4 and 5, the electric field penetrates in the ice only over a
distance comparable with the inter-electrode space (=0.6mm). Because
of this, the capacitance and conductance do not change much after ice

thickness exceeds that value.

2.4 RESULTS AND DISCUSSIONS

2_.4_1Time-variation of capacitance and conductance

Figure 6 shows the typical time-variations of capacitance (C)
and conductance (G) of the i1ce sample. These results not only show
that the electrical properties of the simulated atmospheric ice
changed significantly when the water spray was turned on and off, but
also show a complex time dependence related to the experimental
conditions. At a high rate of water flow (high air velocity times
water content in air, Fig. 6(a)) and high temperature, the sample’s
capacitance monotonically decreased from a value typical for water to
one more characteristic of solid ice; while at the same time, the
sample”s conductance monotonically increased (following a sharp rise
upon turning on the water spray). In contrast, at a low rate of water
flow (Fig. 6(b)), the capacitance gradually increased at a rate

closely corresponding to the increasing solid ice thickness. During
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ice growth, however, the sample conductance quickly decreased to a
level characteristic of solid ice.

Peaks seen on the time-variations of C and G in Fig.6a were
typical for tests with high rate of water flow after the water spray
was shut down. One possible explanation of those peaks is that
unfrozen water re-enters ice/grid electrodes interface when liquid
inclusions in ice ultimately freeze, perhaps, due to ice fracture.

In Figs.6a and 6b, the sample thickness effect on solid ice’s
capacitance and conductance obtained by the simulation are plotted
with the raw data for comparison, where the simulation results are
plotted as a function of time assuming the ice growth rate is
constant. The data normalized to the sample thickness effect can be
expressed in terms of the ratio of C/C; and G/G;, where C and G are the
sample”s capacitance and conductance respectively and C; and G; are the
sample’s capacitance and conductance obtained by a simulation. In this
way, the data indicate that W approaches zero as these ratios approach
one. Figure 7 shows the ratios of C/C; and G/G; as a function of time.
It”’s Important to remember that what is seen iIn Fig.7 is essentially C

and G of 0.6-mm thick pre-electrode layer of ice.

2.4_.2 Analysis method for calculation of liquid fraction
To determine the volumetric liquid fraction (W) in growing
atmospheric ice using results on ice capacitance and ice conductance

we assume some specific type of connections between frozen and

17



unfrozen parts of the ice sample. Four possible types of such
connections are shown in Figure 8:

(a) Parallel connection

(b) Series connection

(c) Combination #1 of parallel and series connections

(d) Combination #2 of parallel and series connections
where X, Y, X” and Y” are fractions of water parts as shown in Fig.8
and C, and C; are the capacitance of the sample when i1t consists of all
water and all ice, respectively. G, and G; are the conductance as well.

IT we use the following notations:
R.=C,/C,

R, =G, /G, M

W can be solved in terms Of Ciotat/Ci, Guotar/Gi, Rc, and Ry for each
connection model as:

(a) Parallel connection model

B
Wox-LS @)
- - (Rc _1) ’
(5
W=X= G (©)
(R,-D

(b) Series connection model

( Ctotal _ 1j R
C, ;
W =Y

=Y=t—". @
Ctotal _
SR -D
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G
( to:al _1]RG
W =Y

=Y =" . ©)
G
(R, 1)

(c) Combination model #1
W =X"+1-X")Y", ()
where X” and Y can be solved by the following equations with given

CtotaI/Cis GtotaI/Gi, Rc, and Rg-
Ctotal Rc(1+(Rc _1)XI_(RC _1)XIY')

c, R, — (R, DY’ "
thal R+ (R, ~DX~(R, ~HX"Y) ®
| R, — (R, —1)Y

(d) Combination model #2
W=(1-Y")X+Y", (©))
where X” and Y can be solved by the following equations with given

CtotaI/Cis GtotaI/Gi, Rc, and Rg-

Ctotal Rc (1+ (Rc _1)X ')

Ci ) Rc _(Rc _1)YI+(RC _1)XIY' 10

G Ry @+ (R, —DX)

= . VT (11)
G, R,-(R, ~)Y+(R, -1)X'Y

The ratios of both Cita1/Ci and Giorat/Gi are given by the data of C/C;
and G/G;. The ratios of both C,/C; and G,/G; are constants and can be
determined experimentally. Here, R. and Ry, were set as 37 and 400,
respectively. They were measured at 0 °C for water and -10 °C for solid
ice, respectively. Systems of Eqs. (7)-(8) and Egqs. (10)-(11) are

quadratic for X” and Y” and, thus, return pairs of solutions. To
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choose a right pair we applied additional criteria: 0<X'<1
and0<Y'<1l, and a requirement of minimum W.

