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Abstract: Successful icing/de-icing simulations for rotorcraft require a good prediction of the convec-
tive heat transfer on the blade’s surface. Rotorcraft icing is an unwanted phenomenon that is known
to cause flight cancelations, loss of rotor performance and severe vibrations that may have disastrous
and deadly consequences. Following a series of experiments carried out at the Anti-icing Materials
International Laboratory (AMIL), this paper provides heat transfer measurements on heated rotor
blades, under both the anti-icing and de-icing modes in terms of the Nusselt Number (Nu). The
objective is to develop correlations for the Nu in the presence of (1) an ice layer on the blades (NuIce)
and (2) liquid water content (LWC) in the freestream with no ice (NuWet). For the sake of comparison,
the NuWet and the NuIce are compared to heat transfer values in dry runs (NuDry). Measurements
are reported on the nose of the blade-leading edge, for three rotor speeds (Ω) = 500, 900 and 1000
RPM; a pitch angle (θ) = 6◦; and three different radial positions (r/R), r/R = 0.6, 0.75 and 0.95. The
de-icing tests are performed twice, once for a glaze ice accretion and another time for rime ice. Results
indicate that the NuDry and the NuWet directly increased with V∝, r/R or Ω, mainly due to an increase
in the Reynolds number (Re). Measurements indicate that the NuWet to NuDry ratio was always larger
than 1 as a direct result of the water spray addition. NuIce behavior was different and was largely
affected by the ice thickness (tice) on the blade. However, the ice acted as insulation on the blade
surface and the NuIce to NuDry ratio was always less than 1, thus minimizing the effect of convection.
Four correlations are then proposed for the NuDry, the NuWet and the NuIce, with an average error
between 3.61% and 12.41%. The NuDry correlation satisfies what is expected from heat transfer near
the leading edge of an airfoil, where the NuDry correlates well with Re0.52.

Keywords: convective heat transfer; icing/de-icing; rotorcraft; wind tunnel; experiments

1. Introduction

Helicopters play an increasingly important role in both military and civil transporta-
tion. Although they offer great flexibility and mobility, their operations are greatly affected
by icing, especially in the North American weather [1]. Supercooled droplets in clouds
are intercepted by rotor blades, engine inlets and other helicopter components [2]. These
droplets eventually freeze and create an ice layer that if left untreated, continues to grow
and may lead to catastrophic events. Icing is also known to occur even when the Outside
Air Temperature (OAT) is above 0 ◦C. Rotorcraft blades are usually thinner and smaller
compared to fixed wing aircraft, adding to the complexity of the addition of an ice pro-
tection system. This is why electrothermal heaters are currently considered the most, if
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not the only, available ice protection system available for rotor blades [3]. These systems
operate in either the anti-icing or de-icing mode [2]. In the former, a continuous supply of
heat keeps the blades at a temperature that guarantees no ice formation. Anti-icing is not
favored for helicopters since it requires a large amount of energy that most helicopters are
not capable of providing. De-icing undertakes an on–off cyclic approach to ice elimination.
Ice is thus allowed to form at certain locations and time intervals before the heaters are
activated and the ice is shed; the process is repeated throughout flight and could offer a
more economical solution for ice protection.

Research on rotorcraft icing/de-icing can be traced back to the early 1940s, but work
on electrothermal application to rotor blades initiated in 1957 with Sikorsk [4] and later
with Bell Helicopter in the late 1980s [5]. Wind tunnel testing began between 1980 and 1983
at ONERA in France, with complete icing and de-icing tests on a quarter scale tail rotor
of the Eurocopter Super Puma [6]) Although extensive experimental efforts followed in
the years after [7–15], the National Transportation Safety Board (NTSB) of the USA still
classified icing among its “most wanted transportation safety improvements” in 1997 [16]. The
classification occurred in the decade where the advent of supercomputers allowed the
resolution of the Navier–Stokes equations, with the subsequent emergence of high-fidelity
icing codes such as FENSAP-ICE [17]. Although experimental efforts continued [18–26],
the state of the art in the post-millennium mostly revolved around numerical simulations
of the icing/de-icing problem [27–34].

However, and to the best of the author’s knowledge, most of the existing computa-
tional methods have been mainly used to simulate fixed-wing aircraft. Up until recently,
few works addressed the numerical simulation of rotorcraft icing/de-icing. Moreover, the
algorithms required for such simulations are complex and require significant computational
power. For example, Narducci and Kreeger developed a high-fidelity method to evaluate
ice accumulation for a helicopter flying through an icing cloud in hover [35] as well as in
forward flight [36]. Chen et al. performed CFD numerical simulations and optimization
analyses for rotor anti-icing based on big data analytics [37]. Xi and Qi-Jun proposed a new
three-dimensional icing model capable of simulating ice accretion on rotors [38]. Although
these studies offer breakthroughs in rotor icing simulations, a recent review by Aubert [39]
found that the entire rotor simulation process from ice accretion to impact to shedding
needs refinement. Based on his review of previous rotor icing studies, he concluded that
that most numerical solvers, need enhancement for better icing and de-icing predictions.
Therefore, there is still room in research and development for numerical modeling of
rotor icing.

In an earlier publication, Samad et al. [40] proposed the use of low- and medium-
fidelity numerical tools for heat transfer calculation of a small helicopter tail rotor. The
tools are known as the BEMT-RHT and UVLM-RHT. They implement the Blade Element
Momentum Theory (BEMT) and the Unsteady Vortex Lattice Method (UVLM) on the one
hand, coupled with a CFD-determined heat transfer correlation for an airfoil under fully
turbulent flow conditions on the other. Given that the numerical tools use a heat transfer
correlation for the airfoil only with a dry stream of air, this paper poses an effort to expand
them to include the effects of water spray as well as with the presence of an ice layer. Hence,
the objective of this paper is to propose correlations for the Nu in the presence of (1) an
ice layer on the blades’ NuIce and (2) liquid water content (LWC) in the freestream with
no ice NuWet. One correlation for the NuDry is proposed for dry runs, another for NuWet at
LWC = 0.8 g/m3 and two correlations for the NuIce are developed—once for glaze ice and
then for mixed glaze/rime ice.

