Droplet Ratio Deformation Model in Combination with

Droplet Breakup Onset Modeling

Adelaida Garcia-Magarifio!, Suthyvann Sor?

National Institute of Aerospace Technology (INTA), Torrejon de Ardoz, Madrid, 28850, Spain

and
Angel Velazquez®

Universidad Politecnica de Madrid, Madrid, Spain, 28040

Droplet deformation and breakup in the continuously accelerated flow field generated by
an incoming airfoil have been studied. The upper limit of droplet deformation and the
minimum distance to the airfoil model at which the breakup onset takes place have been
modeled. Three analytical equations have been developed based on the combination of two
models: a droplet deformation and trajectory model for droplets in a continuously accelerated
flow field; and a breakup model for droplets in the vicinity of a leading edge of an airfoil
model. The verification was made using experimental data obtained for water droplets whose
diameters were in the range from 400 microns to 1800 microns impinging on airfoils of three

different chord sizes moving at velocities from 50 to 90 meters per second. The rotating arm
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facility at INTA was used for this purpose. The analytical equations of the model were in good
agreement with the experimental data. The upper limit of droplet deformation was verified
by 95.40% of the tested experimental cases and the minimum distance to the airfoil was

verified in 99.65 % of the cases.

Nomenclature

a = half maximum diameter (mm)

ai,a2 =  air velocity fitting coefficients

as,as =  breakup criterion coefficients

Cm = model chord (mm)

d = horizontal distance to the airfoil (mm)

g =  gravity acceleration (m/s?)

tet =  characteristic deformation time (ms)

t =  characteristic flow fluid variation time (ms)
t = time (ms)

X = droplet horizontal position (mm)

y =  droplet vertical positon (mm)

o =  droplet deformation ratio

C =  dimensionless vertical droplet position

n =  dimensionless horizontal droplet position
A =  dimensionless distance to the airfoil

par =  air density (Kg/m®)

pd = droplet density (Kg/m®)

o = surface tension coefficient (N/m?)

T =  dimensionless time

To =  dimensionless initial distance to the airfoil
Cogpnere=  SPhere drag coefficient
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Cpue =  diskdrag coefficient

C» =  coefficient of proportionality (droplet deformation model coefficient)

F@@ =  dimensional droplet surface area derivative with respect to the maximum half-diameter of the distorted
droplet

Rc = leading edge radius (m)

Re =  droplet radius (mm)

Un =  airfoil velocity (m/s)

Vair = air velocity (m/s)

Vx = droplet horizontal velocity (m/s)

Vs = slip velocity magnitude (m/s)

Ve« = horizontal slip velocity (m/s)

Vg = vertical slip velocity (m/s)

We = Weber number

F(e) =  dimensionless droplet surface area derivative with respect to droplet deformation

I, = dimensionless model parameter, E% (}f—:)z]

I, = dimensionless model parameter, 9::’

IIs; =  dimensionless model parameter, gugf (::_;)

I, = dimensionless model parameter, :—Zpid (U::;d)z Rid

Vs =  dimensionless horizontal slip velocity

Vsy =  dimensionless vertical slip velocity

Subscripts

BK = breakup onset

l. Introduction

Droplet aerobreakup has been widely studied over the past century, starting with the works of Lane [1], Hinze [2],

