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Abstract
Accumulation of atmospheric icing, particularly wet snow, on the visual sensors/navigators of autonomous vehicles 
(AVs) increases the possibility of accidents by obstructing the lenses of the sensors. Here, two navigator designs were 
suggested that use airflow across the lens surfaces of the AVs to prevent snow accumulation on them. The impact of 
airflow intensity across the lens, wind velocity (relative velocity of wind with respect to vehicle), and liquid water content 
of snow on prevention of snow accumulation on the lenses of the AVs was explored experimentally. Here, artificial snow 
grains were formed using a novel snow gun and their average sizes at low liquid water content (LWC of ≈ 8%) and high 
liquid water content (LWC of ≈ 28%) were measured to study the impact of grain sizes on snow accumulation on camera 
lenses. The effects of wind velocity, snow density, and diameter of the snow grains on their trajectory in the testing sec-
tion were also studied numerically. The results indicated that the snow grains with higher velocity, density, or diameter 
possessed higher inertia forces and were more prone to collide with the navigator, increasing collision efficiency of snow 
grains. We realized that the airflow across the lens effectively prevented snow accumulation on the lens at vehicle/wind 
velocities of up to 20 mph. The proposed designs actively reduced the snow accumulation on the camera lens, promis-
ing to be applied in future AVs.
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1 Introduction

The technology of autonomous vehicles (AVs) due to offer-
ing mobility to the elder or disabled people, improving 
safety, saving fuel, reducing emissions, and increasing road 
capacity has attracted significant attention in recent years 
[1–3]. Adaptive cruise control, stop-and-go cruise control, 
and lane departure prevention are among the features 
that AV manufacturers have already started using them 
to enhance safety [4–6]. A series of computer vision, signal 
processing, sensor fusion, and artificial intelligence prob-
lems must be solved to operate a semi or fully AV system 
[7]. Therefore, electrical and mechanical devices such as 
radar, ultra-sonic, camera, laser imaging detection and 
ranging (LIDAR), graphics processing unit (GPU), global 
positioning system (GPS), and field programable gate array 
(FPGA) have been employed in AVs for communication, 
environment recognition, computation, and localization 
purposes. Visual perception system, an utmost important 
component of AV systems, translates visual information 
from multiple cameras and carries out important tasks like 
pedestrian and vehicle detection [8]. Upon accumulation 
of atmospheric icing, especially wet snow on the lenses 
of the cameras, the visual sensors become partly or com-
pletely blind and fail to detect the surroundings of the 
vehicle. Previously, snow ingress into vehicles air intake 
systems has been studied by several researchers [9–13]. 
However, snow accumulation/contamination on camera 
lenses of AVs or other sensors of conventional vehicles has 

not been studied appropriately [14, 15]. In order to design 
systems that can prevent accumulation of snow on the 
lenses, it is necessary to understand snow formation pro-
cess and properties of snow.

A snow crystal is a single grain of ice that grows due 
to condensation or freezing of water vapor on tiny solid 
particles or nuclei [16, 17]. An accumulated snow layer is 
a porous structure, consisted of air, ice, and liquid water, 
depending on environmental conditions [18]. The liquid 
water content (LWC) of snow is defined as the mass ratio 
of liquid water within snow to the total snow, as a percent-
age [19]. The source of the liquid water within snow can be 
either rain, ice melting, or a combination of both [20]. The 
ice melting rate is controlled by temperature and vapor 
density gradients inside the snow layer, which are caused 
due to snow heat exchange with its surroundings [21]. In 
general, the internal energy of an accumulated snow on a 
surface changes by radiation, sensible, latent, conductive, 
and advective heat/energy fluxes [22]. The LWC impacts 
the cohesion strength of snow or its adhesion strength to 
various surfaces and is an important parameter in static 
and dynamic simulations of systems that contain snow. A 
snow layer depending on the amount of the liquid water 
which it holds can be characterized as dry or wet. Gener-
ally, at temperatures lower than the freezing point of water 
(i.e. less than 0 °C), a snow layer has powdery texture and 
is composed of just air and ice (LWC = 0%) [23]. When there 
is a positive net heat transfer from the environment to the 
snow layer, dry snow grains melt, round their crystalline 
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structure and alter to wet snow [24]. The heat transfer to 
the snow layer can be due to increased air temperature 
and/or radiation. The heat exchange at snow surface con-
trols the amount of air, ice, and water inside the snow layer. 
It is revealed that low heat transfer rate to a snow layer 
leads to low snow layer density (𝜌l <≈ 100kg∕m3) , low 
liquid water content (LWC <≈ 5%) , and air domination in 
snow structure (more than ≈ 70%) [22, 24].