In the literature, correlations for heat transfer on flat plates, cylinders and spheres
were developed for the Nu based on a product of the Re and Prandtl (Pr) numbers, in the
form of Equation (1), and can be found in [41,42]. The A and m parameters of Equation (1)
depend on the flow nature and on the Thermal Boundary Conditions (TBC).

Nu = A× Rem × Pr1/3 (1)



Aerospace 2021, 8, 96 3 of 24

The case of airfoil heat transfer is more complex, given the airfoil thickness and
the effects of angles of attack (α). Yet, the literature shows that experimental data could
also be successfully correlated for an airfoil in the form of Equation (1). For example,
Poinsatte et al. [43] measured heat transfer on the leading edge of a smooth NACA
0012. The airfoil’s leading edge was maintained at a constant surface temperature us-
ing embedded heating tiles. A total of 46 tests were performed for −6◦ ≤ α ≤ 8◦ and
1.2 × 106 ≤ Re ≤ 2.4 × 106 and they showed that the Nu correlates well with Re0.5 near
the leading edge and attributed this to laminar flow conditions. Henry et al. [44] partially
correlated the measured heat transfer coefficients for 1.25 × 106 ≤ Re ≤ 1.9 × 106 for
different ice shapes on iced airfoil. Dukhan [45] experimented on two NACA0012 airfoil
shapes for α = 0◦, each with a different roughness representation of glaze ice with horns
for 4 × 105 ≤ Re ≤ 1.54 × 106. The measured Nu was correlated at three different loca-
tions: the stagnation point, around the horn and after the horn. Wang et al. measured
the average Nusselt number (NuAvg) on the surface of a hollowed NACA 63-421 whose
inner edges were equipped with heating strips that transfer heat by conduction to the air
stream. In addition to the correlations proposed for the NuAvg for dry air at α = 0◦ [46] and
at 0◦ ≤ α ≤ 25◦ [47], they also showed that the NuAvg could be correlated with Re based on
Equation (1) even when liquid water content (LWC) in the range of 0 ≤ LWC ≤ 4.98 g/m3

was used, at α = 0◦ [48] and at 0◦ ≤ α ≤ 25◦ [49]. Samad et al. [40] conducted fully turbulent
CFD simulations on a NACA 0012 using the S-A turbulence model in order to calculate the
local and average Nu. Following a flat plate validation test case, they proposed a single
correlation for the NuAvg on an airfoil, satisfying a range of 2 × 105 ≤ Re ≤ 3 × 106 and
0◦ ≤ α ≤ 30◦.

This paper presents numerical and experimental work conducted by the École de Tech-
nologie Supérieure (ÉTS) and the Anti-icing Materials International Laboratory (AMIL),
with the ultimate goal of validating the developed numerical tools for heat transfer calcu-
lation on a small helicopter tail rotor. The experimental setup of this paper consists of a
2-blade rotor whose leading edge is covered with a heating element, replicating a constant
surface heat flux (QS) boundary condition. The tests are run under the anti-icing as well
as the de-icing mode. In anti-icing, the rotor is first spun without water spray, allowing
the NuDry to be calculated. Next, water spray is introduced, and the heating power is
adjusted to prevent ice formation, thus the NuWet is obtained. In de-icing, an ice layer is
accumulated on the blades before the heaters are turned on, when the ice thickness (tice) at
the blade tip is approximately tice ≈ 6 mm. The Nu calculated here considers the conduction
within the layer of ice and is defined as the NuIce. Furthermore, two different freestream
temperatures (T∝) are used to study the effect of both glaze and rime ice on heat transfer.
The data collected for the NuDry, the NuWet and the NuIce are then sorted with Re based on
the r/R and Ω of each test. Finally, a curve-fitting method is applied and correlations for
each Nu are proposed based on Equation (1). Given the range of operational parameters
as well as the different measurement locations, it is believed that no similar experimental
investigation has been attempted in the past.

In the following sections, a description of the icing wind tunnel (IWT) is presented
first, along with the details of design and construction of the Powered Spinning Rotor Blade
(P-SRB) experimental setup. The test plan is laid out as well as the procedure followed for
data acquisition, heat transfer calculation and experimental error. In the results section, the
effect of V∝, r/R and Ω on the NuDry, the NuWet and the NuIce is studied first, followed by
the effects of water spray, glaze ice and mixed ice on heat transfer. Verification of the NuDry
values is performed with literature correlations near the leading edge of a fixed wing airfoil.
Finally, the experimental data are used to propose four correlations for the Nu under dry
and icing conditions.
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2. Materials and Methods
2.1. Icing Wind Tunnel (IWT)

Figure 1 shows a general photo of the IWT located at the AMIL in which all the
experiments were conducted. The wind tunnel meets the conditions of the SAE Aerospace
Recommended Practice for icing wind tunnel ARP5905 [50] and Aerospace Information
Report for droplet sizing AIR4906 [51]. The IWT is a closed-loop low-speed refrigerated
wind tunnel able to operate at sub-zero temperatures at sea level pressure and has two
test sections. The test section used is 0.91 m in width by 0.76 m in height and tests can
be run at air speeds of up to 50 m/s at room temperature. The IWT test section air speed
(which is calculated by the Bernoulli equation) is controlled by computer via a control
program and data acquisition card. The tunnel is a closed recirculating type that cools the
flow immediately downstream of the test section. The refrigeration system capacity can
vary the total air temperature between −48 and 22 ◦C. This is achieved by passing the air
through a heat exchanger of 1.6 m by 1.6 m, powered by a compressor and a glycol pump.
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Figure 1. Icing Wind Tunnel.

A water spray system is used to generate the icing cloud. It consists of three spray
ramps, having eight to nine air atomizing nozzles each, and composed of pneumatic
sprinklers (Figure 2). The water line is under pressure and rotameters control the flow rate
to meet the desired liquid water content while the water droplet diameter is controlled by
the air pressure injected into the nozzle. A cooling unit controls the water temperature
used to produce a cloud of supercooled water droplets with median volumetric diameters
(MVD) ranging from 20 to 60 µm and liquid water content (LWC) ranging from 0.1 to
3.0 g/m3. The water is filtered and cleaned to obtain osmotic de-mineralized distilled
water. The spray system is located upstream of the center of the test section in the straight
section (9) before the convergent (8), and oscillates up and down to cover, when necessary,
the entire test section height (1) (Figure 2). The super-cooled droplets impinge on the
test model in the center of the test section. During a test, the water flows continually, the
air pressure is open when the test begins and the simulated cloud is formed in the IWT
test section.
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2.2. Powered Spinning Rotor Blade (P-SRB)

The Powered Spinning Rotor Blade (P-SRB) setup was designed by modifying the
Spinning Rotor Blade (SRB) setup developed at the AMIL more than 10 years ago [26] and
is the same setup used in [52]. The original setup is composed of two blades in horizontal
rotation connected to a hub and driven by a motor and a power shaft transmission.