Wolfe and Andersen [3], or Ranger and Nicholls [4-5], passing through Krezeczkowski [6], Pilch and Erdman [7],
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O’Rourke and Amsden [8], Wierzba and Takayama [9], Wierzba [10] or Hsiang and Faeth [11-12] up to more recent
works of Han and Tryggvasson [13-14], Luxford et al. [15-17], Chen[18], Guildenbecher [19], Theofanous et al [20-
22] or even more recently the works of Shao et al [23], Ashar et al [24], Pervukhin et al [25], Luo et al [26] and Liu
[27]. A literature review is out of the scope of this article; however, the important thing to be noted here is that none
of the previous works addressed the specific situation of droplets in the vicinity of airfoils, which is important, among
others, in the context of supercooled large droplet (SLD) ice accretion on wing surfaces. The most similar situation is
when droplets are suddenly exposed to a constant high velocity airstream. This, in fact, was applied [8] in some
previous studies regarding SLD ice accretion. However, for droplets located in the leading edge vicinity of an
incoming airfoil, the slip velocity increases continuously with time as opposed to a constant velocity air stream. For
these unsteady conditions, little information is available in the literature. The first approach to this situation is the
work of Vargas and Feo [28]. Vargas and Feo [28], in an INTA-NASA cooperation conducted an experimental study
in which a rotating arm facility (where an airfoil is placed at the end of the arm) equipped with a high-speed imaging
system was used to gather information on a series of water droplet global parameters as they intersected the airfoil
path. Though water droplets were at ambient temperature, supercooling has appeared to have no effect on droplet
deformation as concluded by Veras-Alba et al [29]. This experiment [28], that involved extensive visualization, could
be considered as a first approach providing experimental insight into the phenomenon. It covered droplets diameters
up to 500 microns and one airfoil chord. As a continuation, further experiments were also conducted by Vargas et al
in 2011 [30] and 2012 [31] in the rotating arm facility at INTA for water droplets with diameter ranging from 500
microns to 1800 microns, airfoil velocities from 50 m/s to 90 m/s and for three airfoils chord sizes of 0.21 m, 0.47 m
and 0.71 m. From the analysis of those experiments, a set of investigations were conducted [32-36]. First, in the work
of Garcia-Magarifio et al [32], the deformation and breakup of four droplet diameters (0.354 mm, 0.580 mm, 0.782
mm and 1.056 mm) were presented and studied. The authors concluded that the transient effects (associated to the fact
that the slip velocity past the droplets continuously increased) play a relevant role. At the same time, Sor et al [33-34]
developed a droplet deformation and trajectory model for droplets in the stagnation line of a moving airfoil, that proved
to be considerably more accurate than previous models. Finally, two breakup criteria were proposed by the authors.

First, Garcia-Magarifio et al [35] developed an empirical breakup criterion that allowed to determine when breakup
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takes place and second, in a very recent study, Pablo et al [36] used an instability model based on the growth of
Rayleigh-Taylor waves at the droplet surface. The first of these criteria will be used in this investigation.

Recently, additional attention has been paid to the importance of unsteadiness in aerobreakup [37-39]. Kékesi et
al [37] investigated numerically the unsteady deformation and breakup of an initially spherical drop in the bag and
shear breakup regimes, induced by steady disturbances. They concluded that further development should be achieved
by accounting for acceleration terms rather than from the investigation of stationary drops. The need of investigation
of the unsteady effect of the droplets drag coefficient including the droplet deformation and internal circulation for
modelling purpose is well presented by Shao et al [38], who addressed the issue numerically. They studied unsteady
drag coefficient of liquid droplets by using a mass conserving level set method in the context of liquid atomization.
Therefore, the droplets acceleration considered is the one of those immersed in a continuous air jet, which is a
decelerating relative flow. They were only interested in droplet deformation, and therefore only Weber numbers up to
10 were considered to avoid droplet breakup. They concluded that the unsteady drag coefficient was always larger
that the steady drag coefficient for the decelerating relative flow. Another interesting recent work is the one of Meng
and Colonius [39] in 2017, that specifically argued in the introduction section that a definitive understanding of
aerobreakup remained elusive. They studied the aerobreakup of a water droplet in the flow behind a normal wave
numerically and the results suggested that the phenomenology of stripping may be better described as the simultaneous
flattening and stripping of liquid material. They finally concluded that the droplet deformation alters its drag properties
and unsteady effects become dominant. Unsteadiness could be even more important when instead of a constant high
air streams, droplets are subjected to a continuously accelerating air stream such as in the vicinity of the leading edge
of an airfoil. In this context, there is still a gap of knowledge in the underlying physics that lead to the breakup in this
type of air flow (continuously accelerated). New experiments and simulations should be performed, and to this end it
would be very useful to determine the conditions for the breakup.

The present article studies the breakup of droplets due to the flow field generated by an airfoil moving towards the
droplet. Droplets initially deform as oblate spheroid and at some point, before the airfoil would impinge the droplet,
this droplet starts the breakup under certain conditions. There are two quantities that would be very important to define
new experiments to study this phenomenon: the distance to the airfoil at which droplets break up and the cross-stream

