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and
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Aircraft icing poses a serious threat to flight safety. Unfrozen parts of impinging water
on the surface of the aircraft will run back under the effect of high-speed airflow, altering
liquid distribution and heat transfer characteristics. In this paper we conducted a series of
experiments over a wide range of wind speed (U. = 17.8~52.2 m/s), film Reynolds number
(Rer = 26~128) and inclined angle (¢ = 0°, £30°, +45°) to investigate the dynamics of thin
water film on an Aluminum substrate. The superficial morphology of the water film were
investigated by high-speed camera, and the instantaneous film thicknesses were measured by
a laser focus displacement meter based on a confocal chromatic technique. The interface
between the gas and liquid phases consisted of underlying thin film and multiple scaled
fluctuations. The measured time-averaged filim thickness data agrees with previous model
predictions. Based on the experimental results, a relationship between the film thickness and
the wind speed, film Reynolds number, inclined angle was proposed. A new correlation to
calculate the interfacial shear stress and superficial roughness on the wavy surface is also
suggested.

Nomenclature

= inclined angle

measured thickness signal
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dynamic viscosity
momentum viscosity
density

shear stress

= interfacial shear factor

= gravitational acceleration magnitude
local film thickness

= flow rate

film Reynolds number

= root mean square
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I. Introduction

IRCRAFT icing usually occurs when super-cooled droplets from clouds impact an aircraft surface, causing a

number of degradation problems and even serious threat to flight safety [1, 2]. Droplets may freeze directly
after impingement at lower temperature, building up fluffy rime ice, or partially freeze when latent heat cannot be
rapidly released into the ambient air in the cases of glaze ice or when the anti-icing system is working. The unfrozen
part will redistribute the surface water and affect the heat transfer rate in the ice accretion process, subsequently
forming uncontrolled ice beyond the ice protected area. The uncontrolled ice can severely change the aerodynamic
shape and cause performance degradations [3]. On the interface between the air and liquid water, the superficial
disturbances introduces additional surface roughness [4], resulting in disturbed boundary layer flow and instabilities
in the ice grow-up process. For the above reasons, the presence of the liquid water on the aerodynamic surface not
only increases the danger of ice accretion, but also adds complexity to icing/anti-icing predictions.

Many researchers have proposed their theoretical and computational models for the transport behavior of
unfrozen water to improve the prediction accuracy of glaze ice. The Messinger model [5] was the first trial to
consider liquid water in predicting ice accretion, and has been widely applied to numerical simulations. The model
calculated the frozen ratio of the surface water through heat and mass conservation, and assumed that the unfrozen
part completely moved downstream, regardless of the transport behavior of the surface water. However, the high
speed videos taken in wind tunnels [6, 7] indicated that the surface water existed in the form of beads, films or
rivulets as a consequence of the presence of water remaining stationary on the surface. At first, the impinging
droplets form beads on the surface, and then their water content is regularly removed by wind or gravity. If more
water is present on the surface, the beads will coalesce into water film. The rivulets appear by the runback of
deformed beads, or the breakoff of film beyond the impingement limit[8].

Numerious improvements have been proposed and examined from a computational and analytical viewpoint [9,
10]. However, these models assumed undisturbed boundary layer and uniform shear stress, which introduced various
limitations on the applicability of the predictions. Myers [11] proposed a model for the water film with the
consideration of ambient pressure, surface tension, gravity and shear stress. Myers’ model has been applied to glaze
icing, runback ice ridge and anti-icing simulations [12-15]. Among the several factors, shear stress between air and
liquid was found to be a key factor in the calculation of local film thickness. However, it is hard to evaluate this due
to the lack of measured data. In computational fluid dynamics (CFD) simulations [12, 14, 15], the most common
substitute was the wall friction stress in the boundary layer without liquid water, which was evaluated based on the
control volume analysis of the layer near the body. To consider the fluctuations between gas and liquid phases
would strengthen the shear, Du et al. [16] and Karev et al. [17] applied the correlation from the experimental results
of the stratified flow in their computations. In regard to the surface roughness, the interval and amplitude of the
interfacial waves were usually used. For example, Ueno and Farzaneh [18] separated the interfacial fluctuations
from average film thickness, and solved the wavelength and amplification factor on the basis of stability analysis
theory. Recent papers by Rothmyers [19, 20] included a simulation on the full interaction of the air-water-ice field
with surface waves and ice roughness. It was showed that the local instantaneous thickness of the wavy liquid film
had an important effect on the heat transfer and icing accretion process.