A IEC-FR-LC-10 Slipring by IEC Corporation (Austin, TX, USA) [53] is used to bring
electrical power to the spinning blades of the P-SRB. The hub was connected to a 3600 RPM
10 hp motor by a 2.54 cm (1”) diameter power steel shaft connected to a 10 hp drive.
For safety reasons, the maximum spinning speed was limited to 1000 RPM. Power to
supply the heating elements was generated by an Elektro-Automatik (Viersen, Germany)
EA-PS3150-04B laboratory power supply.

The rotor blades were untwisted extruded 6063-T6 aluminum with a mill finish used
for tail rotor blades of small helicopters. The airfoil section had a NACA0012 profile and
the blades characteristics are presented in Table 1 and Figure 3a. The span is the rotor blade
length from the rotation point to the blade tip. The length is the blade length from the
hand attachment to the blade tip. More details on the P-SRB rotor setup have already been
published and can be found in [52].

Table 1. P-RSB Geometric Characteristics.

Blade Root Distance Blade Span (Radius) Blade Chord

75.0 mm 390.0 mm 69.8 mm

Blade Twist Blade Number Material

0◦ 2 6063-T6 Al
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2.2.1. Heating Elements and RTDs

Figure 4 shows the complete setup of the experimented rotor. The leading edge of
each blade was covered with a strip heating element that provided a constant heat flux once
activated. The size of each heating element was 2.54 cm× 30.48 cm with a maximum power
of 300 W as shown in Figure 3a,b. The elements are rectangular and do not change in shape
across the length of the blade. The simple design of the elements was chosen to obtain the
best grip possible on the rotor while testing. Although no study was performed on the
effect of the heating element shape on the droplet impingement or collection efficiency, the
experimental setup was carried out with the same heating elements in the tests with or
without water spray, mainly to measure the temperature difference due to the addition of
water spray.
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Figure 4. Rotor Prototype in Wind Tunnel after a De-Icing Test.

The supplied voltage (UV) and current (IA) were varied according to each test. The
total electric heating power was a direct result of the voltage and current variations. To
help minimize losses, an aluminum tape was used to cover the heating element and to
provide an even distribution of heat.

The Resistance Temperature Detectors (RTDs) were distributed across the radius of
the blade to measure the temperatures at these different locations via a data logger at a rate
of 5 recordings per second. The blade vibration rates were observed by the P-SRB software
to guarantee stable rotation. For each test, a maximum of 3 RTDs could be fitted on the
blade so at each test due to wiring limitations by the slip ring. The RTDs were placed at
r/R = 0.6, 0.75 and 0.95. The non-dimensional radial location (r/R) was described by the
ratio of the distance to the placed RTD by the tip radius of the blade. Due to experimental
limitations, the RTDs were placed on the nose of the leading edge (S/c = 0), a point known
to show some of the most elevated heat transfer rates [43,52]. More chordwise locations are
scheduled for testing in the future.
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2.2.2. Convective Heat Transfer

The air properties vary with temperature. Therefore, a reference temperature (Tf) was
chosen to estimate those properties, similar to [43]. According to [54], the equation can be
applied for a flow where V∝ is a constant and the temperature does not vary markedly
in the boundary layer. The density (ρ), viscosity (µ) and thermal conductivity of the air
(k) were calculated at Tf through Equation (2). The Re employed in this analysis is based
on the chord (Rec) and calculated using Equation (3). (Vr) is the local velocity on each
radial position of the blade calculated using Equation (4), with the two terms of velocity
originating from the rotation of the blade and the air velocity in the wind tunnel. As
Equation (4) indicates, the pitch angle will impact the calculated heat transfer. However,
for the current study, the analysis is limited to one pitch angle.

Tf =
T∞ + TRTD

2
(2)

Rec =
ρVrc

µ
(3)

Vr = Ωr + V∞ cos(θ) (4)

For the anti-icing tests, the heat transfer coefficient (hRTD) was calculated using
Equation (5) at each RTD. (QElec) is the supplied electrical power. (QRad) is the heat lost due
to radiation, calculated using Equation (6). (QCond) is the heat lost due to conduction in
the blade aluminum material and is approximated at 4% to 8% of QElec, based on previous
work on the P-SRB [52]. (σSB) is the Stefan–Boltzmann constant and (υ) is the emissivity of
polyimide (υ = 0.95). Finally, the local chord-based (Nu) was calculated using Equation (7),
where (c) is the chord.

hRTD =
QElec −QRad −QCond

(TRTD − TT)
(5)

QRad = σSBυ
(

T4
T − T4

RTD

)
(6)

Nu =
hRTDc

k
(7)

For the de-icing tests, each test was run until an approximate ice thickness of approxi-
mately 6 mm was accumulated on the furthest placed RTD (r/R = 0.95). The thickness of
ice was chosen at the request of the industrial partner, with 6 mm being the maximum
allowed to be accreted on the helicopter blades. Specifically, the thickness was measured
using a digital caliper at the leading edge of the blade, where the RTD is located. Moreover,
previous experiments at the AMIL showed that the accumulated ice on a rotor blade will
vary in thickness from root to tip [26]. To estimate the ice thicknesses at r/R = 0.6 and 0.75,
the ice was also measured for each test at r/R = 0.48 and an interpolation was performed
between r/R = 0.48 and r/R = 0.95.