Figures 9(a) and (b) show examples of the time-variations of W
as calculated with assumptions of the parallel and series connection
models. And Figures 10(a) and (b) show that of the combination model
#1 and #2. The results show that W varies depending on the connection
model chosen. The combination models #1 and #2 have the similar
results of W. The reason is that the obtained X* and Y* showed the
conditions of either X’<<Y” or X’>>Y” so that a term of X’Y” become
smaller than terms of X” and Y. As the results, the difference
between two combination models diminished.

The results also show that W as calculated for the series model.
see Figs. 9(a) and (b), with use of the conductance data is
unrealistically large and is not consistent with W as calculated for
the same series model with use of the capacitance data. Thus, we
conclude that the series connection model is not suitable. There is a
similar inconsistency of W calculated from C- and G-data for the
parallel-connection model, see Figs. 9(a) and (b). But either one of
two combination-connection models, see Figs. 10(a) and (b), returned
consistent and reasonable values of W. For that reason, we give that
model our preference. Moreover, examination of ice microstructure
using thin sections cut of grown ice samples also support the
assumption of mixed mode in which unfrozen water channels (grain

boundaries) oriented in the electrode vicinity, see Fig.1l1l. Figure 11
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shows an example of thin sections of atmospheric ice at the high water
concentration and spray rates (75 km h™* and 0.75 g m®) and —-10 °C
obtained by our previous test. Small grains were formed at the bottom
of the i1ce sample and large columnar grains were formed on the top of
the small grains. There are also isolated round grains between
columnar grains. This picture indicated that we dealt with some sort
of combination of series and parallel connections of liquid and solid
regions in the i1ce samples. Therefore, we may conclude that a
combination of series and parallel connections of liquid and solid

regions is the most appropriate model.

2.5 CONCLUSION AND FUTURE STUDY

In order to measure volumetric liquid fraction in growing
atmospheric ice in-situ, we relied on the known differences in
electrical properties between water and ice and recorded the time-
variation of the capacitance and conductance of atmospheric ice under
a wide range of experimental conditions. We developed a data analysis
method of W for the time-variation of the samples” C and G, and then
normalized the raw data for the sample thickness effect. The liquid
fraction could then be determined from the time-variation data for
these electrical properties using a combination series and parallel

connection model.
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In our analysis method, we ignored the dependence on temperature
of the relative permittivity and conductivity (i.e., R and Ry).
However, the time-variations of capacitance and conductance also
reflect the sample’s temperature changes during icing. Therefore,
future study will involve taking this temperature dependence into
account in order to further refine the data analysis method of the
liquid fraction. We will also perform similar experiments on grids of
electrodes of various dimensions to investigate how the liquid

fraction varies with the distance from the interface.
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2.6 APPENDIX: CAPACITANCE AND CONDUCTANCE FOR FOUR MODELS
The total capacitance of the sample (Cwtwa1) FOr each connection
model can be expressed as

(a) Parallel connection model

total

C,, =XC,+(1-X)C,, (AD)

(b) Series connection model

-1
leal = 1 + 1 ? (A2)
C,/Y C,I1-Y)

(c) Combination model #1

-1
1 1
C_=X'C 1-X' , A3

total W+( )(CW /Y|+CI /(1—YI)] ( )

(d) Combination model #2

-1
1 1
Ctotal = |+ ] 1 ] ’ (A4)
C,/Y' (X'C,+(@L-X")C)I(A-Y")

where X, Y, X” and Y” are fractions of water parts as shown in Fig.8
and C, and C; are the capacitance of the sample when it consists of all
water and all ice, respectively. The total Conductance of the sample
(Gota1) For each connection model can be expressed in the same way as

Ctotar by replacing C, and C; with G, and G;, respectively.
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2.8 FIGURE CAPTIONS

FIG. 1. Icing wind tunnel. Schematics of experimental setup. 1:
Distilled water tank (300 ml), 2: Impedance analyzer (HP4192A),
3: PC, 4: Air compressor.