diameter at that point. Increasing the distance to the airfoil at the breakup onset, the evolution of the breakup observed
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would also be increased. Therefore, it would be necessary to have a minimum distance to the airfoil to study the whole
phenomenon. On the other hand, previous studies such as those of Stefanitis et al [40] and Yang et al [41] seem to
indicate that the cross-stream diameter of the flattened droplet at breakup onset is related with the actual breakup
mode. Stefanitsis et al [40] conducted a numerical investigation of the aerodynamic breakup of Diesel and heavy fuel
droplets. A parametric study was performed for the Ohnesorge number and the density ratio and their effect on the
breakup mode and on various parameters such as the droplet deformation, surface area, drag coefficient and breakup
initiation time was discussed. They finally concluded that the increase of Weber number resulted in an increase in the
rate of the deformation of the droplets. Yang et al [41] studied the transitions of deformation to bag and to bag and
stamen breakup for droplets subjected to a continuously gas flow (steady flow of air). Results indicated that the
breakup modes were determined by the ratio of the cross-stream diameter of the flattened droplet to the wavelength
of the most unstable Rayleigh-Taylor, being this wavelength depended only on the surface tension, droplet density
and acceleration. Therefore, the droplet deformation or cross-steam diameter is an important factor that defines the
droplet breakup mode.

The purpose of this investigation is to obtain simple expressions, for droplets in the vicinity of the leading edge of
an airfoil, of the droplet deformation and the distance to the airfoil at the breakup onset. These simple expressions will
be obtained by combining the Garcia-Magarifio’s droplet breakup criterion [35], which relates the Weber number at
the breakup onset to the ratio of the characteristic times involves, and the Sor’s droplet deformation and trajectory
model [34], which consists of three dynamic equations for droplets position and deformation. Some hypotheses are
assumed in order to reduce to order of the dynamic equations and simplify the problem. In particular, it is assumed
that the droplet velocity and displacement are small, the air velocity behaves as a simplified analytical function and
droplet breakup occurs when the droplet is deformed, which simplifies the surface area expression. These simple
expressions will allow for defining experiments to study the droplet breakup in the vicinity of a leading edge of an
airfoil. First, both the droplet deformation and trajectory model and the breakup criterion used are described, and the
hypotheses are presented. Then, the simple expressions for maximum droplet deformation and its minimum distance
to the airfoil are obtained by combining the previous models. The experimental setup is described next and the simple

expressions are verified with the experimental data. Finally, results are discussed leading to the conclusions.
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I1.  Droplet Deformation and Trajectory Model

A droplet deformation and trajectory model for droplets in the vicinity of an airfoil was formally derived in a
previous article [34]. It was assumed that the droplet deforms as an oblate spheroid and that the total volume remains
constant during the deformation process. The model consists of three equations: two dynamics equations that represent
the equilibrium of forces in the horizontal and vertical directions and one deformation equation. For the equilibrium
of forces in the vertical and horizontal directions, the forces considered are the drag force and the gravity force. The
drag force is modelled as the sum of a steady term plus an unsteady term. The steady drag force term is modelled as
the interpolation between the drag of a sphere and the drag of a disk, being the interpolation coefficient dependent on
the degree of deformation of the droplet. The unsteady drag force is modelled as a function of the time derivative of
the slip velocity between the droplet and the air. The deformation equation represents the equilibrium of forces of
half-droplet, for which the surface tension force and the pressure forces are considered. The pressure forces are
assumed to be proportional to the dynamic pressure and the area, being the proportionality coefficient obtained from
experimental data [42]. The variables of the equation are the horizontal and vertical position of the droplet, x and y,
and the maximum half-diameter of the distorted droplet, a. The following dimensionless variables and functions are

defined as follows:

X Yy _a _tUm
"“Re TR TR TR
Vix Vs‘y F(a)
V=2, Vg=-2, Fla)=
S Um Y m Rd

where R, is the droplet undistorted radius, R, is the airfoil leading edge radius, U, is the airfoil velocity, V,, and
Vs, are the horizontal and vertical component of the slip velocity between air and the droplet, and F(a) is the droplet
surface area derivative respect to the maximum half-diameter of the distorted droplet. The final dimensionless

equations of the model are the following, where the third equation is the one related to the deformation:

d27’] 3 3 1 dv
— 2 2 (1/a)’ | ~1-(1/a) sx
dt? - nlwsxa [(CDsphere CDdisk ) + (HZ aZWEX dt )] (1)
dZ( 3 3
_ 2 (Rg/a) 1-(Rg/a)
dTZ - _Hla stvsy (CDSZhere ) CDdiskd ) t H3 (2)
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where