To reveal the statistical characteristics of the water transport behavior, the experimental investigations were
carried out to study water dynamics at different water states. For the bead state, White [21] used a wind tunnel that
provides a turbulent accelerated flow similar to flows near an unswept wing’s leading edge. Results showed that the
droplet runback could be correlated by a Weber-number runback threshold. The experimental investigations on the
droplet shedding were conducted within a large range of wind speed and various surface wettabilities [22, 23]. The
dynamics of rivulets were also investigated under effects of the air shear and surface wettability in a wind tunnel
[24]. McAlister [25] reported a study on the wind-driven breakoff of rivulets on a horizontal plate subject to
different normal gravitational state. Muzik et al. [26] described the properties of the water film on the airfoil and its
breakup into droplets behind the profile. These expriments attributed to improving the mechanism the surface water
beads and rivulets. For the continuous films, the thickness of a horizontal film flow on a wide plane was measured in
a rectangular duct and investigated the spectral differences between the 2D and 3D wavy stratified flow patterns [27].
The interfacial wavy structure of a gas-sheared liquid film was observed, and the droplet entrainment mechanism
was investigated [28]. Zhang et al. [29] measured the water flow over an airfoil by using a digital image projection
technique under impinging aerosol droplet conditions (10~25m/s). Liu et al. [30] quantified the transient behavior of
the surface water transport process and clearly represented the relationship between the film thickness and the wind
speed by using an empirical scaling law in low-speed situations. The experiment studies showed that the thickness
of the film was at the micro scale and accompanied with high-frequency fluctuations. The survey of the literature
suggests a need for more experimental data on the liquid film under strong air shear.
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There are several characteristics of shear-driven water film, such as micro-scale thickness, complex interfacial
waves, high reflective surface, fast variation in time space and easiness of disturbution, which make the
measurement of thickness complicated. Although with so many challenges, extensive research has been done on
liquid film problems using various techniques, such as optical measurement method [27, 29], planar laser-induced
fluorescence imaging [28], laser focus displacement meter [31], and capacitance probe [32]. Although many
experimental and theoretical studies were carried out to investigate the water film flowing, most of them considered
the gravity driven films or the two-phase flow in a vertical or horizontal tube. For the shear-driven film on a large
plate, there are few previous studies reported. The objective of this study is to characterize the instantaneous
thickness of the surface water film driven by high-speed airflow in order to elucidate the detailed processes pertinent
to aircraft icing phenomenon and anti-icing systems. Experiments were conducted in order to investigate the flow
behavior of water film subjected to different shear and gravitation conditions. The measured film thickness data
were then formulated for the evolution of water film flows and superficial roughness.

II. Experiment Setup

Experiments were conducted in the open-loop ‘liquid film’ wind tunnel of the Anti-icing/de-icing research
laboratory in Beihang University, China, as shown in Figure 1. The duct body of the wind tunnel, composed of the
station section, contraction section, test section and diffuser section, is mounted on a support structure made by
stainless steel and aluminum profile, which provides the possibility to change the inclination angle of the test section.
The main part is a horizontal aluminum plate that measures 420%*130 mm?, of which the surface was polished to the
roughness of Ra < 0.2um. During the experiments, the test plate is flush-mounted to the bottom wall of the test
section. The remaining three sides are made by flat acrylic glass, which allow optical access to the test section. The
top wall is 50 mm away from the bottom. Airflow
through the bottom and top walls is generated by a
centrifugal blower. A honeycomb and two layers of
gauzes are placed in the upstream duct of the

contraction and test sections to help make the exit

flow uniform. The maximum velocity at the test @

section exit planes is about 55 m/s. —
The working fluid, distilled water, is driven by a —_

submersible pump and passes through a supplement —

vessel before entering the test section at a distance .