According to [42], heat transfer on the nose of the NACA 0012 leading edge may be
approximated by the 1-D heat transfer equation of a cylinder in cross flow. Since this is the
location where the measurements of this work are taken, the 1-D approximation to a cylinder
is adopted to account for the conduction in the ice layer. Heat transfer in the ice is assumed
to propagate perpendicularly between the air and the RTD below the ice layer. This way,
Equation (5) is substituted by Equation (8), where an added term for the cylinder thermal
resistance of the ice layer is incorporated [41]. (tice) is the ice thickness and (kice) is the thermal
conductivity of ice. The Nu is then calculated using Equation (7). r0 is the cylinder radius
equivalent of a NACA 0012 leading edge, and is equal to 1.58% of its chord c [42].

hRTD =

[
(TRTD − TT)

QElec −QRad −QCond
− ln{(r0 + tice)/r0}

2πkice

]−1
(8)
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2.3. Rotor Testing Plan and Procedure

Table 2 shows the details for all tests conducted on the rotor. All tests were performed
at θ = 6◦ and the freestream velocity was either V∝ = 20 m/s or V∝ = 30 m/s. Three
different rotor speeds were used (Ω = 500 RPM, 900 RPM and 1000 RPM) as well as two
air temperatures (T∝ ≈ 258.15 K and T∝ ≈ 265.65 K). Tests were performed both in the
anti-icing mode and in the de-icing modes, which are detailed later in the next sections. In
total, 18 tests were performed each having a unique ID# for easy referencing.

Table 2. Rotor Test Plan with Specific Test ID#.

Test Mode V∝ (m/s) 500 RPM 900 RPM 1000 RPM T∝ (K) r/R θ (◦)

Anti-Icing 20 1 2 3
265.65

0.6, 0.75 and 0.95 6

30 4 5 6

De-Icing 20 7 8 9
265.6530 10 11 12

De-Icing 20 13 14 15
258.1530 16 17 18

2.3.1. Anti-Icing Tests

The anti-icing tests were performed with the following 3-step sequence: (1) spin the rotor
with the heaters activated and no water spray, until the temperature at r/R = 0.95 stabilizes
at the steady-state target temperature of T ≈ 280.15 K; (2) activate water spray and adjust
heating power until the temperature at r/R = 0.95 stabilizes at approximately T ≈ 280.15 K;
(3) lower heating power until the temperature at r/R = 0.95 stabilizes at approximately
T ≈ 267.15 K or until ice accretion on the blade’s leading edge begins.

Figure 5 shows a close-up photo of the blade taken at the end of anti-icing test #5.
The leading edge is ice free due to the continuous operation of the heaters underneath the
aluminum insulating tape, but ice began to appear at the tip due to the gradual lowering
in power applied. Ice was present behind the leading edge, mainly due to water runback
that froze downstream of the chord where no heaters are present.
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Figure 5. A Photo of the Result of Anti-Icing Tests When the Ice Began to Accrete on the Previously
Ice-Free Leading Edge Due to Gradual Reduction in Power Applied to the Activated Heaters; Ice Is
Additionally Seen behind the Leading Edge and on the Blade Tip.
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A sample of the results of the anti-icing tests conducted is shown in Figure 6 (test #1).
Results are shown in terms of the Nu (calculated based on Section 2.2.2) variation versus
the test time in seconds. The first step of the testing sequence extends from t = 0 sec until
the first shown dashed black line. The latter represents the initiation of the water spray
(step 2), while the second dashed black line marks step 3, when the power is lowered, and
ice traces are formed.
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Figure 6. Instantaneous Variation in the Nu(t) for the Anti-Icing Test at T∝ = 265.65 K for Ω = 500 RPM
and V∝ = 20 m/s (Test #9).

Two regions of interest are identified in the subfigures of Figure 6. The first is identified
as the “dry” region where no water was sprayed and is located before the first dashed
black line. The second is identified as the “wet” region, when the water spray was initiated
and is found between the two dashed black lines. For each of the tests, the average Nu for
the dry case (NuDry) was calculated as the mean of Nu(t) in the 45 s before the first dashed
black line, when the Nu(t) had stabilized. Similarly, the average Nu for the wet case (NuWet)
was calculated as the mean of Nu(t) in the 45 s before the second dashed black line.

2.3.2. De-Icing Tests

For the de-icing tests, ice was present on the blades since the start of the tests, and
the heating power was adjusted until the ice is shed. With the presence of an ice layer, it
was decided to investigate the heat transfer rate at two different freestream temperatures,
T∝ ≈ 265.65 K and T∝ ≈ 258.15 K that are related to different types of ice (glaze and mixed
glaze/rime ice). The tests were performed with the following 2-step sequence: (1) Rotate
the blades until an ice layer of approximately 6 mm is formed on the leading edge at
r/R = 0.95. (2) Turn on heaters and slowly increase heating power until the ice is shed from
the blade.

Figure 7 shows two photos taken during de-icing test #11. Figure 7a shows the accu-
mulated ice across the blade radius on both the upper and lower surfaces. It seemed that
the ice accretes further downstream of the chord on the bottom surface of the blade, mainly
due to the imposed positive pitch. In Figure 7b, the ice is clearly shed after the heaters are
turned on and the power is increased until a break-off is achieved. In this specific test, no
runback ice accumulation was seen, however the blade tips still had some ice.
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Figure 7. Photos of the De-Icing Test Process, (a) Ice Layer Accumulated across the Radius and on the Leading Edge of
Blade (Top) and (b) Blade after Heating and Ice Totally Shed (Bottom).

Figure 8 shows a sample of the results of the conducted de-icing tests (specifically, test
#9). Results are shown in terms of the Nu variation versus the test time in seconds. The first
step of the testing sequence is not shown in the figures, meaning the ice layer is already
present at t = 0 sec and no heating occurs. The second step extends from t = 0 sec until
the dashed black line. The latter represents the detachment of the ice layer from the blade.
It should be noted that the ice layer detaches from blade #1, where no RTDs are placed,
whereas on the blade #2 (where measurements are reported) the ice does not detach, most
likely due to the RTDs holding it on the surface. In only one test did the ice layer detach
from the tested blade.
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Since the ice layer did not detach off the blade, the time at which the ice detached off
the other blade was recorded. The Nu(t) before this instant was calculated based on the
1-D approximation of heat transfer with the 6 mm ice layer and is referred to as NuIce. The
main interest lies in the NuIce while the Nu in the detached region (where an accelerated
jump in Nu(t) values is seen) only signifies that ice had detached on the other blade and is
not used in this paper.