9R,
1, =
2 Rc
n3:gRC(&)
Uh \Rq
_ 16 0( R, )2 1
" 31 pg \UpnRq) R4

The variables in previous equations are the dimensionless droplet horizontal position 1, the dimensionless droplet
vertical position { and the droplet deformation «, while I1,, II,, I13, and IT, are model parameters. For the definition

of the model parameters, C Dsphere stands for the drag coefficient of a sphere which depends on the Reynolds number,

CDdisk stands for the drag coefficient of the disk, pg;- is the air density, p, is the droplet density, g is the gravity

acceleration and o is the surface tension between the air and the droplet liquid. The IT, parameter, which is a ratio of
densities, contains information of the relative importance of the pressure forces acting on the droplet. The
dimensionless I1, parameter is proportional to the relation between the droplet radius and the airfoil leading edge ratio.
The droplet radius determines the droplet inertial while the airfoil leading edge radius is an indication of the air
acceleration. Therefore, the I1, parameter contains information of the importance of the non-stationary term in the
droplet drag coefficient of the model. The dimensionless I1; parameter contains information of the gravity forces and
finally the dimensionless I1, parameter contains information of the relative importance of the surface tension forces
and could be considered as a generalized form of the Weber number that includes implicitly the non-stationary terms.
Note that the 1, parameter is an adapted ratio of inertial to surface tension forces being inversely proportional to the

Weber number multiplied by the square of the I1, parameter.
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I11.  Droplet Breakup Criterion

Recently, a droplet breakup onset criterion was proposed by the authors for droplets in the vicinity of the leading
edge of an airfoil [35]. During the deformation period, the maximum droplet diameter increases while the minimum
diameter decreases. However, there is a point at which the minimum diameter stops to decrease and start to increase.
From that point on, the droplet stops being an oblate spheroid and this point is the definition of the breakup onset in
the criterion. The breakup criterion is based on the idea that droplet breakup should be governed by the relation
between two characteristics times:

e The characteristic droplet deformation time, ¢ 4., which is defined using the analogy between the droplet

and the spring-mass system as follows:

4 3
3TRa™pa
taer = 5

e The characteristic flow field variation time, ¢, which is defined as the slip velocity magnitude between

the droplets and the air, 1, divided by its time derivative:
Vs
b1 =@

dat

On the other hand, the breakup is assumed to be defined by the Weber number, which represents the relation

between the pressure forces that tend to deform the droplet and the surface tension that opposes to the deformation:

— pairVSZZRd
o

We

Using a large amount of experimental data (see Ref. [35]), a linear correlation was obtained between the Weber
number at the breakup onset and the two characteristics times previously discussed. Finally, according to this criterion,

breakup starts when the following condition is attached:
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t
We = as + aq :ef

ff

(4)

where as = 17.53 and a, = 17.89.

Eq. 4 is expressed as a function of the variables and the parameters defined in previous section Il as follows:
25611, 8 |1 1 dv,,
— VY2 = + — |— — 5
or I, x4 7T %63 /m V, dt ©)

In the end, this breakup criterion established a condition in the slip velocity and its derivative with time (that leads

to droplet acceleration) for the breakup to start. The slip velocity also appears in the deformation equation of section
I and is a function of time. If the model of section Il was integrated in time, then this condition could be evaluated at

each time and when it occurs it would determine the onset of breakup.

IV. New Combined Model

The purpose of this paper is to combine the two previous models briefly explained in sections 11 and 111 to obtain
a simplified combined model that allows for the calculation of both the deformation and the distance to the model at
breakup onset. First, some simplifications are made regarding the slip velocity and the droplet distance to the airfoil
by assuming some hypotheses near the breakup onset. By means of these simplifications, the breakup time can be
obtained directly from Eq. 5. On the other hand, Eq. 3 can be integrated and by introducing the breakup time, the
deformation at the breakup onset is calculated. Distance between the droplets and the airfoil at the breakup onset could

also be calculated based on the breakup time obtained and the simplifications regarding this distance.