of 55 mm from the inlet of test section. The water .

flow-rate was measured by a pre-calibrated
rotameter with an accuracy of 5%. Before entering
the test section, the distilled water was first elevated
into a supplement vessel made of Plexiglas, which
is ideal for sealing due to its hydrophobicity. The
water then slowly entered the test section through a
100 mm length groove with a rounded edge at
downstream side, and flowed forward along the
aluminum surface driven by the airflow. At the end r
of the test plane, liquid is collected in a trap through
a slot in the bottom of the substrate, which is filled
with an absorbent sponge material to capture the
water and prevent suction of the air. As an addition,
an interception net is mounted at the end of the

diffuser section to reduce the trouble caused by (b)
entrained droplets. Figure 1. (a) Sketch of the rivulet wind tunnel, (b)

The superficial characteristics were recorded by ~ Schematic of the test section. (D straightened airflow, @
a high speed camera (Photron Fastcam mini UX100)  confocal pen, @ controller, (@) high speed camera, (5)
and the film thickness was measured using a laser  computer, (6) test section with wind-driven film flowing
focus  displacement meter (ACR-HNDS100 on the substrate, (7) water reservoir, rotameter and
produced by Schmitt Industries, Inc.) based on a  needle valve, (9) storage tank with a submersible pump,
chromatic aberrations technique. The measurement collection vessel.
point was located at the longitudinal centerline of

Liquid

3
American Institute of Aeronautics and Astronautics



the test plane and 245 mm downstream from the

outlet of the water feeding reservoir, as shown in ' '
Figure 1(b). The sensor consists of a control unit Pawer Law
and a measure head (optical pen), with a laser spot i :i ;;i " 1
diameter of 34 pm, and focal point distance of X N
37.2~452 mm. The system has 6-1/2 digit Boer U =522 mis .
accuracy with stability and noise rejection. The P
linearity of the sensor output was calibrated as Em- _
below 0.27%. During the measurement, a time §
record of 20,000 data points was collected for each 8,1 )l
run, and the time interval was 0.0005s.

In order to characterize the turbulent boundary v N o .
layer in the test section, Particle Image Velocity 00 0z 04 06 08 10
(PIV) technology was performed to give boundary- DT ST R

layer velocity profiles in the absence of water film  Figure 2. Averaged PIV measurement results of the
flows. F 1gure 2 shows th‘e tlme-avgrage velocity  boundary layer airflow over the test substrate without
profiles in the cases of different wind speeds. In  the surface water film. Measured results with U, = 17.8

the dimensionless expressions, the velocity profile /s, 30.5 m/s, 42.2 m/s, 52.2 m/s, respectively.
of the boundary layer airflows were found to

follow the law of U/U,=(z/4)"", that means a typical turbulent boundary layer flow. U is the velocity magnitude at
the point which locates z from the Aluminum substrate, and 4 is the boundary layer thickness.

The experimental parameters are listed in Table 1. All the tests were carried out at room temperature in stable
state, that is, the width of the film did not change before it reached the measurement location. The wind speed varied
between 17.8 m/s and 52.2 m/s, and the film Reynolds number, Rer varied within the range of 26 ~ 138. Rer is
defined as Q/wv,,, where Q is the volumetric liquid flow rate per second, v,, is the kinematic viscosity of water, and
the width of the film, w, was measured from the pictures taken by camera. For the wind speed and Reynolds number
in the current range, a continuous film was expected on the aluminum substrate. The experiment procedure was the
following. The surface of the aluminum was polished and cleaned with 95% alcohol before each test. Then the
distilled water was pumped into the supplement vessel where it was held until the wind speed reached steady. As a
stable shear-driven liquid film was formed on the test surface, the sensor started to measure the film thickness. Each
test was repeated three times.

Table 1. Parameters of film flow experiment.

