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Abstract. Transmission line icing severely threatens the
safety of the power grid. Accurate prediction of the stick-
ing efficiency (the proportion of supercooled droplets that
remain on the conductor after impact, excluding bouncing
and splashing) is critical for preventing and mitigating ic-
ing disasters. Traditional prediction models for sticking ef-
ficiency typically exhibit significant errors under complex
conditions (e.g., varying wind speeds and precipitation in-
tensities), thereby limiting their practical applications. To
overcome this limitation, a two-stage coupled model based
on coaxial digital holography was proposed. In this model,
the diameters, velocities, and collision angles of supercooled
droplets were accurately measured and incorporated into a
two-stage framework that couples droplet impact dynam-
ics with thermodynamic processes to calculate sticking ef-
ficiency. For the laboratory and field-validation cases exam-
ined in this study, the prediction errors of the proposed model
remained below 3.5 % under various conditions, representing
a significant improvement over traditional models and under-
scoring its enormous potential in engineering applications.

1 Introduction

Accidents (such as tower collapses, wire breakages, and
flashover trips) caused by transmission line icing seriously
threaten the safety of power grids. Therefore, accurately pre-
dicting transmission line icing conditions is crucial for pre-
venting and mitigating ice-related disasters (Wang et al.,
2024). Among various prediction methods, physical icing
models are considered the most precise paradigm for predict-
ing transmission line icing, and the accurate calculation of
their relevant parameters has long been a focus of researchers

(Hou et al., 2024). In physical icing models, the ice accretion
rate on transmission lines is typically determined by the col-
lision efficiency, sticking efficiency, and freezing efficiency
of supercooled raindrops. In the present study, sticking ef-
ficiency is defined as the fraction of incident supercooled
droplets that remain adhered to the conductor surface after
impact, excluding losses caused by rebound, splashing, and
aerodynamic stripping. Among these, sticking efficiency has
long been regarded as a challenging and overlooked aspect of
research. In recent years, although some progress has been
made in calculating sticking efficiency through numerical
simulations and artificial intelligence applications, there are
still significant deficiencies in experimental observations and
theoretical modeling of the sticking efficiency mechanism.
Makkonen and Stallabrass (2019) have utilized high-speed
photography to observe droplet impact dynamics, which im-
proves the accuracy of droplet velocity measurements but
fails to accurately determine the collision angle of droplets
impacting the transmission line surface. Jiang et al. (2021)
have employed Laser diffraction-based characterization to
measure the particle size distribution of raindrops in freezing
rain; however, it’s unable to measure the three-dimensional
(3D) motion vector of single droplets (Jiang et al., 2021).
Kringlebotn Nygaard et al. (2013) have modified the Makko-
nen model for wet snow accretion by introducing an adhesion
parameterization scheme based on liquid water content, but
it still could not describe the complex impact process of su-
percooled water droplets (Kringlebotn Nygaard et al., 2013).
Liu et al. (2024) have introduced physics-informed neural
networks (PINNs) to solve the icing flow field. Although the
accuracy is high within the interpolation range, the model’s
extrapolation ability under high turbulence conditions is poor
due to the lack of physical constraints for extreme splashing
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scenarios (Liu et al., 2024). Snaiki et al. (2024) have devel-
oped a neural network based on meta-heuristic optimization,
which improves data fitting but relies on macroscopic obser-
vational data from meteorological stations and lacks an ex-
planation of the micro-physical mechanisms of icing (Snaiki
et al., 2024). The computational fluid dynamics-discrete el-
ement method (CFD-DEM) coupled model established by
Gao et al. (2024) considers the two-way coupling of micron-
sized droplets and conductor vibration but neglects the shear
effect of oblique droplet impact (Gao et al., 2024). In sum-
mary, current research on the sticking efficiency of transmis-
sion line icing faces problems of missing measurements for
wind speed, temperature, particle size, and collision angle,
failing to comprehensively account for the combined effects
of dynamic and thermodynamic factors during the icing pro-
cess. Limited by these issues, existing icing collection rate
models often exhibit errors exceeding 30 % under complex
operating conditions, making it difficult to meet the needs of
practical prediction.