A. Assumptions near breakup onset

Due to the fact that breakup onset typically occurs near the airfoil, and that the airfoil typically moves at much
higher velocity than the droplet, some additional assumptions can be made in order to simplify the equations. These
assumptions will be reasonable as long as indeed droplet breakup occurs near the airfoil, and the droplets velocity is
small. The following assumptions were made near the breakup onset:

e The droplet horizontal velocity is considered to be small compared to the air velocity. Under this hypothesis,

the slip velocity can be approximated by the air velocity:
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(Vx)breakup « (Vair)breakup ‘ﬁ (st)breakup = (Vair)hreakup
s—Vair X

The slip velocity is typically less than the air velocity, and therefore this assumption implies an overestimate
of the pressure load on the droplet and, consequently, an overestimate of the droplet deformation. The error

of this assumption, calculated from experimental data, is less than 5%.

e The air velocity, at a first approach, is supposed to behave as % = a,e%" where a; = e~%% whichisin

m

good concordance with the flow field in the stagnation line of an airfoil. The 7, value is the dimensionless
time that the airfoil would take to reach the initial position, or in other words: the dimensionless initial
distance to the airfoil. The value of a, would depend on the airfoil used. It has a value of a, = 1.5 for the
experimental data obtained in this investigation.

o When the droplet is already deformed, the surface area derivative can be approximated as follows:

F(a) = 4nta

o Finally, it is assumed that the droplet horizontal displacement is small compared to the distance to the airfoil.
This implies that the distance to the airfoil d is known as a function of time. If the time at which the breakup
onset is obtained and the initial distance to the airfoil is known, then the distance to airfoil at the breakup

onset is as follows:

Under these hypotheses, the time, the deformation and the distance to the airfoil at the onset of the breakup are

obtained. The final dimensionless expressions are:

1 o (a5H4 + gazasxfn_zt)

=1y ——1In| — 5
Te =To =5, " 256 I, ®)
3 Cp 8
apg = am(asm + 38206y H4> (6)
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1 9_7'[((15“4 +§a2a6\/1—[—4)

Apg = —1
BK = a, '\ 256 I,

U]

The deformation at the onset of the breakup given by Eq. 6 must be an upper limit of the actual breakup found due

to the fact that typica"y (st)breakup < (Vair)breakup-

V.  Experimental Data

Experimental work developed in collaboration with National Aeronautics and Space Administration (NASA)
yielded a large amount of data on the evolution of water droplets diameters between 400-1800 microns impinging on
airfoils of three different chord sizes moving at velocities from 50 to 90 meters per seconds [30-31]. Though the results
and the description of the experiments have already been published [30-32], for the sake of completeness, the
experimental setup and the description of the experiments follow. Experiments were taken at the rotatory arm
installation at the Instituto Nacional de Técnica Aeroespacial (INTA) in Spain. Figure 1 shows a photograph of the
experimental setup. As observed in the figure, the experimental setup consisted of: the droplet generator, the rotating
arm unit, the airfoil model and the acquisition system (a camera and a power illumination source). The rotating arm
units consisted of an arm of length 2.2 m that rotates at velocities up to 400 rpm and at whose end each airfoil was
attached. Droplets were generated by a monodispersed TSI MDG 100 and were allowed to fall in the path of an
incoming airfoil. A range of droplets diameters between 400 pum and 1800 pum were obtained by varying the flow rate
entering the generator, the orifice diameter through which the jet is emerged and the frequency at which this jet is
vibrated. In order to acquire the data, a Photron SA-5 camera was used to obtain shadowgraph images at 75,000 fps,

while a 2,000 W xenon lamp illuminated from the back.
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Fig. 1 Experimental setup.

Three airfoils models, the ones shown in Fig. 2, of the same airfoil profile and different sizes were used in the
experiments. The airfoil span was the same in three cases and equal to 200 mm. The dimensionless coordinates of the
airfoil profile can be seen in Table 1. A rather blunt airfoil was chosen to simulate the thickness of the commercial

aircraft. Table 2 shows the dimensions of each airfoil model.

DBKUP 001
100
0
-100
-200
oo 500
0
DBKUP 002
100
0

-100
-200

0
500
200
DBKUP 003

100
0
-100

200
500
200

Fig. 2 Airfoil models view.

Xairfoil/Cm Zairfoil/Cm Xairfoil/Cm Zairfoil/Cm
1.000 0.000 0.241 0.200
0.937 0.014 0.211 0.196
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0.877 0.028 0.183 0.191

0.818 0.044 0.157 0.183
0.762 0.059 0.133 0.173
0.707 0.076 0.110 0.162
0.655 0.093 0.090 0.150
0.604 0.110 0.072 0.136
0.556 0.127 0.056 0.121
0.510 0.143 0.042 0.105
0.465 0.158 0.030 0.089
0.423 0.171 0.020 0.072
0.383 0.183 0.012 0.055
0.344 0.192 0.006 0.041
0.308 0.198 0.002 0.032
0.274 0.200 0.000 0.000

Table. 1 Airfoil profile coordinates.