2.4. Experimental Error Estimation

The method of [55], represented by Equation (9), is used to estimate the uncertainty in
heat transfer measurements. It describes the error in the measurement of the electric heat
input QElec. The errors originating from the calculation of QRad and QCond is neglected since
they were found to represent a fraction of the total QElec (between 1% and 8%). Therefore,
the error due to those two terms was very small (<0.5%).

∂h
h

=

√[
∂(TRTD − T∞)

(TRTD − T∞)

]2
+

[
∂IA
IA

]2
+

[
∂UV
UV

]2
(9)

The three main sources of the error in Equation (9) are: (1) temperature measurements,
(2) voltage fluctuations and (3) current fluctuations. The error from temperature measure-
ments was determined to be approximately 1%. The voltage fluctuations represented an
error of 2.6% and the current fluctuations represented an error of 3.9%. The total uncertainty
is therefore 7.5%.

The randomness error of the tests was calculated by repeating de-icing tests #11 and
#17 four times each. Similar test conditions were run along with similar icing times and
thicknesses, the power was increased during tests until the ice is shed. The power at
which ice shedding occurred was recorded for each repetition and the range of powers
recorded is presented in Table 3. The repetition error was calculated by being the percentage
discrepancy between the highest and lowest power recorded. According to Table 3, the
randomness error could be as high as 19%, and considering the uncertainty in heat transfer
measurements, the total experimental error could then be rounded to 26%.

Table 3. Range of Powers and Error between Test Repetitions.

Test ID# Power Range (W/m2) Error

11 6045–6355 5%
17 11,780–14,570 19%

3. Results

The main goal of this section is to analyze the behavior of the NuDry, the NuWet and
the NuIce with Ω, V∝ and r/R. For the de-icing tests, the effect of the T∝ on the NuIce is also
investigated. In the foregoing analysis, the NuDry values are taken as reference to compare
the NuWet and the NuIce.

3.1. Anti-Icing Tests

In this section, the results of the tests performed in the anti-icing mode are investigated.
The heating power was adjusted during the tests to prevent any ice formation. The NuDry
is calculated before the water spray is activated. The NuWet is calculated after starting the
water spray with LWC = 0.8 g/m3.

3.1.1. NuDry and NuWet Variation with r/R and Ω

Figure 9 shows the variation in the calculated average NuDry for the tests performed
at V∝ = 20 m/s (Figure 9a) and V∝ = 30 m/s (Figure 9b) with respect to r/R. In terms of the
effect of r/R, the NuDry increases as the point of measurement moves closer to the blade
tip, regardless of the Ω or V∝, mainly due to the increase in Re with rotation. The Ω had a
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similar effect on the Re and therefore, the NuDry increases with an increasing Ω. Finally,
the increase in V∝ also showed an increase in the NuDry, where the Nu at the same r/R is
higher for the tests at V∝ = 30 m/s compared to those at V∝ = 20 m/s. In a similar analysis,
Figure 10 shows the variation in the calculated average NuWet for the tests performed at
V∝ = 20 m/s (Figure 10a) and at V∝ = 30 m/s (Figure 10b) with respect to r/R. A similar
trend to what was seen for the NuDry can be observed. Generally, an increase in r/R, Ω or
V∝ caused a direct increase in the NuWet.
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3.1.2. NuDry and NuWet Variation with V∝

Figure 11 shows the results of comparing the effect of V∝ on the calculated average
NuDry and NuWet for each of the tests. Figure 11a shows the ratio of the NuDry obtained at
the tests at V∝ = 30 m/s to the tests at V∝ = 20 m/s, whereas Figure 11b shows the ratio of
the NuWet obtained at the tests at V∝ = 30 m/s to the test at V∝ = 20 m/s.
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Starting with the comparison of the NuDry at different V∝, Figure 11 shows that the
increase in V∝ directly increased the Nu due to an increase in the Re. The NuDry ratio at
r/R = 0.6 was higher (between 1.07 and 1.29) compared to that at the other r/R (between 0.98
and 1.24). The smaller radius contributes to a smaller velocity component due to rotation,
and an increase in V∝ at r/R = 0.6 shows a larger influence on the Nu than the other r/R.

The NuWet ratio also increased because of an increasing V∝. This changed in parallel
with a drop of the NuWet ratio as the Ω was increased. Similar to the NuDry ratio, the NuWet
ratio was highest at the smallest r/R, mainly due to the increase in Re across the blade. For
the three tested Ω, the NuWet ratio was between 1.09 and 1.33 at r/R = 0.6 and between 0.98
and 1.2 at the other r/R.

3.1.3. The NuWet to NuDry Ratio

Figure 12 shows the results of comparison between the wet and dry values of the
calculated average Nu for each of the tests. Figure 12a shows the NuWet to NuDry ratio for
the tests at V∝ = 20 m/s. Similarly, Figure 12b shows the NuWet to NuDry ratio for the tests
at V∝ = 30 m/s. The NuWet to NuDry ratio was always larger than 1, which is expected due
to the added water spray. The ratio was also similar between the tests with the different
V∝, with no significant difference between the two. The findings of Figure 12 are consistent
with those of [48]. Using similar LWC and Re to the present work, Wang et al. reported that
the addition of the water spray (on a fixed wing NACA 63-421 airfoil) increases the NuAvg
values by an average of 26%.
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Moreover, the NuWet to NuDry ratio decreased with an increasing Ω and the largest
ratio was mostly seen at r/R = 0.95, varying between 1.41 and 1.05 depending on the Ω. This
could be explained by the concentration of the water collection amount that is maximum
near the tip of the blade, as seen in [38]. In their numerical simulation of a rotor in forward
flight, they showed that the water collection amount increases from root to tip and is
maximum around the stagnation region.

3.2. De-Icing Tests

In this section, the results of the tests performed in the de-icing mode are analyzed. Ice
was present on the blades since the start of the tests, and the heating power was adjusted to
achieve ice break-off. With the presence of an ice layer, it was decided to investigate the heat
transfer rate at two different freestream temperatures, T∝ ≈ 265.65 K and T∝ ≈ 258.15 K.