FI1G. 2. The copper-foil grid electrodes on the ice collector
(Plexiglas). The electrodes had a width of 0.68 mm and were
spaced at 0.59 mm. The electrode thickness was 0.075 mm.

FIG. 3. Schematic picture of ice probe’s cross section. Also shows
schematic cross section of the simulation model. We assume
uniform condition in the Z-direction so that the model can be
treated as two-dimensional (see Fig. 4). ABCDEFG: outline of
unit cell, BC and FG: electrode half-widths (0.34mm), CD and EF:
electrode thickness (0.075mm), CF and DE: spacing between
electrodes (0.59mm).

FIG. 4. An example of simulation of the electric field iIn the ice. Ice
thickness was 1.5 mm. Arrows show the electric field in the ice.
The relative permittivity was set at 2.7. The graph represents

the unit cell of Fig. 3.

FIG. 5. Relationship between the capacitance and the ice thickness and
that between the conductance and the sample thickness obtained

by a computer simulation for solid ice. The relative
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permittivity for ice was set at 2.7. The electric conductivity
of ice was set at 1x1077 S m™.

FIG. 6. Typical examples of ice-sample capacitance (C) and conductance
(G) vs. time curves. The computed relation between capacitance
(Ci) and sample thickness (Ls) and that between conductance (G;)
and Ls as calculated for solid ice are also shown for
comparison. (a) Temperature = —10 °C, air speed = 115 km h™,
water content in air = 1.67 g m3, and ice growth rate =
13.25x107 mm s™t. (b) Temperature = —30 °C, air speed = 115 km h-
1, water content in air = 0.25 g m3, and ice growth rate =
6.39x107° mm s™.

FIG. 7. An example of the time-variations of C/C; and G/G; In growing
atmospheric ice. (a) The same run as in Fig.6a. (b) The same
run as iIn Fig.6b.

FIG. 8. Connection models between water and ice parts in the
atmospheric ice.

FIG. 9. Time-variations of W as calculated in parallel and series
connection models. (a) The same run as In Fig.6a. (b) The same
run as in Fig.6b.

Fig. 10. Time-variations of W as calculated in combination model #1

and #2. (a) The same run as in Fig.6a. (b) The same run as in

Fig.6b.
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FIG. 11. Thin section of atmospheric ice at high water rate conditions
(75 km h™ and 0.75 g mand —10 °C. Air flow was parallel to

elongating column grains.
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Fig.-1

ke
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FIG. 1. Icing wind tunnel. Schematics of experimental setup. 1:
Distilled water tank (300 ml), 2: Impedance analyzer (HP4192A), 3: PC,

4: Alr compressor.
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Fig.2

FIG. 2. The copper-foil grid electrodes on the ice collector
(Plexiglas). The electrodes had a width of 0.68 mm and were spaced at

0.59 mm. The electrode thickness was 0.075 mm.
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Fig.-3
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FIG. 3. Schematic picture of ice probe’s cross section. Also shows
schematic cross section of the simulation model. We assume uniform
condition in the Z-direction so that the model can be treated as two-
dimensional (see Fig. 4). ABCDEFG: outline of unit cell, BC and FG:

electrode half-widths (0.34mm), CD and EF: electrode thickness

(0.075mm), CF and DE: spacing between electrodes (0.59mm).
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Fig.-4
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FIG. 4. An example of simulation of the electric field in the ice. Ice
thickness was 1.5 mm. Arrows show the electric field in the ice. The

relative permittivity was set at 2.7.
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Fig.5
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FIG. 5. Relationship between the capacitance and the sample thickness
and that between the conductance and the sample thickness obtained by
a computer simulation for solid ice. The relative permittivity for ice

was set at 2.7. The electric conductivity of ice was set at 1x107 S m"
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Fig.6(a)
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FIG. 6. Typical examples of ice-sample capacitance (C) and conductance
(G) vs. time curves. The computed relation between capacitance (C;) and
sample thickness (Ls) and that between conductance (G;) and Ls as
calculated for solid ice are also shown for comparison. (@)
Temperature = —10 °C, air speed = 115 km h™!, water content in air =
1.67 g m3, and ice growth rate = 13.25x10° mm s. (b) Temperature = —
30 °C, air speed = 115 km h™', water content in air = 0.25 g m™3, and

ice growth rate = 6.39x1073 mm s™.
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Fig.6(b)
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(b) Temperature = —-30 °C, air speed = 115 km h™', water content in air