Airfoil Name Chord, c,, Rc Thickness
DBKUP 003 690 mm 103 mm 276 mm
DBKUP 002 470 mm 70 mm 187 mm
DBKUP 001 200 mm 30 mm 80 mm

Table. 2 Airfoil profile coordinates.

The flow field velocity was measured in advance by means of a TSI Particle Image Velocimetry (PI1V). Two pulsed
Nd:Yag 190 mJ lasers were used to illuminate the flow at two consecutive instants. The time between these two pulses
varied from 1.1 and 200 ps. Each pair of images containing the two laser pulses respectively were recorded by a Power
View Plus 4MP camera of resolution 2018 x 2048 pixels with different set of lenses. Olive oil particles of 1 um of
diameters were used to seed the flow, being this olive oil particle size small enough to follow the flow. A synchronizer
was used to take the pair of images at the instant at which the model is placed at a certain position in its rotation, which
can be chosen in each run. Additional details of the PIV characterization of the flow field generated by these airfoils
is given in the work of Garcia-Magarifio [32]. The dimensionless air velocities for both the vertical and horizontal
planes are shown in Fig. 3. Finally, the approximation used in this investigation for the dimensionless air flow
generated by the airfoil versus the dimensionless horizontal distance to the airfoil in the stagnation line versus the

experimental data obtained by the PI1V is plotted in Fig. 4.
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the airfoil.

Finally, the images obtained of the droplets are analyzed to obtain the droplet trajectories and their deformation as
the airfoil approached them by means of an in-house software called SITEA. An example of three frames of the images
recorded used for the analysis of one droplet are shown in Fig. 5. On the left, the first frame used for the analysis can
be observed. In this case, the second droplet is chosen to be analyzed and is marked by a red rectangle superimposed

to the image. The middle image in Fig. 5 shows an example of an intermediate frame used for the analysis and the
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image on the right corresponds to a frame where the airfoil appears in the image. First, the droplets are tracked
obtaining the maximum and minimum diameter of the superimposed ellipse and its position in each frame, thus
obtaining these droplets magnitudes versus time. Figure 6 on the left shows the maximum and the minimum diameter
of the superimposed ellipse. As observed, the maximum diameter increases with time while the minimum diameter
decreases with time up to a point where the minimum diameter stops decreasing. At this point, the minimum diameter
has a minimum. Based on the assumption of an oblate spheroid, the volume of the droplet is calculated and the diameter
of an equivalent sphere of the same volume is plotted in the same figure. It can be observed that the equivalent diameter
remains constant up to the point where the minimum diameter has a minimum. This means that the hypothesis of an
oblate spheroid is no longer valid past this point and this is used to define the breakup onset. The breakup time is thus
obtained as the point at which the minimum diameter has a minimum. Figure 6 on the right shows the droplet
deformation defined as the maximum diameter divided by the droplet diameter. On the other hand, Fig. 7 on the left
shows the evolution of the droplet horizontal position versus time. The droplet position versus time is fitted by an
exponential curve as observed in the same plot. The droplet position is derived using the prescribed fitting and the
droplet horizontal velocity is shown in Fig. 7 on the right. Then, the model is detected manually when it appears in
the frames recorded (see right image in Fig. 5), thus allowing for the calculation of the model position at each frame
and, also, for the distance between the droplets and the airfoil versus time. Knowing this distance, the air velocity is
calculated using the approximation shown in Fig. 4 and the slip velocity between the droplet and the air is calculated
as the difference between the droplet velocity and the air velocity. Figure 7 on the right shows the droplet velocity,

the air velocity and the slip velocity versus time.

#2164
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Fig. 5 Example of 3 images obtained from experimental tests corresponding to the analysis of one droplet.
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Fig. 7 Example of the data analysis: droplet position (left) and velocity (right).

A total of 4902 droplets were analyzed including the three airfoils models, moving at five airfoil velocities of 50
m/s, 60 m/s, 70 m/s, 80 m/s and 90 m/s, and covering droplets from 400 um to 1800 um of diameter, exhibiting
breakup onset a total of 1158 droplets. These experimental data were used to validate the results of the combined

model.