Digital holography technology records and reconstructs
the interference patterns of light waves, and when combined
with image processing technology, it can acquire informa-
tion about particle number, size, shape, and spatial distribu-
tion (Gao, 2024; Javidi et al., 2021; Khodadad, 2024). In
the present context, this means that the reconstruction does
not rely on an a priori assumption of spherical particles and
can therefore be applied to droplets or fragments with non-
spherical or dynamically evolving shapes. With the rapid de-
velopment of computers and high-resolution CCD or CMOS
sensors, it has been widely used in fields such as medical
imaging (Huang and Cao, 2024; Mihaylova, 2024), holo-
graphic projection (Blinder et al., 2022), cloud microphysics
(Chambers et al., 2024; Fuchs et al., 2025), non-destructive
testing (Osten and Pedrini, 2022), and particle field measure-
ment (Kumar and Hong, 2025; Yang et al., 2024). Build-
ing on this, this study employs a coaxial digital holographic
3D measurement system to achieve synchronous and pre-
cise measurement of the particle size distribution, spatial
motion trajectory, and collision angle of supercooled rain-
drops. Based on these measurements, this study develops a
two-stage coupled model for icing sticking efficiency that in-
tegrates the dynamic collision process with thermodynamic
solidification. The proposed model overcomes the limitations
of traditional isolated models, which are typically applicable
only to specific scenarios. For the validation cases consid-
ered in this study, the prediction error of sticking efficiency
is reduced to below 3.5 % relative to the corresponding lab-
oratory or field reference values, providing technical support
for early warning and protection against transmission line ic-

ing.

Atmos. Meas. Tech., 19, 4491-4503, 2026

P. Zhang et al.: Study on supercooled droplet sticking efficiency

2 Theoretical background

Transmission line icing is fundamentally a dynamic process,
in which supercooled raindrops collide with the conductor,
then adhere, and finally freeze and accumulate. The outcome
of a supercooled droplet’s impact is jointly determined by
both the dynamic attachment process and the thermal freez-
ing process (Fu et al., 2000).

The dynamic attachment of a supercooled droplet to the
conductor depends on the competition between inertia and
surface tension (Zhang et al., 2020). When a droplet strikes
the conductor at a given speed, inertia drives it to diffuse
along the surface of the conductor into a thin film, while
the surface tension of the droplet resists diffusion and tends
to pull the droplet back into a spherical shape. The relative
strength of these two effects can be characterized by the di-
mensionless Weber number (We), defined as the ratio of the
droplet’s kinetic energy upon impact to the surface tension’s
restorative energy. In other words, the Weber number repre-
sents the magnitude of inertial force relative to the capillary
force. The Weber number can be expressed as:

We — p(vdsin9)2d’ 0
o

where p is the droplet density, vq is the incoming velocity of
the droplet, d is the droplet diameter, 6 is the angle between
the droplet’s velocity vector and the wire’s surface normal,
and o is the surface tension. The Weber number quantifies
the degree to which the droplet’s kinetic energy drives diffu-
sion deformation upon impact: when We > 1, inertia domi-
nates and the droplet will completely diffuse and may even
splash and break up; when We < 1, the surface tension pre-
vails and the droplet tends to remain intact and adhere. Un-
der the competition between inertia and capillarity, a critical
Weber number We.; serves as the criterion for whether the
droplet will adhere. If We < We,,, the droplet can fully ad-
here to the surface; if We > We,,, the droplet will fragment
and splash, failing to adhere.