= 0.25 g m3, and ice growth rate = 6.39x1073 mm s™.
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Fig.7a
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FIG. 7. An example of the time-variations of C/C; and G/G; In growing
atmospheric ice. (a) The same run as in Fig.6a. (b) The same run as

in Fig.6b.
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Fig.-7b
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FIG. 7. (b) The same run as in Fig.3b.
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Fig-8
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FIG. 8. Connection models between water and ice parts in the

atmospheric ice.
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Fig-9(a)
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FIG. 9. Time-variations of W as calculated in parallel and series
connection models. (a) The same run as in Fig.6a. (b) The same run as

in Fig.6b.
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Fig.9(b)
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Fig.9. (b) The same run as in Fig.6b.
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Fig.10(a)

1.0 1 I
I
: *®¢ combi_1
0.8 — | e combi_2
] |
: . |
—— 4 |
© 0.6 . Spray
E " shut off
= .' |
'50.4 4 :
k=3 3
- t |
0.2 - $ |
[ ]
4 l
4 I
0.0 4 "ﬂh-u-.a-beJlﬂn..‘ngnggp...

0 100 200 300
Time (sec)

Fig. 10. Time-variations of W as calculated in combination model #1

and #2. (a) The same run as in Fig.6a. (b) The same run as in Fig.6b.
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Fig. 10(b)
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Fig. 10. (b) The same run as in Fig.6b.
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Fig.11
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FIG. 11. Thin section of atmospheric ice at high water rate conditions
(75 km h™ and 0.75 g m3) and -10 °C. Air flow was parallel to

elongating column grains.
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3 In situ measurements of the adhesion strength of growing

atmospheric ice to a stainless steel wire

Abstract
A simple technique for measuring the adhesion strength of atmospheric
ice during i1ts growth is described. The technique uses stainless steel
wires aligned on the surface, on which ice accumulates, and measures
the adhesion strength of ice to wires during ice growth using a force
sensor. The measurements are performed using an icing wind tunnel,
under the conditions of liquid water content (LWC) from 0.3 to 2.4

3

g/m°>, air speeds of 10 and 20 m/s, and an air temperature of —-10 °C.
Using this technique, the adhesion strength of growing ice can be
measured as a function of time. The adhesion strength increases with
time from about O and it becomes close to a constant value. It also
shows the complex LWC and air speed dependences. The freezing process,
related to the ice temperature and the phase change of water, and the

porosity affect the ice adhesion. Those two factors can explain well

the experimental data.

3.1 Introduction

Atmospheric icing on surfaces of structures and transportations
is commonly observed in a variety of cold environments. The

atmospheric i1ce can intensively accumulate on the surfaces, depending
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the environmental conditions. However, it is very difficult to remove
expect by melting due to this strong adhesion of ice to other
material. Because of this, it can cause serious icing problems
impacting on human life and economy. To prevent the icing problems,
mechanical de-icing techniques have been endeavored to develop by many
engineers. Whereas, the development of the techniques requires
knowledge of the physical properties of the atmospheric ice,
especially, the adhesion strength of atmospheric ice to substrate
material, few studies on atmospheric ice adhesion has been performed
(e.g., Druez et al. 1986, Javan-Mashmool et al. 2006). Thus knowledge
of the adhesion strength of atmospheric ice is necessary to any step
aiming to develop new de-icing technologies.

Whereas the measurements of the adhesive strength of atmospheric
ice have been reported (e.g., Druez et al. 1986), most were conducted
after ice formation was complete. Recent studies in atmospheric icing
have shown that a large portion of the unfrozen water is trapped in
the ice formation. For example, according to Lozowski et al. (2005),
ice accretions formed under certain in-flight conditions can contain
unfrozen liquid water in amount up to 30%. Those results suggest that
the physical properties of ice after its formation are different from
those measured during its formation phase since presence of unfrozen
liquid water can drastically change the physical properties of ice. A
better understanding of the time dependence of the adhesive strength

during ice growth will provide more effective engineering response to
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anti-de-icing operation systems. Therefore, the measurements of the
adhesion strength during ice growth are necessary.