Parameter Symbol Value Unit
Air velocity U. 17.8~52.2 m/s
Water flow rate (0] 200 ~ 1000 ml/min
Inclined angle o 0, £30, +45 °
Substrate material / Aluminum
Contact angle O 70 °

III. Results and Discussions

A. Instantaneous Film Thickness

Typical recorded results of the film thickness by the laser focus displacement meter are shown in Figures 3 ~ 5,
along with the corresponding images from the high-speed camera. The films consisted of the underlying water layer
occupied by multiple waves. The instability on the films occurred when the viscous dissipation was insufficient to
balance the energy transfer to a corresponding neutral wave[33]. Although the variations of the instantaneous film
thickness with the wind speed or film flow rate were continuous and smooth, the film flows could be basically
separated into two different flow regions: the “3D region” and the “roll-wave region”. In the 3D region, only three-
dimensional ripples appeared above the underlying water film. The ripples were characterized by small magnitude
and high-frequency and moved slowly along with the underlying water layer. When the flow-in mass increased, the
inertia of surficial water dominated the viscous force. The underlying viscous layer cannot transport the total amount
of liquid, and rolling waves formed with higher velocity and larger magnitude above the underlying layer and the
ripples. Rolling waves make the analysis of film thickness more complicated, since chasing and coalescence happen
in this region. Furthermore, the droplet entrainment phenomenon would be observed when the wind speed and flow

4
American Institute of Aeronautics and Astronautics



rate are both high. Detailed descriptions about the variation of film thickness with the flow rate, wind speed and
inclined angles are presented in the following.

Figure 3 shows the variation of large waves with the film Reynolds number Re. The left figures show the time
series of the measured film thickness, while the right images were taken by the high-speed camera simultaneously.
In the images, the crests of interfacial waves are represented by the brighter locations and the flow direction is from
left to right. The camera obtained instantaneous distributions of film thickness at 1280x1024 points, which gave a
spatial resolution of 0.04 mm. The three-dimensional wavy structure can be clearly captured, including the width
and length. The instantaneous thickness under the corresponding conditions are presented on the left in a duration of
10s. For smaller Reynolds numbers, such as Rey= 38, the film was thinner and covered with high-frequency ripples.
The ripples were orderly and steady, characterized by uniform amplitude and wave length. As the liquid flow rate
increased, the ripples quickly evolved into irregular waves with large amplitudes. These waves are also called the
Kelvin—Helmbholtz (K-H) waves. Their inception can be associated with pressure variations in phase with the wave
height [34]. These waves moved faster due to their larger amplitudes. When the rolling waves passed by, the ripples
were temporally wiped at the tail part of the rolling waves and quickly appeared again. Although the movement of
the large waves has a certain impact, it was observed that the thickness of the underlying layer and the ripples keep a
similar shape except for the increased frequency of the large wave with increasing Rey.

2000
~=1500
21000 -
= s00 [

o

Re =38 5 -45Aum J

o 1 2 3 4 5 6 7 S 9

2000 _ ___
1500 [ Re,=89  4-135um

7000 |
= 500
[]

) 1 2 3 4 5 3 7 8 9 10
2000

\
=500 Re =128 =944 um
Z1000 7
= 500 '
[ Time(s) |8

a 1 2 3 4 5 6 7 8 9 10

Figure 3. Instantaneous thickness of water film under different liquid flow rates. Wind speed U,=30.5m/s.
Liquid Reynolds number, from top to bottom, Rer = 38, 89, 128, respectively.

Both the ripples and large waves showed an obvious variation when the wind speed U, varies (Figure 4). For the
low wind speed cases, the underlying water layer was much thicker and had a smoother surface. The large-amplitude
waves were more likely to occur at lower wind speed, and the ripples on the surface were formed by the push and
squeeze from the front line of the large waves. The frequency of the ripples on the film surface reached a peak at the
maximum wind speed U, = 52.2 m/s. The curvature of the waves also increased with the increasing wind speed.
Compared to the effects from the water flow rate, the variations of the large waves with decreasing U, are reflected
not only in terms of the frequency but also the shape. This indicates that the wind speed is the main influence on the
interfacial shape. This can be explained by Kelvin-Helmholtz instability theory [33]: when a two layer fluid has
differential velocity, the interface will distort due to the momentum transfer. If only flow rate changes and the
relative velocity stays the same, the distortion of interfacial shape will be similar, and only the frequency of rolling
waves increases to transport the water mass.