Previously, extensive numerical and experimental 
research has been carried out to examine snow accumu-
lation on overhead structures such as power transmission 
lines [25–28]. One of the utmost important parameters in 
numerical modeling of snow accumulation on surfaces 
is collision efficiency of snow grains (�1) , impacting the 
extent of snow accumulation on the object [29–33]. The 
collision efficiency (�1) is the proportion of the number of 
the snow grains that collide with an object to the num-
ber of the grains moving towards the object, that they 
would hit the object if they do not deflect around it. The 
collision efficiency of the snow grains moving toward an 
object can be obtained by tracing the trajectory of the 
grains. Wakahama et al. investigated trajectory of snow 
grains when they were moving toward a cylindrical surface 
[34]. They observed that the snow grains did not follow 
the air streamlines around the object and their trajectories 
were very straight, translating to �1 = 1 . However, it has 
been observed that by decreasing the density or the size 
of the snow grains, the snow grains do not go through 
straight lines and some pass by the object [30]. Therefore, 
numerical and experimental studies have been carried out 
to examine the effects of the density, size, and velocity of 
the snow grains, and the geometry of the object on the 
trajectory of the snow grains [28, 35–37]. The results of 
these studies have revealed that by increasing the den-
sity, size, and velocity of snow grains, they possess higher 
inertia force and are not prone to follow the air streamlines 
around the object. In addition, it has been shown that the 
snow grains that are moving toward bigger objects expe-
rience higher drag forces when compared to their inertia 
forces, being inclined to follow the air streamlines without 
colliding to the object [28].

Sticking efficiency of snow (�2) is another important 
parameter that affects the snow accumulation on surfaces. 
�2 is defined as the proportion of the number of the parti-
cles that stick to a surface to the number of the particles 
that collide with the surface. Higa et al. have concluded 
that plastic deformation is a major cause of energy dissipa-
tion of icy grains upon impact to a surface. When snow 
grains collide to a surface, a force develops in opposition 
to the bond or bonds holding the surface particles 
together. Upon impact of the snow grains to a hard sur-
face, the snow grains preserve most of their kinetic energy. 

However, the snow grains that impact to a soft surface 
break the bonds connecting the surface materials to each 
other and lose most of their energy [38, 39]. The LWC of 
snow grains is an important parameter that affects the 
interfacial forces during the impact. It has been proved 
that snow has its maximum cohesion and adhesion 
strengths at LWC values of ≈ 20%, and consequently stick 
strongly to surfaces [40, 41]. Due to weak stickiness of dry 
snow grains (LWC < 5%) to surfaces, snow accumulation at 
sub-freezing temperatures is limited to low wind velocities (
|
|
|
��⃗U
|
|
|
≤ 2m∕s

)
 [27]. By increasing the LWC of snow, the 

stickiness of snow grains increases rapidly and the possi-
bility of their re-bouncing from surfaces decreases. How-
ever, at LWC of > 20% the snow cohesion and adhesion 
strengths decrease, reducing the stickiness of snow grains 
to surfaces. This is because of the domination of water in 
snow grains. Wind velocity is another important parameter 
that affects the sticking of snow grains during their colli-
sion with a surface. The snow grains with higher velocities 
possess higher inertia forces, thus can overcome the inter-
facial forces and re-bounce from the surface more effi-
ciently. Therefore, sticking efficiency of the snow grains 
decreases with wind velocity.

Previously, passive methods of mitigation of ice and 
snow have been extensively investigated by developing 
surface coatings that are mostly focused on reducing ice 
adhesion strength or delaying freezing [42–44]. However, 
these coatings lack durability and/or scalability and have 
mostly focused on mitigation of icing. Passive snow repul-
sion and shedding methods are largely unexplored areas 
and there is no fully passive method or reliable coating 
that has shown any promise in minimizing snow accumu-
lation. Therefore, here an active method is developed to 
prevent snow accumulation on surfaces by creating a con-
trolled airflow across surfaces.

To actively minimize/prevent snow accumulation on 
the lenses of the cameras, we proposed two different 
navigator designs (A and B) (Fig. 1c, d) [14, 15]. Design A 
includes a fan and design B includes a blower, accompa-
nied by a ram air duct, to generate an airflow over the lens. 
To examine the effectiveness of each design, we created 
snow using a novel snow gun with controlled air/water 
ratio leading to snow grains with controlled density, size, 
and liquid water content (LWC). We studied snow accumu-
lation on camera lenses of the AV systems at different rela-
tive velocities of wind with respect to vehicle (hereafter 
wind velocities) and snow LWC values, with and without 
using the airflow over the lens. To better understand the 
experimental observations, we also conducted a numeri-
cal study to investigate the effects of velocity, density, and 
diameter of snow grains on collision efficiency of snow 
grains, directly impacting their accumulation. Additionally, 
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the numerical approach was utilized to study the collision 
efficiency of snow grains moving toward navigators with 
conical and hemispherical heads. We showed that utiliz-
ing a fan in design A or a blower in design B that oper-
ated at a maximum duty cycle, the snow accumulation 
on the camera lens decreased significantly. The results of 
this study pave a path for designing systems that mitigate 
snow accumulation issues in AVs, enabling their operation 
during extreme snow weather conditions.

2  Materials and methods

2.1  Experimental section

2.1.1  Snow formation and characterization

Here, snow was generated using a snow gun operat-
ing inside a walk-in cold room that could reach tem-
peratures up to − 20 °C [41]. Water and compressed air 