3.2.1. Measured Ice Thicknesses

Table 4 presents the measured tice at two different radial locations of the blade for the
de-icing tests after ice accretion. These values were used in the calculation of the hRTD and
the NuIce in Equation (8). Although that actual thicknesses at r/R = 0.6 and r/R = 0.75 were
not measured, they were interpolated based on the values in Table 4. The measurement at
r/R = 0.48 for test #11 (indicated by * in Table 4) due to a methodological error but was later
estimated based on visual inspection of the test photographs.

Results indicate that tice increased heading towards the tip, indicating that the blade
rotation had a strong influence on the resulting ice shape. Most of the tests resulted with
an ice thickness of approximately 6 mm (±0.5 mm) at r/R = 0.95.

For tests #9 and #15, up to 10.02 mm were accreted. Later investigations showed
this was the result of a grain in the spray nozzle. The controlled icing conditions slightly
changed and ice therefore accreted faster than expected. The NuIce of these tests is later
examined to determine if the different tice affect the correlation attempt.

Table 4. Measured Ice Thicknesses tice (in mm) of De-Icing Tests at r/R = 0.48 and r/R = 0.95.

r/R—Test ID# 7 8 9 10 11 12

0.95 6.04 6.32 7.99 6.18 6.03 6.14
0.48 5.56 5.51 6.83 4.93 5.46 * 5.50

r/R—Test ID# 13 14 15 16 17 18

0.95 6.29 6.64 10.02 5.56 5.79 5.63
0.48 5.47 4.47 6.38 4.26 5.73 5.45

3.2.2. Effect of T∝ on Ice Type

The de-icing tests at different T∝ produced different types of ice that can be visually
identified in Figure 13. In Figure 13a, the ice shape near the blade tip obtained by test
#8 (T∝ = 265.65 K) is clear and almost transparent—properties of glaze ice. The right
side of the figure shows ice accumulation on the blade, obtained by the de-icing test
#14 (T∝ = 258.15 K). In this case, the ice is white and opaquer although some degree of
transparency still exists. Therefore, a mixed glaze/rime ice characterizes the ice type
in Figure 13b.

The ice shapes obtained in this work resemble what is obtained by the experiments
of [25]. In the latter, rotor experiments from with comparable dimensions, LWC, V∝ and Ω
as well as the same T∝ as the present experiments produced similar ice types and shapes
as the ones in Figure 13. Specifically, they observed a glaze ice accretion at T∝ = 268.15 K,
rime ice at T∝ = 258.15 K and a mixed glaze/rime at T∝ = 263.15 K.
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V∝ = 20 m/s: (a) At T∝ = 265.65 K: Glaze Ice that is Clear and Transparent and (b) At T∝ = 258.15 K:
Mixed Glaze/Rime Ice that is White and Opaque yet Slightly Transparent.

The results of this work showed that the Ω had an effect on the ice type as well. The
tests at 500 RPM and T∝ = 268.15 K showed only rime ice accumulation, mainly due to
the weaker water collection on the blade associated with the low Ω. At the same T∝ and
for higher Ω, the water collection was also higher. The ice type was then similar to that
seen in Figure 13b, which is a mixed ice type. In this work and to simplify the correlation
attempt of the NuIce, the ice type at T∝ = 265.65 K is treated as glaze ice, whereas a mixed
glaze/rime ice type is assumed for all tests at T∝ = 258.15 K.

3.2.3. Results of NuIce Variation

Figure 14 shows the variation in the calculated average NuIce with respect to r/R for
the tests performed at T∝ = 265.65 K and for V∝ = 20 m/s (Figure 14a) and at V∝ = 30 m/s
(Figure 14b). At first glance, the NuIce decreased with r/R and Ω but increased with V∝.
However, it is thought that the ice thickness had the major effect on the NuIce.
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In fact, tice had a dominant effect on the variation in the NuIce and this was determined
based on two observations. First, the decrease in the NuIce with r/R changes in parallel
with the increasing ice thickness from root to tip. This was true for all tests shown in
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Figure 14 and as seen in Table 4. Second, test #9 (Ω = 1000 rpm; V∝ = 20 m/s) showed
significantly lower NuIce values compared to the other tests. For that test, the thickness
was approximately 8 mm near the tip of the blade, almost 2 mm larger than the other tests.
Moreover, the dependency of the NuIce on the ice thickness can also be seen for the tests at
T∝ = 258.15 K.

Figure 15 shows the NuIce versus r/R for the tests at T∝ = 265.65 K and for both tested
V∝. As noted in the previous section, the NuIce was strongly linked to the ice thickness
on the blade. For all tests, the NuIce decreased between 0.6 ≤ r/R ≤ 0.95 where tice was
increasing. Additionally, test #15 (Ω = 1000 rpm; V∝ = 20 m/s) showed the NuIce values
much lower than the tests at other Ω which could only be explained by the larger ice
thickness of approximately 10 mm.

From another point of view, tests #17 (Ω = 900 rpm; V∝ = 30 m/s) and #18 (Ω = 1000 rpm;
V∝ = 30 m/s) showed that the NuIce was almost constant between 0.6 ≤ r/R ≤ 0.95. Fur-
ther examination of Table 4 indicates that for those tests, the difference of tice between
0.48 ≤ r/R ≤ 0.95 was very small. This led to nearly constant NuIce, as seen in Figure 15
although the temperature gradient between the RTD and air was different between the tests.

Concluding, the examination of NuIce variation indicate that it is strongly influenced
by the ice thickness on the blade. However, when a comparable ice thickness is found
between the different tests, the NuIce is believed to decrease with Ω but increase with V∞.
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3.2.4. The NuIce to NuDry Ratio

The calculated NuIce was also compared to the NuDry obtained from the anti-icing tests.
Figure 16 shows the variation in the NuIce to NuDry ratio of the tests at T∝ = 265.65 K, while
Figure 17 shows the same ratio but for the tests at T∝ = 258.15 K. All test points indicate
that the NuIce is smaller than the NuDry, with the ratio being always less than 1. The ice
layer acts as an added insulation, reducing the theat transfer rates to the blade surface.
Moreover, the ratio decreased when V∝, r/R or Ω were increased.

Going towards the tip of the blade, the ratio decreased due to the generally thicker ice
layer. The decreasing behavior was seen for all tests, regardless of the measured thickness
of ice. Tthe increase in either Ω or V∝ is seen therefore to enhance the convection from air
and make it more dominant in the calculation of the heat transfer coefficient, thus justifying
the drop of the NuIce to NuDry ratio with Ω and V∝.