The core of the thermal freezing process lies in the heat
transfer and equilibrium when a supercooled droplet under-
goes liquid-solid phase change upon contacting the surface of
the subfreezing conductor. Once a droplet attaches to a con-
ductor surface below 0 °C, the supercooling AT drives heat
transfer from the droplet to the conductor at the solid-liquid
interface, eliminating the latent heat released by the droplet
during freezing. For a droplet to freeze completely, the rate
of heat conduction must balance the rate of the latent heat
release, so as to remove all the latent heat prior to droplet de-
taches. The different dimensions of the heat conduction rate
and the total latent heat, make it hard to compare them di-
rectly. Therefore, the effective contact time #. (the time the
droplet remains attached to the conductor) and the minimum
freezing time #¢ (the minimum time required for the droplet to
solidify) are introduced. The freezing time of a droplet is di-
rectly proportional to the square of its characteristic size and
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inversely proportional to its degree of supercooling. Accord-
ingly, a dimensional analysis gives the approximate relation:

N pLd?
kAT’

where L is the latent heat of fusion of water per unit mass,
and k is the thermal conductivity. Equation (2) indicates that
the freezing time can be prolonged by larger droplets while
shortened by a greater ambient supercooling. Therefore, the
success criterion for the thermal phase lies in that the droplet
must be completely frozen before separate, namely, the ef-
fective contact time of the droplet must be greater than or
equal to its minimum freezing time.

In summary, only by precisely obtaining key physical pa-
rameters of the supercooled droplets — such as their size,
impact velocity, and collision angle — can the sticking effi-
ciency be calculated accurately. For this purpose, a coaxial
digital holographic 3D measurement system is used to mea-
sure these parameters.

Coaxial digital holography offers a simple optical setup,
high information density, and minimal dual image inter-
ference in the far field, enabling its extensive application
in recording and reconstructing three dimensional dynamic
fields (Chen et al., 2021; Liu et al., 2021; Zhou, 2024).
When a planar laser wave illuminates the particle field, the
light diffracted by a particle (object beam) will interfere
with the undisturbed reference beam. The interference pat-
tern is recorded as a digital hologram. Afterwards, using the
Fresnel-Kirchhoff diffraction formula, the object wave can
be numerically reconstructed. According to scalar diffrac-
tion theory, if the measurement volume contains n particles,
the reconstructed wave field Ug (1, v) (Goodman, 1968; Gao
et al., 2021) at the reconstruction plane coordinates (u, v) is
given by the follows:

It

@

1
Ur(u,v) = .—//R(x,y)lﬂ(x,y)
JjA

exp(jk\/(u—x)z—i-(v—y)z—i-zrz)
Vu—x)2+@w—y)2+22

where A is the laser wavelength; R(x,y) is the reference
wave; Iy (x,y) is the intensity of the interference fringes of
the hologram; k is the wavenumber; x and y are the hor-
izontal and vertical coordinates in the particle focal plane,
respectively; u and v are the horizontal and vertical coordi-
nates in the hologram reconstruction plane, respectively; and
zr=1z (i=1,2,3 ...) are reconstruction distances. Equa-
tion (3) represents the reconstructed wave field generated by
the superposition of the contributions from the n particles
contained within the sampled measurement volume. A parti-
cle located at a reconstruction distance z; will be focused on
the reconstruction plane. By reconstructing the hologram at
a series of different distances z;, information about all parti-
cles within the sampled volume can be obtained. By applying

dxdy, (3)
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an image fusion technique — specifically, a grayscale gradi-
ent variance method combined with a third-order Laplacian
pyramid fusion algorithm — to the reconstructed digital im-
ages, the droplet particle sizes and three-dimensional posi-
tions can be measured with high accuracy. The application
of a particle image recognition algorithm to the particles in
the sampled volume yields the particle count.