In this paper, a new technique for measuring the adhesion
strength during ice growth is described and the time, LWC and air

speed dependences of the adhesion strength are discussed.

3.2 Proposed technique

A technique uses wires aligned on the surface, on which ice
accumulates, and measures the adhesion strength of ice to wires during
ice growth using a force sensor. Figure 1 shows an illustration of
experimental setup. lce collector made of Plexiglas (6x5 cm?, 5cm of
thickness) was used as a substrate where ice was accumulated. Five
wires were aligned on the windward surface of the ice collector at
regular intervals (0.5-0.7 cm). Here, A 0.5 mm diameter stainless
steel wire was used, whose maximum loading was large enough to measure
the adhesion strength of ice. The ends of wires were attached to the
collector’s surface using a mending tape. The wires are able to be
pulled out though holes on a wall of the test section. The wires were
carefully cleaned with alcohol, dried and finally placed in the test
section. The wind deflector was used for preventing the ice growth on
the upper ends of the wires.

The measurement procedure was the following. At a certain moment

after ice formation begins, we slowly pulls a wire out from the ice
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and the recorded the time and the maximum tensile force. The tensile
force was measured using a force meter. The adhesion strength of ice
to the wires was calculated for the measured tensile force considering
the icing surface area of wires. A 0.5 mm diameter stainless steel
wire was used here, whose maximum loading was large enough to measure

the ice adhesion.

3.3 Icing wind tunnel

The experiments were performed using a wind tunnel installed in
one of cold rooms of Thayer School of Engineering, Dartmouth College.
The wind tunnel has a 20 cm x 20 cm test section, In which atmospheric
ice is produced by a Fine water-spraying nozzle under turbulent-flow
conditions. The distance between the spray nozzle and the test section
is 1.4m. Water droplets are produced by a spray nozzle, manufactured
by Spray Systems Co. having air cap #J73160 and fluid cap #J2050. Air
flow was supplied to the air cap from a compressor using air pressure
of 140 kPa, and de-ionized water was supplied to the fluid cap from a
water tank using a water pressure of 200-350 kPa. The measurements
were performed at liquid water content in air (LWC) ranging from 0.3
to 2.4 g/m®, at air velocities of 10 and 20 m/s and at an air

temperature of -10°C.
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3.4 Results and discussions

3.4_1Effect of freezing process on ice adhesion

Figure 2 shows an example of the adhesion strength of growing ice
as a function of time. Those measurements were performed at LWC of 1.1
+/- 0.3 g/m®, an air speed of 20 m/s, and a temperature of -10 °C. This
figure shows that the adhesion strength significantly depends on time.

There are three possible factors causing the time dependence of
the adhesion strength of growing ice. One possible factor might be the
porosity. However, we can suppose that the porosity does not change
during ice growth and the physical properties of air do not change
under our experimental conditions. Therefore, the porosity cannot
explain this time dependence. The second factor is the freezing
process. The freezing process should vary with time due to the time
variation of the ice temperature and the phase change from water to
ice. The last factor i1s the wire size. The adhesion strength may
increase with time because the ice thickness increases with time.
However this effect does not reflect the ice’s material properties so
that this effect must be separated from the data.

To separate the wire size effect from the data and evaluate the
effect of freezing process, we introduce a dimensionless parameter,
Rt. It 1s defined as the adhesion strength of growing ice relative to
that of “frozen ice” for the same ice thickness and made under the
same experimental conditions. It should be noted that we are using the

term “frozen ice” as the ice that has been frozen completely and its
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temperature has reached the same value as the air temperature. From
the definition of Rt, the normalization cancels out the wire size
effect.