Fig. 1  a A side view of the testing section of the wind tunnel 
including the navigator fixed at the center of the section by clamps. 
A Panasonic HX-A100 camera was used to monitor real-time front 
view of snow accumulation on the navigator. b An image showing 
the front view of the navigator. Real-time inside view monitoring 
of snow accumulation on the navigator was carried out by a GoPro 
camera. The lens surface temperature was detected via a K-type 

thermocouple. Furthermore, the wetness of the accumulated snow 
on the camera lens was detected using a liquid water content 
(LWC) sensor. Schematics of the navigators of design A and design 
B are shown in c and d, respectively. A fan in design A and a blower, 
accompanied by a ram air duct, in design B were used to generate 
an airflow across the lens to minimizes/prevents snow accumula-
tion on the lens
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(Pressure = 50 psi) were mixed inside the snow gun with 
the mass ratio of 95–98% water to air; the mixture leaves 
the nozzle of the snow gun as small water droplets with 
the mass flow rate of 0.27 g∕s . The diameter of the noz-
zles of the snow gun was 1.58 mm. The cold room was 
connected to a wind tunnel that reaches velocities of up 
to 40 mph using a fan. A test section was designed inside 
the wind tunnel to enable assembling various specimens 
inside, while thermally insulated to ensure monitoring 
of snow interaction with the specimens at low tempera-
tures. Figure 2 shows a schematic of this indoor facil-
ity highlighting the cold room, test section, and the 
snow gun that has four nozzles. Photos of this facility 
are shown in Figure S1. Depending on the temperature 
of the cold room, the water droplets leaving the nozzle 
of the snow gun froze partially or completely prior to 
impact to a given surface (i.e. lens of the navigator). The 
freezing process of the snow grains was controlled by 
adjusting the cold room temperature and the distance 
between the snow gun and the test surface, eventually 
controlling the LWC of the artificially-generated snow. 
A high-speed camera (OLYMPUS, i-SPEED TR, 10,000 fps) 
was used for capturing the slow-motion side-view vid-
eos of snow grains, moving in the testing section. The 
images of the moving snow grains were extracted from 

the videos and analyzed with ImageJ processing tool 
to measure the diameter of the snow grains. Video S1 
was captured with a high-speed camera at 10,000 fps, 
showing snow grains with LWC ≈ 8% moving inside 
the testing section. The average diameter of the snow  
grains at LWC values of ≈ 8% and ≈ 28% were measured 
to be dg = 30.33 ± 13.92�m and dg = 43.53 ± 24.99 μm , 
respectively. The density of snow layers formed by accu-
mulation of grains were also measured, while controlling 
the LWC of snow at low (≈ 2%), intermediate (≈ 15%), 
and high (≈ 25%) values (Supporting Information, S1).

A sensor was used to measure the LWC of the accu-
mulated snow layer on the navigators [45]. The sensor 
measures the LWC of snow layer based on the electrical 
resistance of the accumulated snow on the sensor, while 
monitoring the temperature of the snow covering the 
surface. By correlating the electrical resistivity to the LWC 
values, any resistivity measurement will be indicative of 
the extent of liquid water that exists in the snow layer. 
The correlation between the LWC and electrical resist-
ance of snow were found based on multiple experiments 
conducted using natural snow and verified by machine-
made artificial snow [46]. Melting calorimetry, which is also 
known as Endo-type snow water content meter, was used 

Fig. 2  a A schematic of a walk-in cold room connected to a wind 
tunnel. The cold room temperature can reach to temperatures 
as low as −  20  °C. Navigator of the autonomous vehicles (AVs) is 
placed in the testing section and the cold air is driven to the test-

ing section via the fan at the end of the wind tunnel. The airflow 
velocity in the testing section can reach up to 40 mph. A snow gun 
is placed right at the inlet of the wind tunnel to create snow with 
controlled properties
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to verify the LWC values measured by the sensor (Support-
ing Information, S2).

2.1.2  Snow accumulation

Snow accumulation tests were carried out by placing the 
object of interest (navigator on which a camera lens is 
embedded) inside a thermally insulated test section of 
the wind tunnel that was connected to the cold room, 
where the artificial snow formed using the snow gun. The 
navigator was fixed in the center of the test section using 
clamps. A fan at the end of the wind tunnel was used to 
drive the cold air from the cold room toward the test sec-
tion and then return it to the cold room to maintain low 
temperatures in the test section (Fig. 2). The snow gun 
was placed inside the cold room right at the inlet of the 
tunnel’s test section to allow the cold airflow to drag the 
formed snow grains through the test section. Figure 1a, 
b show the experimental setup inside the test section 
of the wind tunnel. K-type thermocouples were used to 
measure the navigator’s chamber temperature, the sur-
face temperature of the camera lens, and the test section 
temperature. Moreover, a LWC sensor was used to measure 
the LWC and temperature of the accumulated snow on the 
cap of the navigator [45]. All the measured data were col-
lected via a CR1000 data logger. Two different navigators 
(A and B) were designed to decrease the accumulation 
of snow on the camera lenses via airflow passing across 
the lenses. In design A (Fig. 1c), a fan at the back of the 
navigator was utilized to pull the air inside the chamber of 
the navigator and flow it across the lens. Figure 1d shows 
the schematic of the design B, consisting of a blower and 
a ram air duct to create airflow across the lens. Real-time 
inside view monitoring of the accumulated snow on the 
navigator was carried out using a GoPro HERO session 
camera. Furthermore, a Panasonic HX-A100 camera was 
installed in front of the navigator to record the front view 
snow accumulation on the lens (Fig. 1a, b).