8

=1500 [ U =365m's & =618 um

S TR R U PRU TR (AT R TI AANTRAN ARIE

2 4 5 7 8 9

U, =522ms & =-390mm ]

Figure 4. Instantaneous thickness of water film under different wind speeds. Liquid Reynolds number
Re=89. Wind speed, from top to bottom, U, = 17.8 m/s, 36.5 m/s, 52.2 m/s, respectively.
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0 1 2 3 4 5 6 7 8 9

2000
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Figure 5. Instantaneous thickness of water film under different inclined angles. Liguid Reynolds number Rer
is about 51. Wind speed U,=52.2 m/s. Inclined angle, from top to bottom, a. = 0° o = 30° o = 45°, respectively.

Figure 5 shows the variation of the water films flowing on the plates of different inclined angles. In this paper, if
the inclined angle was positive, it meant that the exit of the test section was higher than the inlet and the gravity had
an opposite effect of the shear stress. The figure shows the comparisons between three gravitational conditions.
Under the strong effect of air shear, gravity has a weak influence on interfacial shape. The average film thickness
and the flow patterns were in the same section. The superficial roughness shows a slight increase with the inclined
angle. For example, the roughness values for the inclined angles of 0°, 30° and 45° were 14.6 pm, 14.9 um, and 16.9
um, respectively. Since the gravity introduced a backflow tendency to water, the superficial waves needed larger
amplitudes to get a stronger driven force from the air stream, accompanied by longer lengths and intervals.

B. Average Film Thickness and Superficial Roughness

= 1 n
The time-averaged film thicknesses was calculated by o 2—21__15,. , where n is the number of the collected
i

values of the film thickness. In general, the average film thickness § gradually increases with decreasing wind

speed or an increasing film Reynolds number, but these dependences have cross-impact. In the cases of higher wind
speed, the dependences of the average film thickness on Rerare suppressed. For instance, when U, = 17.8 m/s, the
average film thickness increases from 63 um to 167 um as the film Reynolds number varies from 26 to 128, while in
the case of the maximum wind speed, the average thickness increases by 25 pm for the same range of Rey. Similarly,
for lower Rey, the average film thickness varies slightly with the wind speed.

Given a certain liquid mass flowrate and
wind speed, the local film thickness can be ) —a
related to the transport ability of the surface I 7,
water. To establish the relationship between ‘ W r ﬂ_
the film thickness and the influence factors, a Sieenas \ﬁtqgi’,, R
continuous steady water film driven by air e e ' . JTTN o
shear over the surface is considered in the — N o _ x

- - T
current work, as shown in Figure 6. Based on —

the lubrication theory [35], it is assumed that Figure 6. Schematic diagram of water film flow model
the changes across the film happen over a

much shorter length scale than those along the film, the dominant terms may then be picked out with an appropriate
p,

scaling. Since the ambient pressure will generally remain constant except the location near the inlet, =0. When

s
concentrating on the film far enough away from the inlet, the terms involving derivatives of /4 and acting to bring the
film toward its equilibrium height can be negligible [13]. A concise formula for the equilibrium height of the water
film could be obtained, which is the real root of [16]

2pgsinah® +3th® = 6uQ (1)
If the air stress equals zero, then a simpler relation can be obtained as
%
h, :(%j @
pgsina

which is known as the classical model for the thickness of falling film derived by Nusselt, which has been
proved practicable in a large range of inclined angles and liquid flow rates by experiments [31, 32]. On the other
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hand, in the case of horizontal flow or much larger air shear, the thickness of the liquid film flow can be calculated

by
h = |22 3)
T

where the viscosity of liquid # and the flow rate Q are experimentally accessible parameters to get the film
thickness. It seems that the interfacial shear stress on the water film surface, 7, becomes the key factor to determine
the film thickness. It is obviously insufficient to take the skin friction force as 7, because the skin friction force refers
to airflow along the surface of a smooth solid flat plate, and takes no account of the features of the water surface
[17]. Since even minor surface perturbation have a considerable influence on air shear stress and also increase the
interfacial friction factor, the best way to relate interfacial shear stress to airspeed and film flow rate is
experimentally.