To calculate Rt, the three parameters must be known: the
adhesion strength of growing ice, the thickness of growing ice, and
the adhesion strength of frozen ice for the same thickness. The first
parameter is obtained from the iIn situ measurements directly. However,
as a matter of fact, the last two parameters are difficult to measure
directly, so that those two are calculated as following. For the
thickness of growing ice, we convert the time to the thickness
assuming that the ice growth rate is a constant. In this case, the
growth rate can be calculated from the final ice thickness and its
growth time. Those two are easy to measure. For the adhesion strength
of frozen ice, we measure the adhesion strength of frozen ice as a
function of thickness under the same experimental conditions after the
water supply was shut down and ice was given enough time to freeze
completely (provide that time).

Figure 3 shows an example of the adhesion strength of frozen ice
measured at the same conditions as in Figure 2. The adhesion strength
of frozen ice seems to increase with the iIncrease of ice thickness
slightly. This trend is explained by the wire size effect on the
measurements as we discussed before. The trend line shown in figure 2

was used for calculation of Rt.
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Figure 4 shows Rt as a function of time for data in Figure 2. Rt
increases with time. It shows about 0 at the beginning of ice growth
(e.g-., Rt is 0.15 at 1 minute) and it becomes close to unity. That
means that the freezing process is more effective iIn weakening the
adhesion strength at the beginning of ice growth but this effect
gradually diminishes. Therefore, we conclude that the freezing process
is the major factor that causes the time dependence of the adhesion
strength of growing ice. In the following sections, we will discuss

the LWC and air speed effects on Rt.

3.4_2 Effect of LWC on dimensionless parameter Rt

In order to explore the effect of LWC on Rt, two more series of
experiments were performed: one at 0.3+/-0.3 g/m® runs and the second
at 2.4 +/-0.3 g/m® runs under otherwise identical conditions. (the air
speed of 20 m/s and air temperature of -10 °C as in Figure 2 were
maintained.) Figure 5 shows the adhesion strength as a function of
time for all data series of growing ice and Figure 6 shows the
adhesion strength as a function of ice thickness for all data series
of frozen ice. The same analysis was performed and the results are
shown in Figure 7 in which Rt is plotted as a function of time. It 1is
noted that, in the case of the lowest LWC (0.3 g/m® runs), we assumed
that Rt was unity during ice formation because there was no
significant difference in the adhesion strength between accumulating

ice and frozen ice as shown in Figure 8. It means that freezing
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process under the lowest LWC is complete as soon as droplets stick to
the surface.

Comparison of the three data series in Figure 7 shows the
following. Rt becomes smaller with the increase of LWC. For example,
Rt at the highest LWC (2.4 g/m® runs) is about 0.05 at 2 minutes and
0.25 even if 8 minutes while Rt at the lowest LWC (0.3 g/m® runs) is
unity. Therefore, we conclude that the presence of unfrozen water in
ice iIs the major factor reducing ice adhesion strength. As we have
demonstrated above, the fraction of unfrozen water increases with

increasing LWC in air.

3.4_3 Effect of air speed on dimensionless parameter Rt

In order to explore the effect of air speed on Rt, two series of
experiments were performed: one at 20 m/s run, already shown in Figure
2, and the second at 10 m/s run at the same air temperature of -10 °C.
In particular, the same liquid flux of about 23 g/m?’s between the two
sets of measurements was maintained, so that, while the LWC was 1.1+/-
0.3 g/m® at 20 m/s (giving 22+/-6 g/m?s), it was 2.4+/-0.3 g/m® at 10
m/s (giving 24+/-3 g/m?s). Figure 9 shows the adhesion strength as a
function of time for all data series of growing ice. Figure 10 shows
the adhesion strength as a function of ice thickness for all data
series of frozen i1ce. To explore the effect of air speed on Rt, the
same analysis as in the previous section was performed and the results

are shown in Figure 11 in which Rt i1s plotted as a function of time.
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Comparing the above two data series, we find that Rt becomes
larger with the iIncrease of air speed. From the air speed dependence
of Rt, we conclude that the water freezing rate was lower at the lower
air speed, as could be expected due to a lower expected heat

convection coefficient at that air speed.

3.4_4 Effect of porosity on ice adhesion

As seen In Figures 6 and 10, the adhesion strength of frozen ice
increases with either the increase of LWC or the decrease of air
speed. Those dependences can be explained by either an effect of the
LWC and air speed dependences of the porosity because the material
strength decreases with the increase of porosity. And moreover, the
porosity of atmospheric ice, in general, varies with LWC and air
speed.