17
Published by the American Institute of Aeronautics and Astronautics, Inc., with permission. Complete Citation:
Garcia-Magarifio, A., Sor, S., & Velazquez, A. (2021). Droplet ratio deformation model in combination with droplet
breakup onset modeling. Journal of Aircraft, 58(2), 310-319. https://doi.org/10.2514/1.C035942



https://doi.org/10.2514/1.C035942

VI. Results and Discussion

Equation 6 provides a simple expression to calculate the droplet deformation at the breakup onset as a function of
the I1, parameter. Due to the hypothesis assumed, this expression would be an upper limit. Figure 8 shows the
deformation of the droplets at the breakup onset obtained during the tests versus the I1, parameter for all the cases
tested (more than 1150 droplets), which includes droplets diameters from 400 um to 1800 um, airfoil velocities from
50 m/s to 90 m/s and airfoil chords between 200 mm and 690 mm. The I1, parameter decreases with the airfoil velocity
and the droplet radius and increases with the airfoil leading edge curvature. The function of Eq. 6, that provides the

upper limit of the deformation of the droplets at the breakup onset, is also plotted as a solid blue line in Fig. 8.
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Fig. 8. Comparisons between experimental data and droplet deformation upper limit expression of Eq. 6.

It can be observed in Fig. 8 that the new combined model approximates an upper limit of the experimental data,
as expected. The percentage of experimental cases that verifies the upper limit of deformation provided by the model
was 95.40%. Also, it is observed in Fig. 8 that the deformation at the breakup onset reaches a maximum for a value
of the I1, parameter close to 1. This has a physical meaning. There is a relation between the I1, parameter and the
characteristic times of droplet deformation ¢,.f, and the flow field variation t;,. The characteristic deformation time

is defined based on the analogy of a mass-string system and droplet deformation [8] as follows:
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For bigger droplets (I1, smaller), the surface tension forces are smaller and therefore larger deformations would
be expected. However, if the flow field variation times are smaller (I1, smaller, see equation (8)), for bigger droplets
(11, smaller), it takes more time for the droplets to notice the pressure forces and therefore the droplet deformation
would be smaller. Finally, since there are two opposite tendencies, there should be a maximum as found in Fig 8.
Therefore, to obtain larger deformation, the proper selection of I1, parameter is required.

It is, also, important to know the minimum distance at which droplet breakup takes place as calculated by Eq. (7).
First, it determines whether the breakup actually takes place, and, second, the breakup distance would be an important
parameter to calculate the secondary droplets trajectories and estimate whether they will impinge or not onto the airfoil
surface. Figure 9 shows the dimensionless distance between the droplets and the airfoil at breakup onset versus an
adapted ratio of densities, the so-called I, parameter, and an adapted ratio of inertial to surface tension forces, the
so-called I1, parameter. Experimental points are displayed in the plot as red marks, corresponding to all the cases
tested, which comprises droplets diameters from 400 um to 1800 pm, airfoil velocities from 50 m/s to 90 m/s and
airfoil chords between 200 mm and 690 mm. Also, the function provided by the combined model for the dimensionless

minimum distance at which droplet breakup takes place, calculated by Eq. (7), is displayed as a surface plot. First of
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all, it can be observed that almost all the experimental breakup distance points are above the minimum distance
calculated by Eq. (7), as expected. The percentage of experimental cases that confirms the minimum distance to the
airfoil provided by the model was 99.65%.

Secondly, only positive values of Eq. (7) have been plotted in Fig. 9. The reason is that Eq. 7 of the combined
model provides an expression to determine the minimum distance between the droplets and the airfoil when droplets
start to breakup. According to the combined model, droplets start to breakup at some point up to when droplets reach
this minimum distance to the airfoil. However, there are cases where droplets do not breakup before impinging on the
airfoil. In those cases, the airfoil intercepts the droplets before the droplets start to break. However, if we could imagine
that the droplets were not intercepted by the airfoil being the airflow velocity encountered by the droplets continuously
increasing with the same trend, there would be a point when droplets would start the breakup. The maximum
hypothetical distance for this to happen between the droplets position and the position that the airfoil would have
reached at the same time is provided by Eq. 7. The negative value given by Eq.7 would indicate that the distance is
hypothetical, or in other words, the airfoil position is ahead the hypothetical droplet position. This means that droplets
should breakup at some point up to where the airfoil has passed the droplets by the distance provided by Eq. 7, which
means that breakup of droplets before impinging on the airfoil can be neither confirmed nor denied. On the contrary,