From the previous studies on interfacial friction over a wavy gas-liquid interface, the relationship between air
speed and shear stress can be written as:

r=f%an§ “)

where fis the interfacial shear factor, U, is the mainstream air speed. There have been several correlations for f,
separately in the form of linear or power functions, depending on the experimental range of Rer and the operation
circumstances [36-38]. Through the post-processing of the data from the horizontal experiments, a correlation of the
interfacial shear will be established for the prediction of the average film thickness. Then the results under the
conditions with different inclined angles will be used as verification. Figure 7 presents the interfacial shear factor
calculated from the equations (3) and (4) versus the film Reynolds number. The results can fitthe following formula
within relative error of 20%:

f=0.106Re ' (5)

Comparisons with the previous models can validate the experimental results. Based on a commonly used
approximation in annular flow, referred to as the ‘triangular relationship’ between the time-averaged film thickness,
the liquid flow rate and the average shear stress in film [39], it is postulated that when any two of the three variables
are known, then it is possible to predict the third one. To establish the correlation, the average film thickness is non-
dimensionalized by the interfacial shear stress:

*

520 ©)
Table 2. Dimensionless film thickness reLlations and their application range
Author Application range Rey Relation
Kosky & Staub  Horizontal condense flow 13-370 8" =1.316 Regiszg
Hughmark Upward flow 25250 &' =0.874Re}’
Asali Vertical annular flow ~ 20-300  &° =0.781Re}*

Present work Horizontal plate flow ~ 26-128 6" =1.292Re}™”

where vy is the momentum viscosity of the liquid phase, u"=(zz/pr)"? is the wall friction velocity defined using
the shear stress 7 inside the liquid film and the liquid density. Considering the force balance on a steady film flow,
the shear stress across the film is equal to the interfacial shear stress. The values of 6° and dimensionless liquid rates
Reycould be obtained from the experimental data. The relationship between them is plotted in Figure 8. The present
data are compared with some widely used prediction models, showing a good agreement. The relationship derived
by Kosky and Staub [40] considers an annular condense film in a horizontal tube, which is closest to the present
conditions and gives the best prediction for the experimental results. Hughmark’s [41] model is based on the
experiments of upward annular flow. It matches the present results when Re; < 40, but over-predicts the results in
the range of large film Reynolds numbers, which is thought to be caused by the influence of the gravity. The Asali
[42] model, which is for a downward annular film flow under gas shear stress, has the same tendency with the
present results, but the dimensionless film thickness is overall smaller than that of horizontal flow.

The average thickness of the water film is the real root of the simple cubic equation (Eqn. 1). In the cases that the
gravity has the opposite direction of the shear stress, the continuous film could form on the substrate only when
shear stress is sufficiently strong. The minimum wind speeds needed in the cases of the specified inclined angles
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were calculated from the equation before the
experimental tests. Considering the stability
in running the system, the tested speeds were
higher than the theoretical values. So the
minimum wind speed in the case of inclined
angle 30° was 24.6 m/s, while in the case of
45° was 36.5 m/s. The predictions for the
average film thickness using equations (1)
and (4) were plotted against the film
Reynolds number in Figure 9. The symbols
represent the experimental measurements,
while the lines represent the theoretical

predictions. Agreement could be seen 000 m pos Py
between the experimental results and the Film Reynolds Number, Re,

predictions. It shows that the shear stress '
dominates in the film flows and the effect of
gravity is indicated in the aspect of
superficial roughness.