By recording the time series of holograms through mul-
tiple exposures, the motion trajectories of the droplets can
be obtained. In the reconstructed sequential particle images,
each particle is tagged frame by frame and its 3D coordi-
nates (x, y, z,t) are extracted. The displacement of a particle
between two successive frames is:

As = [ XD AxT 4 07— yi)?AY? @
+(zi —zi+1)"Az

from which the instantaneous droplet impact velocity can be

determined using particle tracking velocimetry as:

_As

V= ——0,
At

)
where At is the exposure time interval between adjacent
frames. Using the above method, the droplet’s diameter, col-
lision angle, and impact velocity can be accurately measured.
These high-precision measurements provide reliable input
parameters for the subsequent development of the sticking
efficiency model.

3 Experimental setup

As shown in Fig. 1, a laboratory system is constructed to
study the impact of micron-scale droplets on a conductor.
The system is divided into two main parts: the first part is
a coaxial digital holography measurement system consist-
ing of a laser, a high-speed camera, and lenses. In the ex-
perimental optical measurement setup, a pulsed laser beam
is first expanded by lens L1 and subsequently collimated
into a parallel beam by lens L2, thereby illuminating the
region containing simulated raindrops. The diffracted light
produced by the particles interferes with the unblocked ref-
erence light, forming a coaxial digital hologram of the spray
particle field. After propagating a certain distance, the holo-
gram is imaged by a telecentric lens, recorded by the high-
speed camera, and then stored on a computer. As shown in
Fig. 2, after numerical reconstruction processing, the mor-
phology and three-dimensional positions of the particles in
the hologram can be recovered. The second part of the sys-
tem is a simulated rainfall experimental setup, encompass-
ing a droplet generator, a driving mechanism, and a sup-
port structure. Ultrapure water is pre-cooled to a supercooled
state and placed in a pressurized chamber. A solenoid injec-
tion valve controls the pressure of a nitrogen tank, forcing
supercooled water out of a nozzle to produce droplets with
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a certain velocity (1-8 ms~'). By using nozzles of differ-
ent diameters, supercooled droplets with diameters within
the range 500-3000 um can be generated. The spray gen-
erator did not produce perfectly monodisperse droplets. In-
stead, different nozzles were used to target specific droplet-
size ranges, whereas the actual diameter of each impact-
ing droplet was determined through holographic reconstruc-
tion and subsequently grouped for analysis. The laboratory
temperature-control system maintained the ambient temper-
ature between —20 and 0 °C (with £1 °C accuracy). In the
experiments, droplet diameter, impact velocity, collision an-
gle, supercooling degree, and crosswind speed were treated
as control variables. Each nominal condition was repeated at
least 5 times to ensure data reliability. Repeated runs were
used to confirm the reproducibility of the observed trends,
whereas representative valid data were selected only for con-
cise visualization.

The processing workflow for digital holograms and veloc-
ity extraction is shown in Fig. 3, including hologram numer-
ical reconstruction, depth-of-field extension, image fusion,
particle identification, particle labeling, and velocity calcula-
tion steps. Using the above techniques, the splashing process
of a group of micron-scale droplets impacting the conductor
was measured and reconstructed, as illustrated in Fig. 4. Im-
age recognition determines that the droplet diameter in this
case reaches approximately 1100 um. The analysis of the re-
constructed trajectory has yielded a collision angle of about

70°, with an impact velocity of 2.5ms™!.

4 Development and validation of the sticking efficiency
model

4.1 Model development
4.1.1 Dynamic phase

For cases with an incoming wind, droplets strike the con-
ductor at some relative collision angle 6 instead of a per-
pendicular approach. When a droplet impacts the surface of
a cylindrical conductor at a velocity vq and collision angle
6, the tangential component of its velocity will induce the
droplet to slide and be stripped along the conductor surface,
whereas the normal component of velocity is the key driv-
ing force targeting the deformation and breakup of droplets.
Therefore, during the development progress of the dynamic
model, the influence of the normal velocity component on
the droplet’s attachment behavior should be focused on. The
normal impact velocity is defined as:

Vn = vgq - Sin6, (6)

The traditional Weber number formulation is applicable only
to the perpendicular impact of droplets and therefore cannot
adequately quantify the shear effect during the oblique im-
pact of supercooled droplets under high wind speeds. As the
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collision angle 8 decreases from near-normal impact toward
the highly oblique limit over the tested 90-0° range (Fig. 5),
the tangential velocity component becomes increasingly im-
portant, leading to stronger asymmetric spreading and lig-
uid shedding. Correspondingly, the experimentally measured
post-impact sticking efficiency decreases as the collision an-
gle decreases. This trend indicates that smaller collision an-
gles enhance tangential shear and reduce the fraction of inci-
dent liquid retained on the conductor after impact.