2.2  Numerical section

In this study, the snow grains were assumed as spheri-
cal particles that move in continuous medium of air 
and the drag forces exerted on them were calculated 
based on spherical drag law [47]. Since machine-made 
snow grains are made of freezing water droplets, their 
density was assumed to be similar to ice density ( �g = 
920  kg/m3). However, the numerical procedure was 
also repeated for the snow grain density of 700 kg∕m3 
to investigate the impact of grain density on the colli-
sion efficiency (�1) of the snow grains. Here, navigators 

with flat, conical, and hemispherical heads were used to 
examine the effects of different navigator geometries/
configurations on the collision efficiency (�1) of snow 
grains. The diameters of the navigator, test section of the 
wind tunnel, and the camera lenses (embedded on the 
navigators) were Dn = 16.5 cm ,Dt = 30.5 cm, and Dl = 4 
cm, respectively. These values are important in study-
ing the trajectories of the snow grains in the air, flowing 
through the navigator.

The collision efficiency ( �1) of the snow grains mov-
ing in the testing section was numerically examined 
using the Fluent software [48]. In order to find velocity 
field and the air streamlines around the navigator, con-
tinuity and Navier–Stokes equations were solved using 
realizable κ-ε turbulence model. General continuity and 
Navier–Stokes equations are as the following differential 
equation [49, 50]:

where ��⃗U is the wind velocity, � (kg∕m3) is the density of 
the continuous medium, which can be air, �,Γ�, S� are the 
dependent variable, diffusion coefficient, and the source 
term, respectively (see Supporting Information, Table S1 
for details) [28]. The inlet and outlet of the computational 
domain were assumed as velocity inlet and pressure outlet 
with zero-gauge pressure, respectively. Additionally, the 
upper domain of the test section and the navigator were 
assumed as no-slip wall boundary condition and the lower 
surface was assumed as axisymmetric boundary condition.

Discrete Phase Models (DPM) model was used to 
model the trajectories of the snow grains moving toward 
the navigator. The equation of motion of the snow grains 
is:

where fd is defined as:

���⃗Vg is the velocity of the snow grains, fd
(
��⃗U − ���⃗Vg

)
 is drag 

force per unit mass of the snow grains, Cd is the drag 
coefficient, �⃗g

(
𝜌g − 𝜌a

)
∕𝜌g is the net buoyancy and weight 

forces, and Rer is the Reynolds number based on the air-
flow velocity relative to the snow grains ( ||

|
��⃗U − ���⃗Vg

||
|
 ). In the 

numerical modeling, the effects of buoyancy and weight 
forces were neglected.

(1)
𝜕𝜌𝜙

𝜕t
+ ∇

(
𝜌��⃗U𝜙 − Γ𝜙∇𝜙

)
= S𝜙

(2)
d ���⃗Vg

dt
= fd

(
��⃗U − ���⃗Vg

)
+

�⃗g
(
𝜌g − 𝜌a

)

𝜌g
,

(3)fd =
18�

�gdg
2

CgRer

24
.
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3  Results and discussion

Snow is composed of ice grains, air, and water and its 
accumulation on substrates, lead to formation of a snow 
layer. Snow is in funicular regime when gaps between ice 
grains is mostly filled by liquid water with minimal air. In 
this regime, there is water movement inside the snow layer 
toward the substrate. The LWC sensor is surface mount-
able, providing the extent of liquid water of snow layer 
at its interface with the substrate. Therefore, in funicular 
regime, the measured LWC of snow layer (on the substrate) 
is higher than the LWC of individual snow grains. Snow is 
in so-called pendular regime, when the LWC by mass is 
below ≈ 27% [51]. Air and small amounts of water fill the 
gaps between the ice grains. Therefore, since there is no 
water movement inside the snow layer in the pendular 
regime, it can be assumed that the LWC of an individual 
snow grain is approximately equal to the LWC of a snow 
layer (measured by the sensor). This approximation was 
used throughout our study.

Since the size of snow grains greatly impact the drag 
and inertia forces applied to them, it is pertinent to con-
sider the size of snow grains in numerical and experimen-
tal investigations of the systems containing snow. There-
fore, indoor experiments were conducted with a control in 
the cold room temperature to form snow with low LWC (≈ 
8%) and high LWC (≈ 28%), while measuring the diameter 
of snow grains (see experimental section). The snow grains 
with higher LWC values were more inclined to agglom-
erate to each other, leading to bigger sizes. The artificial 
snow grains formed by the snow gun were different than 
natural snow crystals, as explained in the international 
classification of snow [20]. The snow grains form because 
of the freezing of the water droplets coming out of the 
nozzle in a relatively short time; thus, they mostly have a 
spherical shape. The density of snow grains with spherical 
shape can be assumed to be similar to ice, i.e. 920 kg∕m3 
[13, 30, 52]. However, since the freezing process starts at 
the outer layer of the water droplets and marches toward 
the center of the droplets, high pressure builds up as the 
core starts to freeze. This may result in air pocket formation 
inside the grain, leading to a bulge at its surface or even 
to fracture of the snow grains [53]. In order to address this 
uncertainty associated with the density of snow grains, the 
numerical procedure was repeated assuming snow grain 
density of 700 kg∕m3 to examine its impact/sensitivity on 
the collision efficiency (�1) of the snow grains. In addition 
to snow grain, the density of snow layers formed by accu-
mulation of grains were also measured, while controlling 
the LWC of snow at low (≈ 2%), intermediate (≈ 15%), and 
high (≈ 25%) values (Supporting Information, S1). It was 
found that at lower temperatures, the snow has powdery 

texture and lower LWC value, leading to lower densities 
of snow layer. However, at higher temperatures, there is 
more water in the snow layer (higher LWC value), which 
fills the pore spaces between ice grains and leads to higher 
densities of the snow layer.