010 — T

0.08 |- ~

(=)
o
o
T
=

correlation

| +20%

=
o
£
T

0/ =36.5m/s

Interfacial shear factor, /°

=)
o
(x]

- AU =24.6m/s

4

o l"‘ =178m/s ¥ H.. =422m/s
© ff“ =47.7m/s T T 1
+

O U =305m/s U =522m/s

Figure 7. The variation of air shear stress with the film
Reynolds number and the air speed. The black line is the best
correlation curve proposed by this paper.

25

An important characteristic of the O U-178ms | N R A A
intensity of the film fluctuations is the root- & U -246ms it
mean-square (RMS), which can be calculated sl O U= 305mis _ , i

| o 1/2 4 U =365m/s /,’ . &
using RMS =[—Z(5[ —6) } , where n is - * U =422mis .’ ol 8
n o § ] !"ﬂ:47,71n;‘s /,’ ‘
the number of the collected values of the film j‘:‘ W U =52 5 37
tl.nc.kness. .Tl}e superficial roughness has a E LT ';’3:‘;‘& Stauh e 3
similar variation tendency to the average film = ol - Hughmark T il
thickness with the wind speed, flow rateand | =7~ -
inclined angle. Therefore, the variations of » .
the roughness height and the average film N Tl ‘ | | L
thickness are highly relevant, while the =) L 80 80 100 120 140
roughness varies more intensely. In the Filn Reynolds Number, Re,
horizontal case, the minimum value of RMS Figure 8. Comparison of measured dimensionless film
was 7.6 pm, which was about half of the thickness with correlations.

minimum average film thickness. Then RMS

increased strongly with increasing Re; and

decreasing U, due to the additional large amplitude waves, and became even higher than the average film thickness
in the cases of thicker films. The thinner films generally flowed in the 3D region, while the thicker films flowed in
rolling wave. Due to the obviously different interfacial shape, it is reasonable to establish the correlations between
the RMS and average film thickness separately for the ‘3D wave’ regime and ‘roll wave’ regime. For simplification
the form, 5= 40 pum is chosen as the transition point. Therefore, a piecewise linear relationship between the
superficial roughness and average film thickness is employed as:

AxS S <40pm

_ — (7
Bx6-C 6>40um

=

Table 3. Constant values in RMS correlation for different cases
Cases Constant A Constant B Constant C

o =-45° 0.6 0.97 12.6

a=-30° 0.58 1.1 11.4

a=0° 0.5 1.6 48.0

a=30° 0.55 1.8 49.2

o =45° 0.57 1.4 30.9
8
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Figure 9. Statistical results of the average film thickness vs film Reynolds number under the inclined
angle of (a) 0° (b) 30° (c) -30° (d) 45° (e) -45°. Different color lines are different air speed.

The constants in equation (7) were calculated from the least squares method and shown in Table 3. It can be seen
that the roughness increased with the inclined angle. When the gravity has the same direction of the air shear, the
inclined angle is negative, and the RMS will reduce if given the same average film thickness. On the other hand, if
the gravity has the opposite direction, the roughness will increase. There is an unexpected point in the case that the
inclined angle equals 45°, which should present the highest values. Since the experiments of 45° were only
conducted for thinner films, the superficial roughness was in a relatively smaller range.
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Figure 10. Variations of RMS of film thickness fluctuations with average film thickness.

IV. Conclusions

For the purpose of elucidating the detailed processes pertinent to aircraft icing and anti-icing modeling, this
study conducted the measurements of the sheared water flow film on an aluminum substrate. The experiments
involved three parameters: wind speed, film Reynolds number and inclination angle. Qualitative observation of the
superficial structure was obtained, and quantitative descriptions on the average film thickness and superficial
roughness were also well presented. The results showed that the film thickness increased with the increasing liquid
flow rate and decreasing wind speed, and the gravitation condition introduced weakly additive effects. A new
correlation for calculating the interfacial shear stress between two phases was suggested. The present time-average
film thickness data were compared with the theoretical results in a dimensionless form showing good agreement.
The correlation could be used for the prediction of the local film thickness on aircraft surface, and provide a better
understanding of the characteristics of the water film flowing during the aircraft icing process.
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