From the naked eye observation of the frozen ice, we notice that
ice porosity, in contrast to the adhesion strength, tends to decrease
with either the increase of LWC or the increase of air speed.
Therefore, we conclude that the LWC and air speed dependences of the
adhesion strength of frozen ice can be explained by the variations of
LWC and air speed on ice porosity.

Figure 6 and 10 also show that the adhesion strength of frozen
ice i1s almost independent of thickness i1If the thickness i1s large
enough In comparison with the wire size. That supports the assumption

that the porosity does not change during and after ice growth.
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Therefore, we conclude that the porosity affects the adhesion strength
of the growing ice as well as that of the frozen ice.

Our experimental results also suggest that the weakening of the
adhesion strength due to the porosity becomes dominant after a certain
time, at which the weakening due to the freezing process becomes

relatively insignificant.

3.4_5Combined effect of LWC and air speed on ice adhesion

From the previous discussion about the porosity effect, we,
intuitively, expect that the adhesion strength of growing ice
increases with either the increase of LWC or the decrease of air
speed. However, this intuition is not consistent with the trends seen
in Figure 5, in which the adhesion strength at 0.3 g/m® is larger than
that at 1.1 g/m® but the relation becomes opposite after about 4
minutes.

Those complex trends can be explained by a combined effect of
the freezing process and the porosity on the adhesion strength. Let us
recall the time dependence of both factors. The porosity 1is
independent of time, while the freezing process significantly depends
on time. Because of this difference, the freezing process is the
dominant factor in weakening the adhesion strength at the beginning of
ice growth but it gradually diminishes and then the porosity becomes
the dominant factor. Let us also recall the LWC and air speed

dependences of both factors. The freezing process becomes more
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effective iIn weakening the adhesion strength with either the increase
of LWC or the decrease of air speed, while the porosity factor becomes
less effective as the porosity decreases with either the increase of
LWC or the decrease of air speed. As the results, the adhesion
strength decreases with either the increase of LWC or the decrease of
air speed in the beginning of ice growth, however, that became
opposite after a certain time. A schematic picture of those trends is
shown in Figure 12, in which the adhesion strength is plotted as a
function of time for different LWC. Those trends are consistent with
the trends seen in Figure 5. Therefore, we conclude that the combined
effect of the freezing process and porosity factors can well explain
the LWC and air speed dependence of the adhesion strength of growing

1CcCe.

3.5 Conclusion

In this paper, we presented a new technique for measuring the
adhesion strength of atmospheric ice during its growth. It uses wires
aligned on the surface, on which ice accumulates, and measures the
adhesion strength of ice to wires during ice growth using a force
sensor. Using this technique, the adhesion strength of growing ice has
been measured. The measurements were performed using an icing wind

tunnel, under the conditions of liquid water content (LWC) form 0.3 to
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2.4 g/m®, air speeds of 10 and 20 m/s, and an air temperature of —10
°C.

The measurements showed that the adhesion strength significantly
depended on time and it varied with LWC and air speed. The adhesion
strength of growing ice decreases with either the increase of LWC or
the increase of air speed at the early stage of atmospheric icing but
the trend became the opposite after certain time.

There were two possible factors causing the various dependences
of the adhesion strength of growing ice. One was the porosity. The
other was the freezing process of growing ice, related to the ice
temperature and the phase change from water to ice.

To iInvestigate the effect of freezing process on the adhesion
strength, we introduced a dimensionless number, Rt, which provided the
reduction of the adhesion strength of growing ice from that of the
frozen ice due to the freezing process. The analysis showed that the
freezing process caused the time dependence of the adhesion strength
of growing ice. This effect was more pronounced in weakening the
adhesion strength at the beginning of ice growth, but it gradually
diminished with time. The effect of freezing process became more
effective iIn weakening the adhesion strength with either the increase
of LWC or the decrease of air speed.

To iInvestigate the effect of porosity on the adhesion strength
of growing ice, the measurements of the adhesion strength of frozen

ice and the naked eye observation of the porosity were performed.
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Comparison of those results showed that the LWC and air speed
dependences of the adhesion strength were interpreted as those
dependences of the porosity. The porosity was, in contrast to the
freezing effect, independent of time.