Once the correlation between density and LWC of snow 
layer and the distinction between snow grain and snow 
layer density were learned, the interaction of snow grains 
with surfaces was studied. The fan or blower duty cycle 
can be controlled from 0 to 100%. Many experiments 
were conducted with the fan or blower duty cycles rang-
ing from 20 to 100%; however, the results indicated lack of 
efficiency of both designs in minimizing snow accumula-
tion when duty cycles of less than 100% were used in the 
fan (results are not shown here). Therefore, further experi-
ments were focused on cases where the fan or blower duty 
cycle was set to 100%. The progressive front view of the 
snow accumulation on the navigator of the designs A and 
B at different wind velocities and fan duty cycle of 100% 
are shown in Figs. 3 and 4, respectively. In order to visual-
ize the snow accumulation on the lens from a closer view, a 
GoPro camera was used inside the navigator. The progres-
sive inside view of the snow accumulation on the lens of 
designs A and B are shown in Figs. 5 and 6. In design A, the 
airflow across the lens maintained the lens clean at wind 
velocities of up to 20 mph. At wind velocity of 20 mph 
snow accumulation on the lens started to grow from the 
sides of the lens, changed the state of the lens from "not 
covered" to "partly covered" with snow. However, the cam-
era was still able to detect the environment all along the 
experiment. At wind velocity of 30 mph, the snow started 
to accumulate on the lens from the very first stages of 
the experiment and blocked it (Figs. 3 and 5). In design B, 
the lens was maintained clean at wind velocities of up to 
10 mph. At critical wind velocity of 20 mph, snow accumu-
lation on the lens was increased with time and after 36 min 
the lens was completely covered with snow. At wind veloc-
ities higher than 20 mph, it was observed that the snow 
accumulation on the lens was increased with wind velocity 
and time. A potential explanation for this phenomenon is 
that the snow grains with higher velocities possess more 
inertia force and do not follow the air streamlines around 
the lens, thereby hit the lens. In addition, the snow grains 
with higher velocities can overcome the air pockets on the 
lens, therefore hit the substrate and stick to it. To further 
explain the extent of snow accumulation on the lens dur-
ing each experiment, numerical simulations were con-
ducted (see numerical section).   

3.1  Trajectory of snow grains in air

Understanding trajectory of snow grains in air is crucial in 
examining snow accumulation on various surfaces. To this 



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:154 | https://doi.org/10.1007/s42452-020-04106-x

end, collision efficiency ( �1) of the snow grains, defined 
as the ratio of the snow grains hitting/colliding a surface 
to the ones moving towards it, is an important parameter 
to be investigated. Therefore, the collision efficiency ( �1) 
was investigated via a 2-D numerical investigation [48]. �1 
depends on the density, size, and velocity of the snow grains, 
and the geometry of the object. Based on these parame-
ters, stokes number (St), and Reynolds number (Re) are the 
main dimensionless parameters in specifying the collision 
efficiency ( �1 ) of the snow grains. The Re is the ratio of the 
inertia forces to the viscous forces and the St is the propor-
tion of the snow grain response time to the flow response 
time, defined as below:

(4)Re =
𝜌adg

|||
��⃗U
|||

𝜇
,

where �a (kg/m3) and �g (kg/m3) are the density of the air 
and snow grains, respectively; ��⃗U (m/s) is velocity vector of 
the wind; � (pa.s) is the dynamic viscosity of the medium 
environment (in this study, air); dg (m) is the diameter of 
the snow grains; and l0 (m) is the characteristic dimension 
of the object; and t0 (s) is the response time of the particles.

The concept of streamlines helps to visualize and 
understand wind motion around the navigator. Using 
the realizable κ-ε turbulence model, the continuity and 
Navier–Stokes equations were solved to find velocity 
field and the air streamlines around the navigator (see 
numerical section). The wind velocity streamlines around 
the navigator are shown in Fig. 7a. At the front section 

(5)St =
t0
l0
|||
�⃗U|||

=

𝜌gdg
2

18𝜇

l0
|||
�⃗U|||

=
𝜌gdg

2|||
��⃗U
|||

18𝜇l0
,

Fig. 3  The progressive front view of the snow accumula-
tion on the navigator of design A at wind velocities of 5 mph 
( ReDl

= 6.68 × 103 ), 10 mph ( ReDl
= 13.36 × 103 ), 20 mph 

( ReDl
= 26.73 × 103 ), and 30 mph ( ReDl

= 40.09 × 103 ) and 100% 
fan duty cycle. The dashed circles show the camera lens. At higher 

wind velocities the snow grains have more inertia force to over-
come the artificial airflow over the lens colliding the navigator/
camera lens and eventually accumulating on them. The width of 
each image is 17 cm
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(vertical surface) of the navigator, the wind has higher 
total pressure and lower velocity. However, at the top sec-
tion (horizontal surface) of the navigator, the flow surface 
area decreases, thereby the velocity of wind increases dra-
matically. At the sharp edges of the navigator, separation 
occurs which results in higher form drag values. Form drag 
is caused by differences between the pressure distribution 
over a body in viscous flow [54].