To quantitatively describe the effect of collision angle on
the droplet’s dynamic behavior, an effective Weber number
Weer is introduced to modify the original Weber number. The
shear-enhanced effective Weber number model is proposed
as follows:

pavad 90° —6\*

5 |:1+A< 90° ) ] @)
where p is the droplet density, v, is the normal impact veloc-
ity, d is the droplet diameter, and o is the surface tension of
water. The coefficient A is an empirical oblique-impact cor-
rection term introduced to account for the additional shear
effect under non-normal impact conditions. In the present
dataset, A~ 0.1 was obtained by fitting the experimentally
observed shift in the transition between retention and splash-
ing under oblique impact relative to the near-normal case.

As shown in Figs. 6 and 7, higher impact velocities in-
tensify inertial deformation and liquid shedding, resulting
in lower post-impact sticking efficiency. Under comparable
wind-speed and collision-angle conditions, smaller droplets
retain more liquid after impact because their lower inertia
suppresses spreading and breakup. These trends indicate that
the retention-splash transition depends jointly on collision
angle 0, droplet diameter d, and impact velocity vg.

Accordingly, by performing a ternary nonlinear fitting on
the experimental data, the modified critical Weber number
model is introduced as follows:

Weegr =

Weer = C(1 — Ad) (1 — Bvl) (1 —cos6), (8)

where C is the baseline scale of the critical Weber-number
threshold, A and B are empirical scaling coefficients, and § is
the velocity influence exponent. Experimental calibration for
the present dataset yielded C =745, A =0.02, B =0.012,
and 6 = 1.8.

Based on the criterion of inertia vs. surface tension com-
petition, the ratio of the effective Weber number to the criti-
cal Weber number determines the outcome of droplet attach-
ment. The dynamic attachment probability P is defined as a
piecewise function of this ratio:

1, Weetr < 0.3Wec,
Py(0.d.v) = { Yl 0.3Weer < Weetr < Weer . (9)
0, Weegr > Weer
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Figure 1. Experimental setup for droplet impact on a power transmission line.
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Figure 2. Reconstructed three-dimensional spatial distribution of
droplets.

4.1.2 Thermal phase

High-speed imaging measurements show that the effective
contact time 7. increases with the increase of droplet diame-
ter, and decreases with the increase of impact velocity. There-
fore, the calculation of the effective contact time can be sim-
plified as approximately:

d
te=-2, (10)
Un
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Traditional models of liquid-solid phase change time typi-
cally assume ideal heat conduction, considering only the su-
percooling AT as a variable. In reality, however, there is a
micrometer-scale oxide layer and an air boundary layer on
the conductor surface, significantly inhibiting heat flow. In
this study, the kinetic energy of the impacting droplet can dis-
rupt the air film on the conductor surface and increase the ac-
tual contact area between the droplet and the conductor; Such
effect grows quadratically with v,. Therefore, the expression
for the liquid-to-solid phase change time is reconstructed to
account for kinetic-energy-enhanced heat transfer:

B pLd?
W ATAc(1+po2)’

(1)