Aerospace 2021, 8, 96 17 of 24Aerospace 2021, 8, x FOR PEER REVIEW 17 of 24 
 

 

 
Figure 16. Ratios of the Calculated NuIce to the NuDry for the De-Icing Tests at T∝ ≈ 265.65 K and (a) 
V∝ = 20 m/s and (b) V∝ = 30 m/s. 

 
Figure 17. Ratios of the Calculated NuIce to NuDry for the De-Icing Tests at T∝ ≈ 258.15 K and (a) V∝ = 
20 m/s and (b) V∝ = 30 m/s. 

4. Discussion 
The goal of the present experiments is to correlate the experimental data into a form 

that could be used for a rotor heat transfer numerical tool, so the gathered data were cor-
related in a similar fashion to what previous studies have attempted [40,43,46]. In those 
works, the Nu was correlated with the Re as shown in Equation (1), where the parameters 
A and m are determined via curve fitting of measured data. 

In this study, the ReAvg is used to build the correlations and is defined as the mean of 
the Re calculated at each r/R. The reason is that the Re at any blade section will vary 
throughout the test with any of Ω, V∝ and r/R. As an example, Figure 18 shows the varia-
tion in calculated Re at the three r/R of anti-icing test #2 versus time. The triple dependency 
creates relatively large variations in the Re as shown in Figure 18, where the Re increases 
when the blade is in the advancing side and decreases in the retreating side of the blade. 
Therefore, the mean of the varying Re shown in Figure 18 was calculated first and later 
used in the correlation development. 

Figure 16. Ratios of the Calculated NuIce to the NuDry for the De-Icing Tests at T∝ ≈ 265.65 K and
(a) V∝ = 20 m/s and (b) V∝ = 30 m/s.

Aerospace 2021, 8, x FOR PEER REVIEW 17 of 24 
 

 

 
Figure 16. Ratios of the Calculated NuIce to the NuDry for the De-Icing Tests at T∝ ≈ 265.65 K and (a) 
V∝ = 20 m/s and (b) V∝ = 30 m/s. 

 
Figure 17. Ratios of the Calculated NuIce to NuDry for the De-Icing Tests at T∝ ≈ 258.15 K and (a) V∝ = 
20 m/s and (b) V∝ = 30 m/s. 

4. Discussion 
The goal of the present experiments is to correlate the experimental data into a form 

that could be used for a rotor heat transfer numerical tool, so the gathered data were cor-
related in a similar fashion to what previous studies have attempted [40,43,46]. In those 
works, the Nu was correlated with the Re as shown in Equation (1), where the parameters 
A and m are determined via curve fitting of measured data. 

In this study, the ReAvg is used to build the correlations and is defined as the mean of 
the Re calculated at each r/R. The reason is that the Re at any blade section will vary 
throughout the test with any of Ω, V∝ and r/R. As an example, Figure 18 shows the varia-
tion in calculated Re at the three r/R of anti-icing test #2 versus time. The triple dependency 
creates relatively large variations in the Re as shown in Figure 18, where the Re increases 
when the blade is in the advancing side and decreases in the retreating side of the blade. 
Therefore, the mean of the varying Re shown in Figure 18 was calculated first and later 
used in the correlation development. 

Figure 17. Ratios of the Calculated NuIce to NuDry for the De-Icing Tests at T∝ ≈ 258.15 K and
(a) V∝ = 20 m/s and (b) V∝ = 30 m/s.

4. Discussion

The goal of the present experiments is to correlate the experimental data into a form
that could be used for a rotor heat transfer numerical tool, so the gathered data were
correlated in a similar fashion to what previous studies have attempted [40,43,46]. In those
works, the Nu was correlated with the Re as shown in Equation (1), where the parameters
A and m are determined via curve fitting of measured data.

In this study, the ReAvg is used to build the correlations and is defined as the mean
of the Re calculated at each r/R. The reason is that the Re at any blade section will vary
throughout the test with any of Ω, V∝ and r/R. As an example, Figure 18 shows the variation
in calculated Re at the three r/R of anti-icing test #2 versus time. The triple dependency
creates relatively large variations in the Re as shown in Figure 18, where the Re increases
when the blade is in the advancing side and decreases in the retreating side of the blade.
Therefore, the mean of the varying Re shown in Figure 18 was calculated first and later
used in the correlation development.
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Nu values for a fixed wing with a NACA 0012 profile. Two α are included in the compar-
ison and they are α = 0° and α = 6°. If the correlations from the literature are examined, 
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Figure 18. Example of the Re Variation versus Time at the Three Blade Sections r/R = 0.6, 0.75 and
0.95 for the Anti-Icing Test #2 (Ω = 900 RPM and V∝ = 20 m/s).

4.1. Correlation for the NuDry

Figure 19 shows the variation in the NuDry gathered by the experiments versus the
ReAvg of each test and r/R. In this paper, these values were fitted using a curve-fitting
method by MATLAB based on the form of Equation (1) and the solid black line represents
the best fitting of values obtained by the correlation. Moreover, the dashed lines show the
±26% experimental error accounted for by the correlation.
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Figure 19. Comparison of the NuDry Correlation Predictions Versus Experimental Measurements of
this Work.

For the NuDry, the correlation turned out to be in the form of Equation (10). For this
fitting, the parameter m was determined to be m = 0.52, which is similar to what is expected
for the flat plate in laminar flow [42] or for the stagnation and laminar region of an airfoil
(near the leading edge) [43]. What this means is that for an analysis based on the Frossling
Number Fr (which is the Nu divided by Re0.5), the Fr would be independent of the ReAvg.
This again agrees with the findings of [42,43,56]. The average error between the prediction
of the correlation and the experimental measurements was calculated at approximately
10%. The variation in the NuDry recorded through the experiments therefore resembles
what is expected from a laminar flow, and the correlation error could be explained by the
total experimental error.