The trajectory of the snow grains was obtained using 
DPM (Discrete Phase Model) model in the Fluent software, 
to study the extent of snow accumulation on the lens of 
the AV systems (see numerical section). The velocity field 
of the snow grains with diameter of dg = 30.33 μm and 
density of �g = 920 kg∕m3 when wind velocity is 
||
|
��⃗U
||
|
= 5m∕s , is shown in Fig. 7b. Most of the snow grains 

due to their small sizes do not possess enough inertia force 
to collide with the navigator or the lens; therefore, they 
mostly follow air streamlines around the navigator. Based 

on the trajectory of the snow grains, obtained by the Flu-
ent simulations, �1 can be obtained by the following 
equation:

where � (cm) is y-coordinate of the critical grain at the inlet 
that can be defined as the last grain which hits the camera 
lens.

In order to implement the numerical method in snow 
movement investigations, there is a need for validation 
of the method. Makkonen and Stallabrass experimen-
tally investigated the collision efficiency of ice grains 
with median diameters of 12–17 μm moving in a freez-
ing room toward cylindrical objects [30]. In order to verify 
its reliability, our numerical method was applied to some 
of the geometries used by Makkonen and Stallabrass, by 
calculating the collision efficiency of ice grains. As shown 

(6)�1 =
�

(
Dl∕2

) ,

Fig. 4  The progressive front view of the snow accumula-
tion on the navigator of design B at wind velocities of 10 mph 
( ReDl

= 13.36 × 103 ), 20 mph ( ReDl
= 26.73 × 103 ), 30 mph 

( ReDl
= 40.09 × 103 ), and 40 mph ( ReDl

= 53.46 × 103 ) and 100% 

blower duty cycle. At higher wind velocities the snow grains have 
more inertia force to overcome the artificial airflow over the lens, 
colliding with it and eventually accumulating on it. The width of 
each image is 17 cm



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:154 | https://doi.org/10.1007/s42452-020-04106-x

in Table S2, our numerical method successfully predicts 
the collision efficiencies obtained by Makkonen and 
Stallabrass, suggesting its reliability for obtaining the tra-
jectory of snow grains around the camera lenses.

Figure 7c, d show collision efficiency ( �1 ) of the snow 
grains with given density and diameter as a function of 
wind velocity. When the wind velocity increases from ≈ 
1 mph (Re ≈ 1) to ≈ 40 mph (Re ≈ 40), the collision effi-
ciency of snow grains with density of �g = 920 kg∕m3 and 
diameter of dg = 30.33 μm increases from ≈ 0.057 to ≈ 0.49. 
This indicates the sensitivity of the collision efficiency of 
the snow grains to wind speed. A comparison between 
Fig. 7c, d indicates that, at a constant diameter of the snow 
grains, when the density of snow grains increases the �1 
increases. At low Re, the difference between the colli-
sion efficiency of same size snow grains with densities of 
920 kg∕m3 and 700 kg∕m3 (Δ�1) is insignificant. However, 

by increasing the Re number, Δ�1 values increase and 
become maximum at Re ≈ 22 and Re ≈ 31 for snow grain 
diameters of dg = 43.53 μm and dg = 30.33 μm , respec-
tively. By further increase in Re, Δ�1 for both snow grain 
densities decreases. In addition, the figures show that 
snow grains with bigger diameters, with the same density 
of the snow grains, are more prone to hit the surface and 
have higher �1 . Therefore, it can be concluded that grains 
with more mass (diameters and/or densities) due to their 
higher inertia forces are more likely to hit the navigator. 
The numerical analysis of the movement of snow grains in 
air leads to a better understanding of snow accumulation 
on the navigator. Additionally, the numerical approach 
was utilized to study the collision efficiency (�1) of snow 
grains moving toward navigators with conical and hemi-
spherical heads. Figure 8 shows the normalized collision 
efficiency of snow grains at conical and hemispherical 

Fig. 5  The progressive inside view of the snow accumula-
tion on the navigator of design A at wind velocities of 5 mph 
( ReDl

= 6.68 × 103 ), 10 mph ( ReDl
= 13.36 × 103 ), 20 mph 

( ReDl
= 26.73 × 103 ), and 30 mph ( ReDl

= 40.09 × 103 ) and 100% 

fan duty cycle. The GoPro camera is able to record a closer view of 
snow accumulation on the lens. The airflow on the lens created by 
the fan is able to maintain the lens clear of the snow at wind veloci-
ties of up to 20 mph. The width of each image is 8.5 cm
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configurations for Re ranging from ≈ 1 to ≈ 60. At each Re, 
the collision efficiency of snow grain was normalized by 
dividing over the collision efficiency of snow grains hit-
ting the flat navigator head. The results indicated that the 
collision efficiency of snow grains impacting these new 
head configurations (conical and hemispherical) were 
higher than those impacting the flat head. It is believed 
that the snow grains moving toward conical and hemi-
spherical configurations experience lower drag values and 
are informed about the existence of the navigator ahead of 
them with delay, when compared to those grains moving 
toward the flat head configuration. Therefore, the snow 
grains at conical and hemispherical configurations most 
probably collide with the lens. However, since the scatter-
ing of snow grains upon impact to a surface obeys cosine 
law [55], the higher collision efficiency for conical and 
hemispherical configurations does not necessarily trans-
late to more snow accumulation on the lenses.