positive distances provided by Eq. 7 mean that breakup necessarily occurs before impinging.
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Fig. 9: Comparisons between experimental data and droplet minimum distance to the model as given by Eq. 7.
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Finally, it can also be observed in Fig. 9 that the dimensionless minimum distance calculated by Eq. 7 is higher
than 1 for some values of the parameters I1, and I1,, which means that for those cases breakup occurs at distances
higher than the airfoil leading edge radius. This is relevant because it implies a large distance and, therefore, studies
regarding the dynamics of the secondary droplets of the breakup are extremely important to calculate the catch
efficiency in these cases. However, additional confirmation on this is needed since one of the assumptions was that

droplet breakup occurs close to the airfoil.

VII.  Conclusions

A droplet deformation and trajectory model and a droplet breakup criterion have been combined to analyze droplet
behavior in the stagnation region of a moving airfoil. The situation is relevant because the flow is unsteady in the
reference frame of the droplet. In fact, in that reference frame, the flow accelerates continuously and this is the main
difference with previous studies dealing with droplet deformation, dynamics, and breakup.

The combined model that has been developed, that can be summarized as a set of three simple relations, allows
for the estimate of maximum droplet deformation, droplet minimum distance to the airfoil and time needed to reach
breakup onset. This combined model uses four hypotheses that are reasonably met in applications that involve aircraft
lifting/control surfaces when passing through rain laden regions. These hypotheses are: 1) droplet horizontal velocity
is small as compared to incoming airfoil velocity; i.e.: the slip velocity can be approximated by the airflow velocity;
2) airflow velocity in the stagnation region can be approximated by an analytical function that resembles that of a
“virtual” potential flow; 3) the droplet deforms as an oblate spheroid and in the limit of larger deformations, its area
derivative can be approximated by the leading term of a series expansion; and 4) droplet horizontal displacement is
small as to compared to the distance to the airfoil. The unsteady effects of the flow field enter the three model equations
via the slip velocity and its time derivative (both time dependent). For the purpose of generalization, these two
functions (time dependent velocity and its derivative) depend on the shape of the approaching body so, in principle,
the model could be applied to shapes different from an airfoil. In fact, it suffices to know the functional time
dependency of the incoming unsteady flow.

On the conceptual side, the model is based on a weighted comparison between the droplet characteristic
deformation time (based on an analogy to a spring-mass system) and the flow variation characteristic time. This is, of
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course, an ansatz type of hypothesis and it is subject to criticism. However, given the unsteady nature of the problem
under consideration, it seems natural that the main governing parameters might be related to functional ratios of the
characteristic times of the problem. In this context, one open question is why the model stops in the first derivative of
the slip velocity. In principle, given the functional nature of the time-dependent flow generated by an incoming blunt
body, higher time derivatives should be considered as well. However, experimental verification shows that the
inclusion of the first derivative of the slip velocity is enough. If it is assumed that droplet breakup is related to the
amplification of Taylor waves on the droplet surface caused by droplet bulk acceleration, only momentum transfer
from the incoming flow to the droplet and its time variation should be considered; and this may qualitatively justify
the hypotheses made. However, the authors believe that, in this frame, there are questions that still remain open and
that they might be addressed in a future work.

The developed theoretical model has been verified by means of performing an experimental campaign on a rotating
arm facility. Specifically, the predicted maximum droplet deformation at the breakup onset was verified by the 95 %
of the experimental cases tested. Following the same trend, minimum distance to the airfoil and maximum breakup
time was verified by 99 % of the experimental cases. This is surprisingly good and shows that the hypotheses used to
develop the model are consistent. However, some critical questions remain open. In particular, the Weber number at
the breakup onset has been related (functionally) to the ratio of droplet deformation time to flow variation
characteristic time; and this functional behavior involves two coefficients (as and as in equation (4)) whose values are,
basically, the same: 17.5 and 17.9 respectively. These two coefficients could be seen as fitting coefficients. So the
question is why they are basically equal, and what their dependency would be on the problem parameters that have
not been changed; i.e.; the types of fluids used in the experiments, and the type of time dependent fluid flow that has
been considered. The authors expect to address these questions on a future work that should of a more fundamental

theoretical nature.
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