It

where p is the liquid density, L is the latent heat of fu-
sion per unit mass of the liquid, and #; is the average con-
vective heat-transfer coefficient between the droplet and the
conductor, reflecting the heat-transfer capability at the solid-
liquid interface. The term A =14 0.8sinf is an empiri-
cal contact-area correction factor introduced to approximate
the increase in effective spreading/contact area with colli-
sion angle; the coefficient 0.8 was obtained by fitting the
angle-dependent spreading behavior observed in the impact
images. The parameter 8 is an empirical enhancement fac-
tor introduced to represent the increase in effective interfa-
cial heat transfer caused by impact-induced thinning of the
air layer and enhanced liquid-solid contact. For the present
dataset, 8 ~ 0.05 s> m~2 was obtained by fitting the freezing-
time correction term.
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Figure 3. Digital hologram processing workflow for retrieving droplet position and velocity.

Based on the relationship between 7. and ¢, the freezing
probability Pr can be expressed as follows:

If t. > ¢, sufficient time is available for heat transfer, and
the supercooled droplet freezes completely (Pr = 1).

If 7. < t;, the unfrozen portion of the droplet is removed by
the airflow. In this case, the freezing probability is expressed
in exponential form as:

It
Pr=exp <_t_>’ (12)
C

4.1.3 Opverall sticking efficiency calculation

The overall sticking efficiency 7 is essentially the coupled
probability of the dynamic collision stage and the thermal
freezing stage occurring sequentially. Equation (13) is em-
ployed here as a first-order conditional-product approxima-
tion rather than as an assumption of strict physical indepen-
dence. The dynamic stage determines whether sufficient lig-
uid remains on the surface after impact, whereas the thermal
stage evaluates whether the retained liquid can freeze within
the effective contact time. Part of this coupling is already re-
flected in the thermodynamic stage through the kinematically
dependent contact time 7. in Eq. (10), as well as through the
angle- and impact-dependent correction terms A and ,Bvrz1 in
Eq. (11). Thus, the total sticking efficiency can be expressed
as the product of the probabilities of the two stages:

n= PP, (13)
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4.2 Model validation

To rigorously evaluate the accuracy and applicability of
the proposed model, three representative sticking efficiency
models were selected for comparative analysis: the Jones
model (Jones, 1996), the Makkonen model (Makkonen,
2000), and the Mundo-Sommerfeld-Tropea splashing model
(Mundo et al., 1995). Using both controlled laboratory ex-
periments and inverse analysis of actual transmission line
icing accident data, the prediction accuracy of the sticking
efficiency model proposed in this work was evaluated. Be-
cause the empirical coefficients in Eq. (8) were calibrated
using the laboratory impact dataset, the laboratory compar-
ison presented below should be interpreted as a comparison
of the datasets against these formulations under identical lab-
oratory conditions. For all four models, the same measured
droplet and environmental input conditions were adopted to
the extent permitted by each formulation.

4.2.1 Experimental design

1. Laboratory parameters: The laboratory experiments
were designed with five factors (droplet diameter, im-
pact velocity, collision angle, supercooling, and cross-
wind speed), each at three levels, as summarized in Ta-
ble 1. This yields 3° = 243 unique test conditions; Each
condition was repeated 3 times, for a total of 729 exper-
iments.
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Figure 4. Droplet trajectory and splashing process upon impacting the transmission line. (a) Droplet falling trajectory. (b) Time-sequential di-
agram of particle breakage process: t = 0. (¢) Time-sequential diagram of particle breakage process: ¢ = 0.5 ms. (d) Time-sequential diagram

of particle breakage process: t =1 ms.

2. Actual transmission-line icing cases: The proposed
model was further evaluated using three real-world
transmission-line icing events. In each case, the refer-
ence sticking efficiency nyye Was not obtained through
direct droplet-by-droplet counting. Instead, it was in-
ferred through inverse analysis based on the observed
ice-accretion response of the transmission line together
with the estimated incident supercooled water flux un-
der the recorded meteorological conditions. Thus, nye
denotes a field-reference value inferred from icing ob-
servations rather than a directly measured microscopic
sticking fraction.