3.1.1  Snow accumulation on the navigator

To further examine the effectiveness of each design the 
normalized thickness of the accumulated snow defined 
as the proportion of snow thickness at each experiment 
to a critical/maximum snow thickness was obtained. The 
normalized thickness of accumulated snow (LWC ≈ 8%) on 
the lens under control test conditions (without using the 
fan or the blower of the navigator) at different wind veloci-
ties of 5, 10, 20, 30, and 40 mph is shown in Fig. 9a. The 
snow thickness at different control test conditions is nor-
malized by the maximum snow thickness (tmax = 22mm) , 
which was occurred at 20 mph wind velocity. At low LWC 
values, the accumulation of snow on the lens is a com-
peting phenomenon between the collision efficiency (�1) 
and sticking efficiency (�2) of the snow grains. �2 is the 
proportion of the collided grains that stick to the lens. 
Based on the results of the numerical modeling of mov-
ing snow grains, at low wind velocities the snow grains 

Fig. 6  The progressive inside view of the snow accumula-
tion on the navigator of design B at wind velocities of 10 mph 
( ReDl

= 13.36 × 103 ), 20 mph ( ReDl
= 26.73 × 103 ), 30 mph 

( ReDl
= 40.09 × 103 ), and 40 mph ( ReDl

= 53.46 × 103 ) and 100% 

blower duty cycle. The GoPro camera is able to record a closer view 
of snow accumulation on the lens. The snow accumulation on the 
lens blocked the lens at wind velocity of 20 mph or higher. The 
width of each image is 8.5 cm
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Fig. 7  a The air streamline and b the snow grain’s velocity field 
when the lens diameter and wind velocity are Dl = 4 cm and 
||
|
��⃗U
||
|
= 5m∕s , respectively. Diameter of snow grains is dg = 30.33 μm 

and their density is assumed to be �g = 920 kg∕m3 . The collision 
efficiency ( �1 ) of the snow grains with varying grain density ( �g ) of 

920 kg∕m3 and 700 kg∕m3 and diameter ( dg ) of c 30.33 μm and d 
43.53 μm, as a function of dimensionless Re number. The density, 
velocity, and the size of the snow grains are momentous factors in 
determining their collision efficiency ( �1 ) traveling toward the lens. 
Regardless of the snow grain size, their collision efficiency is com-
parable at low Re numbers with varying snow grain densities
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possess lower inertia force and are inclined to follow the 
air streamlines and pass over the navigator, causing low 
�1 . However, the grains that succeed to collide with the 
lens do not possess enough energy to re-bounce from the 
lens and will eventually accumulate on it, leading to high 
values for sticking coefficient ( �2 ). At higher wind velocities 
the snow grains, due to their higher inertia forces do not 
follow the air streamlines and collide with the lens, causing 
high �1 . However, they possess enough energy to easily 
re-bounce from the lens and pass through it, causing low 
�2 . Between these two extremes there is an optimum point 
where the competition between the �1 and �2 leads to a 
maximum snow accumulation on the lens. As it is shown 
in Fig. 9a, the maximum snow accumulation thickness was 
occurred at 20 mph wind velocity (tmax = 22mm) . At this 
wind velocity the cumulative effects of �1 and �2 on the 
snow accumulation is maximum. At higher LWC values, 
the physics of the snow grains are different, resulting in a 
different snow accumulation behavior.

The effect of higher LWC values (LWC ≈ 28%) on snow 
accumulation at two different wind velocities of 20 mph 
and 40 mph is presented in Fig. 9b, and the results are 
compared with the snow accumulation when the LWC 

values are low (LWC ≈ 8%). In order to visualize the effect 
of LWC change in the accumulation of snow on the lenses, 
the snow accumulation results at each wind velocity were 
normalized by the maximum snow thickness between 
snow with low LWC (LWC ≈ 8%) and high LWC (LWC ≈ 
28%). Therefore, in Fig. 9b, the snow accumulation results 
at 20  mph are normalized with tmax = 25mm and the 
snow accumulation results at 40 mph are normalized with 
tmax = 20mm.

Since the difference between the density of water 
( 999.9 kg∕m3 ) [56] and ice ( 920.0 kg∕m3 ) [57] at 0 ◦C is not 
much, the density of snow grains with different sizes and 
LWC values are not significantly different. Snow grains with 
larger average diameter have higher collision efficiency, 
when compared to the smaller snow grains (Fig. 7c, d). 
The liquid water inside the snow grain plays a critical role 
when the grain impacts the camera lenses. The collided 
snow grains to the lenses have high sticking efficiency (�2) 
when the extent of liquid water is high, accreting more 
significantly on the lenses. Therefore, when the LWC of 
snow layer increases from 8 to 28%, it means the collision 
efficiency ( �1) and sticking efficiency ( �2) of snow grains 
was enhanced as well, with sticking efficiency ( �2) having 
a predominate effect on the overall snow accumulation.

In addition, the effects of fan duty cycle of design A 
and blower duty cycle of design B on the accumula-
tion of snow at the critical wind velocity of 20 mph are 
shown in Fig.  9c. The snow accumulation is normal-
ized by the maximum snow thickness on each design 
(tmax,A = 31mm, tmax,B = 18.5mm) . Upon using the airflow 
over the lens, the snow accumulation on the lens was sig-
nificantly decreased with the duty cycle of the fan and the 
blower, showing promising efficiency of both designs (A 
and B) in reducing snow accumulation on the lens (Fig. 9). 
The maximum snow accumulation on the lens occurred at 
0% fan or blower duty cycle. By increasing the duty cycle 
to 70% and creating an airflow over the lens, the snow 
accumulation was significantly decreased. However, the 
reduction rate for design A was observed to be more than 
that in design B. When the fan duty cycle was increased 
to 100%, the fan (design A) successfully prevented snow 
accumulation on the lens. In spite of significant reduction 
of snow accumulation in design B, a thin layer of snow 
accumulated on the lens at blower duty cycle of 100%.