The difference of the dependencies on time, LWC, and air speed
between the freezing process and porosity factors explained the
complex trends that the adhesion strength decreases with either the
increase of LWC or the increase of ailr speed at the early stage of
atmospheric icing but the trend became the opposite after certain

time.

3.6 Appendix: Nomenclature

LWC = liquid water content in air

Rt = normalized adhesion strength of growing ice by frozen ice.
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3.8 Figure Captions

Figure 1. An illustration of experimental setup for the adhesion
strength measurements.

Figure 2. Adhesion strength of growing ice as a function of time. LWC
of 1.1 +/- 0.3 g/m®, an air speed of 20 m/s, and a temperature of
-10 °C.

Figure 3. Adhesion strength of frozen ice as a function of ice
thickness. The fit regression line is also shown. The conditions
are the same as in Figure 2.

Figure 4. Dimensionless parameter Rt of growing ice as a function of
time. The trend line is also shown. The conditions are the same
as in Figure 2.

Figure 5. Adhesion strength of growing ice as a function of time for
different LWC. Air speed of 20 m/s and temperature of -10 °C.

Figure 6. Adhesion strength of frozen ice as a function of ice
thickness for different LWC. The conditions are the same as in
Figure 5.

Figure 7. Dimensionless parameter Rt of growing ice as a function of
time for different LWC. The trend lines are also shown. The
conditions are the same as In Figure 5.

Figure 8. Adhesion strength compared between growing ice and frozen

ice. LWC is 0.3 g/m3.
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Figure 9. Adhesion strength of growing ice as a function of time for
different air speed of 20 m/s (LWC=1.1 g/m3) and 10 m/s (LWC=2.4
g/m*) at temperature of -10 °C.

Figure 10. Adhesion strength of frozen ice as a function of ice
thickness for different air speeds. . The conditions are the same
as in Figure 5.

Figure 11. Dimensionless parameter Rt of growing ice as a function of
time for different air speeds. The trend lines are also shown.
The conditions are the same as in Figure 5.

Figure 12. A schematic picture of the adhesion strength of growing
atmospheric ice as a function of time for different LWC. LWC =

0.3, 1.1, 2.4 g/m*
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Fig-1
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Figure 1. An illustration of experimental setup for the adhesion

strength measurements.
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Fig.2
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Figure 2. Adhesion strength of growing ice as a function of time.

d of 20 m/s, and a temperature

an alr spee

LWC of 1.1 +/- 0.3 g/m3,

of -10 °C.

60



Fig.-3
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Figure 3. Adhesion strength of frozen ice as a function of ice
thickness. The fit regression line is also shown. The conditions

are the same as in Figure 2.
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Fig.-4
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Figure 4. Dimensionless parameter Rt of growing ice as a function
of time. The trend line is also shown. The conditions are the same

as in Figure 2.
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Fig.5
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Figure 5. Adhesion strength of growing ice as a function of time

for different LWC. Air speed of 20 m/s and temperature of -10 °C.
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Fig.6
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Figure 6. Adhesion strength of frozen ice as a function of ice

thickness for different LWC. The conditions are the same as

Figure 5.
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Fig.7
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Figure 7. Dimensionless parameter Rt of growing ice as a function
of time for different LWC. The trend lines are also shown. The

conditions are the same as In Figure 5.
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Fig. 8
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Figure 8. Adhesion strength compared between growing ice and
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Fig. 9
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Figure 9. Adhesion strength of growing ice as a function of time
for different air speed of 20 m/s (LWC=1.1 g/m3) and 10 m/s

(LWC=2.4 g/m3) at temperature of -10 °C.
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Fig.10
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Figure 10. Adhesion strength of frozen ice as a function of ice
thickness for different air speeds. . The conditions are the same

as in Figure 5.
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Fig. 11
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Figure 11. Dimensionless parameter Rt of growing ice as a function
of time for different air speeds. The trend lines are also shown.

The conditions are the same as in Figure 5.
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Fig. 12
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Figure 12. A schematic picture of the adhesion strength of growing
atmospheric ice as a Tfunction of time for different LWC. The used
experimental conditions: LWC=0.3, 1.1, and 2.4 g/m°®, temperature = -10

°C, air speed = 20 m/s.
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