NuDry = 3.04× Re0.52 × Pr1/3 (10)

For the sake of verification, Figure 20 compares the proposed correlation of this
work to the correlations provided in the work of [43]. The correlations of the literature
represent Nu values for a fixed wing with a NACA 0012 profile. Two α are included in
the comparison and they are α = 0◦ and α = 6◦. If the correlations from the literature are
examined, Figure 20 shows that little effect was brought by changing the α. Although the
point at S/c = 0 represented the stagnation point (maximum Nu) at α = 0◦, only a slight
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drop of Nu values was seen at the same S/c when the α was increased. As explained in [43],
this was due to laminar flow near the leading edge where the maximum occurred at S/c = 0
and a continuous decrease was noted further downstream.

When the correlation of Equation (10) is compared, a good agreement is seen with the
correlations of [43]. The proposed NuDry correlation agrees with the fixed wing data with
a discrepancy of ≈ 15.9%. This is likely due to the experimental error encountered in the
rotor tests, but this leads to the conclusion that the NuDry near the leading edge of the rotor
tests was well captured.
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4.2. Correlation for the NuWet

In a similar attempt to what was performed for the NuDry, Figure 21 shows the
variation in the NuWet gathered by the experiments versus the ReAvg of each test. The
NuWet was correlated based on the form of Equation (1) and the result is presented by
Equation (11) where the average error was approximately 11%. The correlation is presented
in the figure with the solid black line together with the ±26% error bars.

NuWet = 8.16× Re0.46 × Pr1/3 (11)
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All of the measured points lie between the ±26% error bars of the correlation. The
datapoints that deviate the most from the correlation could be due to an ice accumulation
near the tip of the blade, which is in turn a result of the small, unheated, zone at the ends of
the heating element. The ice accumulation could have disturbed the flow and heat transfer,
impacting the results. Without the ice formation and by accounting for the experimental
error, the results of the NuWet agree with the correlation (11).
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4.3. Correlations for the NuIce

Finally, the correlation of the NuIce with glaze ice was found to be in the form of
Equation (12). Figure 22 shows the variation in the NuIce versus ReAvg for the glaze ice tests.
In contrast to the NuDry and the NuWet, the NuIce shows a decreasing behavior as the ReAvg
is increased. This is obvious with the negative m (m = −0.10) obtained in correlation (12).
Almost all measured points lie within the ±26% error bars and the average error was
approximately 4%.

The points that showed the maximum discrepancy with the correlation are displayed
by the purple triangle. These points corresponded to the de-icing test# 9, where the tice at
the tip was larger (7.99 mm) than the desired 6 mm. These points were not considered in
data fitted for the correlation, although they lie withing the range of the experimental error.

NuIce(Glaze) = 2.52× 103 × Re−0.10 × Pr1/3 (12)
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Figure 22. Comparison of Correlation Predictions versus Experimental Measurements of NuIce for
the De-Icing Tests with Glaze Ice.

Similarly, Equation (13) is the result of correlating the data for the mixed glaze/rime
ice tests. The correlation predictions and experimental values of the NuIce versus ReAvg is
shown in Figure 23 but the fitting error was higher than the glaze ice tests at an average of
8.03%. Most points were within 26% of the correlation predictions, but again, the tests with
the tice larger than 6 mm (test #15) showed the highest discrepancy from the correlation
and are identified in Figure 23 by the purple triangles. These points lie outside the range of
the experimental error and indicate that proposed correlation is sensitive to the ice layer on
the blade.

NuIce(Mixed) = 3.54× 103 × Re−0.12 × Pr1/3 (13)
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4.4. Comparison of Proposed Correlations

The proposed correlations are compared in Figure 24 that shows the variation in each
versus the ReAvg. The correlations reflect what is expected from the test setup as well as
the findings of Section 0. The NuWet correlation predicts values that are higher than that
of the NuDry. The increase in Nu due to the water spray is also reduced from 24% to 14%
as the ReAvg is increased. Similarly, the NuIce correlation for mixed ice predicts values that
are between 8% and 11% higher than that for glaze ice, which is also consistent with the
findings of this work in Section 0.
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5. Conclusions

This paper presented wind tunnel heat transfer measurements made at three different
radial locations at the leading edge of a small 2-blade rotor. Rotor speeds of up to 1000 RPM
were used with θ = 6◦. The tests were run using both the anti-icing and de-icing modes. In
the anti-icing tests, only water was impinging on the blades with no ice accumulation. In
de-icing, an ice layer of approximately 6 mm was accreted near the tip of the blades before
the heaters were turned on and ice was shed. The calculated Nu was analyzed for four
specific conditions: first, the NuDry with no water spray or ice on the blades; second, the
NuWet with water spray only; finally, the NuIce, which represents heat transfer with an ice
layer on the blade—once for glaze ice and another for mixed glaze/rime ice.

Results indicate that the NuDry and the NuWet directly increased with the increase in
any of the three parameters: V∝, r/R or Ω, mainly due to an increase in the Re. Compared
to the NuDry, the addition of water spray directly increased the heat transfer rates. The
NuWet to NuDry ratio was more sensitive to Ω than to r/R or V∝. As the Ω was increased,
the ratio varied between 1.41 and almost 1 at the highest tested Ω. The increase in V∝
caused both the NuDry and the NuWet to increase most at the smallest tested r/R, mainly
due to the smaller velocity component due to rotation compared to the r/R near the tip of
the blade. NuIce behavior was different than that of the NuDry and the NuWet. The NuIce was
largely affected by the tice accreted on the blade. However, given similar test conditions
and tice, the NuIce decreased with r/R or Ω and increased with V∝. Finally, the ice acted as
insulation on the blade surface and the NuIce to NuDry ratio was always less than 1.

Four correlations are proposed based on the data gathered for the NuDry, the NuWet and
the NuIce, with an average error between 3.61% and 12.41%, thus providing a simplified
approach to calculate heat transfer on the leading edge under icing conditions. The
proposed NuDry correlation agreed within 15.9% to a similar correlation near the leading
edge of a fixed wing airfoil from the literature.

Future work includes expanding the tests to further investigate the effect of T∝, LWC
and tice on the proposed correlations. The A parameters of Equations (11)–(13) could then
be expanded and include terms representing varying icing parameters (LWC or tice). Such
studies would make heat transfer prediction more versatile and not only dependent on
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Re. The setup will also be modified to allow heating of the whole blade, preventing ice
accumulation at the very end of the tip in the anti-icing mode.
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