The created airflow over the lens prevented snow 
accumulation on the lens by two different approaches. 
It changed the air streamlines around the navigator and 
caused the snow grains to experience higher drag forces 
in directions diverging from the lens, resulting in lower 
collision efficiency (�1) values. Streamlining of this geom-
etry can decrease drag values by avoiding flow separa-
tion and can even affect the snow accumulation on the 
navigator, by changing the α1 and α2 of snow grains. The 

Fig. 8  The collision efficiency of snow grains moving toward coni-
cal and hemispherical configurations normalized by dividing over 
those efficiency values obtained from flat configuration. The snow 
grains moving toward conical and hemispherical configurations 
experience lower drag values, when compared to the ones moving 
toward the navigator with the flat head. This leads to higher colli-
sion efficiency of snow grains moving toward conical and hemi-
spherical configurations, particularly at low Re numbers
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impact of streamlining can be dramatic and need further 
investigations. We hypothesize that the airflow on the 
lens creates air pockets between the snow grains and 
the lens, resulting in lower contact area between snow 
grains and surface texture upon impact, thereby lower-
ing sticking efficiency (�2) values. It is also possible for 
the airflow to affect energy dissipation of snow grains 
impacting the surface and lead to enhanced re-bound-
ing of grains. In addition to preventing snow accumula-
tion on the lens, the airflow applies shear stress to the 
accumulated snow grains on the lens and can remove 
them from the lens. It is expected that by increasing 
the turbulence of the flow, the shear stress on the snow 
increases, and the lens stays clean more efficiently. At 
wind velocities higher than 20 mph, the snow grains pos-
sessed high inertia force and were able to overcome the 
airflow and accumulate on the lens. Therefore, at these 
wind velocities, a thin layer of snow accumulated and 
blocked the lens showing the necessity to use other 
active snow removal methods such as heating in order 
to melt the thin layer of snow.

4  Conclusion

Two different designs with flat heads were proposed to 
prevent snow accumulation on the camera lenses by cre-
ating airflow across the lens surface. We found that with-
out using airflow over the lens, the accumulation of low 
LWC snow (≈ 8%) on the lenses was due to a competi-
tion between the collision efficiency (�1) and sticking effi-
ciency (�2) of snow grains, with a maximum accumulation 
observed at 20 mph wind velocity. When the LWC of snow 
increases to ≈ 28%, the collision efficiency (�1) and sticking 
efficiency (�2) of snow grains increase due to increased 
diameter of the grains and existence of more water inside 
them. This resulted in more snow accumulation on the 
lens, when compared to the accumulation of snow with 
low LWC ( ≈ 8%).

In addition to flat head navigators, the collision effi-
ciency of snow grains moving toward navigators with 
conical and hemispherical heads were also studied numer-
ically. It was found that the snow grains moving toward 
the flat head navigators have lower collision efficiency that 
those moving toward the conical and hemispherical head 
navigators.

We hypothesize that the airflow over the camera lens 
(formed and utilized by both designs) changes the air 
streamlines around the lens and causes the snow grains to 
experience higher drag forces in directions diverging from 
the lens. This leads to lower collision efficiency (�1) values. 
In addition, we believe that the airflow on the lens forms 

Fig. 9  a Normalized snow accumulation on the navigator at different wind 
velocities, indicating that the maximum snow accumulation on the navi-
gator occurs at 20 mph wind velocity ( ReDl

 number of 26.73 × 103 ). At 
this wind velocity the multiplication of the collision efficiency ( �1 ) with 
the sticking efficiency ( �2 ) is maximum. b Normalized wet and dry snow 
accumulation at two different wind velocities of 20 mph ( ReDl

 number of 
26.73 × 103 ) and 40 mph ( ReDl

 number of 53.46 × 103 ), showing the effect 
of LWC on snow accumulation. By increasing the average LWC of snow from 
8 to 28% the collision efficiency ( �1 ) and the sticking efficiency ( �2 ) of snow 
grains become almost independent of the wind velocity and both approach 
to 1. This means more snow accumulation on the navigator at high LWC val-
ues, when compared to low LWC values. c The effect of the duty cycle of the 
fan in design A and the blower in design B on the thickness of the accumu-
lated snow. Upon using the fan or the blower, the normalized snow accu-
mulation on the lens is decreased significantly with an increase in the fan/
blower duty cycle, showing efficiency of both designs (A and B) in reducing 
snow accumulation on the lens
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air pockets between the snow grains and the lens. These 
air pockets reduce the energy dissipation by decreasing 
the contact area between the snow grains and the sur-
face textures, resulting in lower sticking efficiency (�2) 
values. Despite significant snow accumulation reduction 
rate observed using both designs, a thin layer of snow cov-
ered the lens when the wind velocities were higher than 
20 mph. This shows the need to further study snow with 
varying LWC values and grain sizes interacting with sur-
faces at higher speeds. The results of this study pave the 
path for designing snow mitigation strategies applicable 
to autonomous vehicles that operate at high speeds and 
extreme weather conditions.
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