— Case 1: Parameters: collision angle 6 =55°,
droplet diameter d = 1120pum, droplet velocity
v=6.5ms" !, supercooling AT =7 °C, crosswind

speed vy =3ms~!.

— Case 2: Parameters: 0 =38°, d =1850um, v =
112ms™ ', AT =6.5°C, vy, = 14ms™ .

— Case 3: Parameters: 6 =75°, d =800um, v =
4ms~!, AT =12°C, vy = I msL.
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Table 1. Experimental parameters.

Variable Values  Unit

Droplet diameter d 800, 1200, 2000  pm

Impact velocity v 2,5,8 m g1
Collision angle 6 30, 60,85  ° (degrees)
Supercooling AT 5,10,15 °C
Crosswind speed vy 0,4,8 m g1

4.2.2 Results analysis

Using the above experimental data, the comparison was con-
ducted on the sticking efficiency results calculated by each
model (see Fig. 8), and the prediction errors of each model
under the actual icing scenarios (see Figs. 9—11). The pro-
posed model produced lower errors for the validation cases
considered in this study, mainly because the holographically
measured droplet diameter, impact velocity, and collision an-
gle were incorporated into the coupled dynamic-thermal cal-
culation. Thus, the model responds to changes in tempera-
ture, wind speed, droplet size, and collision angle more di-
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Figure 5. Effect of collision angle on experimentally measured post-impact sticking efficiency. Representative impact images and the
retained-fraction curve are shown.
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Figure 6. Effect of impact velocity on experimentally measured post-impact sticking efficiency. Representative impact images and the
retained-fraction curve are shown.
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Figure 7. Effect of droplet diameter on experimentally measured post-impact sticking efficiency. Representative impact images and the

retained-fraction curve are shown.
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Figure 8. Sticking efficiency results calculated by various models
using the laboratory data.

rectly than the comparison formulations. Even under com-
plex conditions, such as heavy precipitation accompanied
by strong winds and low temperatures, the proposed model
maintained prediction errors below 3.5 % for the validation
cases considered in this study, indicating its potential for
icing-risk assessment.

4.2.3 Sensitivity analysis

The sensitivity analysis was conducted to identify which
measured dynamic input most strongly influences the
dynamic-stage attachment probability Ps. The analysis was

https://doi.org/10.5194/amt-19-4491-2026

limited to droplet diameter d, impact velocity vg, and col-
lision angle 6, because these three quantities enter the dy-
namic formulation through the effective Weber number and
the retention—splash criterion.

A partial rank correlation coefficient (PRCC) method was
used. PRCC is suitable in this context because it is simple,
dimensionless, and capable of quantifying the independent
influence of each input after removing the effects of the other
two variables. In addition, the rank transformation makes the
analysis robust for the monotonic but nonlinear response of
P near the retention—splash transition.

For each case j in the validation matrix, the dynamic-stage
attachment probability was first calculated from Eqs. (7)—(9):

P, jy = fdjve, jy0j)s

where P j) is the model-calculated dynamic attachment
probability for the jth case, d; is the measured droplet di-
ameter, v(q, ) is the measured impact velocity, 0; is the mea-
sured collision angle, f(-) denotes the dynamic model de-
fined by Egs. (7)—(9), and N is the total number of cases used
in the sensitivity analysis. In practice, d;, v, j), and 6; were
substituted into the dynamic model to obtain P ;) for each
row of the validation matrix.

The PRCC for each input variable was then calculated as:

j=1,2,..,N (14)

pi = corr [res(R(Ps)|R(x—;)), res(R (x) R (x—1))] 15)

where p; is the PRCC of the ith input variable, x; denotes the
tested input variable, and x_; represents the remaining two

Atmos. Meas. Tech., 19, 4491-4503, 2026
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Figure 10. Comparison of sticking efficiency prediction errors for actual case 2.

input variables used as control variables. Here, R(-) denotes
the rank transformation of a variable, with tied values as-
signed average ranks; res(y|z) denotes the residual obtained
by linearly regressing y against Z, and corrl[-, -] denotes the
Pearson correlation coefficient between the two residual vec-
tors.

The calculation procedure is summarized as follows. First,
P, d, vq, and Hare converted into ranks. Second, when eval-
uating a given variable such as vq, both R(Ps) and R(vq) are
separately regressed against the ranks of the other two vari-
ables, R(d) and R(6#). Third, the residuals from these two
regressions are correlated to obtain p,. The same procedure
is repeated for d and 6. Consequently, each PRCC represents
the independent monotonic influence of one input on P after
the effects of the other two inputs have been removed.

Atmos. Meas. Tech., 19, 4491-4503, 2026

The relative importance of each input variable was calcu-
lated from the absolute PRCC value as:

| il

= x 100 %
(Ipal+1pvl+1poD)

i (16)
where [; is the relative importance of the ith input variable,
| pi| is the absolute PRCC magnitude of that input, and | pg4|,
|pvl, and |pg| are the absolute PRCC values corresponding
to droplet diameter, impact velocity, and collision angle, re-
spectively. The absolute values are used because the sign of
pi indicates the direction of influence, whereas its magnitude
reflects the strength of influence. The results are summarized
in Table 2.

The results show that the sensitivity ranking is vg > d > 6.
Impact velocity exhibits the largest absolute PRCC and con-
tributes 44.8 % of the total ranked sensitivity, indicating that

https://doi.org/10.5194/amt-19-4491-2026
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Table 2. PRCC sensitivity analysis of the dynamic-stage attachment probability Ps.

Variable Input levels PRCC p; Importance I;  Physical interpretation

Droplet diameter 0.8, 1.2, 2.0 mm —0.708 34.5%  Higher d increases impact inertia and
reduces Ps.

Impact velocity 2,5, 8ms ! —-0.921 44.8 %  Higher vq strongly promotes
deformation, film thinning, and splash.

Collision angle 30, 60, 85° 0.425 20.7%  Higher 6 approaches normal impact

and reduces tangential stripping.

the dynamic attachment probability is primarily governed by
impact inertia. Droplet diameter is the second most influ-
ential variable, because larger droplets possess greater iner-
tia and are therefore more likely to spread, thin, and splash.
The collision angle has a smaller but still positive effect; in-
creasing 6 toward normal impact reduces tangential stripping
along the conductor and consequently increases P.

5 Conclusions

In this study, a coaxial digital holographic three-dimensional
measurement system was employed to achieve synchronized
and high-precision measurements of supercooled droplet size
distributions, spatial motion trajectories, and impact angles.
Such measurement has lifted the limitations of traditional
two dimensional projection measurements, addressed the
problems of missing motion vector information and missing
detections of tiny droplets, and provided accurate physical
parameter inputs for the sticking efficiency model. On this
basis, a droplet icing sticking efficiency prediction model
was developed, which couples the dynamic collision pro-
cess and the thermal freezing process in multiple stages.
Through the comprehensive consideration on factors includ-
ing wind speed, temperature, droplet size, and collision an-

https://doi.org/10.5194/amt-19-4491-2026

gle, the model was capable of eliminating the limitation of
only handling a single scenario in traditional models. For the
laboratory and field-validation cases considered in this study,
the proposed model achieved prediction errors below 3.5 %,
demonstrating superior predictive accuracy compared with
existing models. Laboratory simulation tests and validations
against typical icing accident cases demonstrate that even un-
der extreme conditions (e.g. mixed wind and rain, high tur-
bulence), the model maintains excellent predictive accuracy
and stability. This study lays a theoretical and technical foun-
dation for online monitoring and early warning of transmis-
sion line icing, which is of great significance for ensuring the
safe operation of the power grid. In practical applications, the
framework can provide droplet-scale inputs for icing-risk as-
sessment and early-warning systems, especially under wind-
driven oblique-impact conditions.
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