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This study aims at addressing a problem on icing detection for Unmanned Aerial Vehicle (UAV for short) because traditional icing
detection methods are costly and bulky. Toward this end, a pitot-based icing detection method is proposed, and the effect of
different types of icing blocking on pressure is firstly reported. An icing detection system based on the pitot tube is designed and
fabricated. Icing wind tunnel results indicate that if the pitot tube is blocked by glaze ice, then the total pressure of the pitot tube
decreases gradually and remains unchanged and less than static pressure. However, if the pitot tube is blocked by rime ice, then
the total pressure drops to the same level as the static pressure. If the pitot tube is blocked by non-ice organic materials, then the
total pressure suddenly drops to the same level as the static pressure and remains unchanged. Furthermore, if the pitot tube
contacts the water droplets but does not freeze, the total pressure output value fluctuates slightly. The effect of icing on pressure
is caused by differences in ice microstructure, temperature, and flow velocity. At the same time, the proposed method offers a
facile and low-cost approach for UAV icing detection.

1. Introduction

UAVs are small, lightweight, and flexible in flight; further-
more, accomplish tasks that are difficult for ordinary aircraft
while consuming relatively low energy. At present, UAVs are
widely used in cold regions and highland areas for cruising,
topographic mapping, patrolling border areas, surveying pla-
teau areas, and inspecting transmission lines [1]. However,
when working in cold regions and plateaus, UAVs encounter
freezing weather conditions, which result in icing.

Aircraft icing, especially ice on the surface of the wing,
seriously affects flight safety. Ice accretion on airfoils can
cause severe damage to aircraft not only by increasing its
weight but also by deteriorating aerodynamic capabilities
and decreasing available lift force, thus affecting stability
and safe operation [2–6]. Therefore, detecting icing on UAVs
is particularly important [7].

Currently, the commonly used methods for detecting
icing are optical, thermal, electrical, and mechanical methods
[8–10], which are based on sensors. Such sensors are placed
on ice-prone areas to sense the shape and thickness of the
ice. However, these icing detection methods are costly, bulky,
and relatively mature on large aircraft. These common tech-
niques, when applied to UAVs, not only increase weight and
volume but also greatly increase the cost. Thus, a facile and
low-cost icing detection method is necessary for UAV safety.

Icing detection based on the pitot tube is a possible solu-
tion due to its ease of use and low cost. As a necessary com-
ponent for UAVs to detect airspeed, the pitot tube is widely
used because of its simple structure, reliable data, and resis-
tance to destruction [11]. To detect ice accumulation on an
aircraft wing, the pitot tube should be installed on the wing
instead of the nose. After the total and static pressure holes
of the pitot tube are blocked, the output value changes
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accordingly. Therefore, the icing blocking characteristics of
the pitot tube can be used as a basis for UAV icing detection.
The influence of different ice types and materials on the pres-
sure of the pitot tube is the basis of its application. However,
the effect of icing on pressure and the corresponding mecha-
nism remains unclear.

Therefore, this study investigates an icing detection
method based on the pitot tube and the effect of icing on
pressure in detail. An icing detection system based on the
pitot tube is designed and fabricated. Then, experiments that
include the blocking of ice, non-ice organic materials, and
water spray are designed and implemented. Findings show
that glaze ice, rime ice, non-ice organic materials, and water
lead to different results in total and static pressure, which
can be used for icing detection. Corresponding models for
glaze and rime ice are established to elucidate the effects of
such materials on pressure.

The remainder of this paper is structured as follows: Sec-
tion 2 introduces the experimental design and experimental
preparation. Section 3 discusses and analyzes the experimen-
tal results. Section 4 presents the conclusions.

2. Experiments

The icing detection system based on the pitot tube is first
designed and fabricated. The system includes an L-shaped
pitot tube, an air pressure sensor, a CPU, a hose, and other
components, as shown in Figure 1.

This system selects a common L-shaped pitot tube, which
has a diameter of 5mm and a length of 35mm. It consists of
two concentric tubes, namely, the inner and outer tubes. The
inner tube refers to the total pressure tube; the total pressure
hole is situated at the top of the pitot tube. The outer tube is a
static pressure tube; the static pressure hole is located on the
side wall of the pitot tube [12]. The two nozzles are individ-
ually introduced into the air pressure sensor through the
hose. After processing by the CPU, the total and static pres-
sure data can be measured. Typically, the dynamic pressure
calculated by the pitot tube is used to measure aircraft speed.
However, this study only records the total and static pressure
data of the pitot tube and bypasses differential pressure
processing.

In measuring the total and static data, the selection of the
air pressure sensor should not only consider the range but
also the shape of the hose interface. The final selected sensor
type is XGZP6847040KPGPN, and the measurement type is
gauge pressure. Table 1 provides the parameters of this
sensor.

In the entire hardware system for air pressure detection,
the CPU requires a digital signal output from the AD con-
verter and transmits such signal to the computer through a
serial port for processing. The main control circuit used in
the system is an Arduino UNO development board of
ATmega328 MCU, which has 14 digital I/O pins, six analog
signal input pins, and a 32KB flash memory.

The system can collect the total and static pressure values
of the pitot tube in real-time and transmit it to the computer
through serial port communication to draw the total and
static pressure curves and complete the measurement and
detection of the air pressure data in the experiment.

To determine the characteristics of output data after the
pitot tube is blocked by ice, the system performs numerous
experiments in the ice wind tunnel environment. As shown
in Figure 2, the 0:3m × 0:2m ice wind tunnel includes a sta-
ble, contraction, test, and fan section; a heat exchanger; and a
refrigeration and spray system.
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Total source
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Figure 1: Icing detection system based on the air pressure measurement of the pitot tube.

Table 1: Sensor parameters.

Voltage 0.5 V 1.5V 2.5V 3.5 V 4.5V

Air pressure −40 kPa −20 kPa 0 kPa 20 kPa 40 kPa

Fan

Spray systemTest section
Airflow

Heat exchanger

Figure 2: Icing wind tunnel (0:3m × 0:2m).
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The experiments are mainly divided into three parts,
namely, ice blocking, non-ice organic material blocking,
and water spray experiments.

3. Results and Discussions

3.1. Ice Blocking Experiment. The ice blocking experiment is
divided into two groups, namely, A and B. Table 2 displays
the parameters for experiment A, such as temperature, wind
speed, mean volume diameter (MVD), and liquid water con-
tent (LWC). Temperature and wind speed are selected from
common icing conditions due to the limitations of the ice
tunnel equipment. MVD and LWC are selected from the air-
worthiness standard CCAR/FAR-25 appendix. The pitot
tube is mounted on the hole at the side wall of the test section
facing the incoming flow direction. Figure 3 depicts the
installation location.

Figure 4 displays the experimental results of group A. The
figure shows that when the pitot tube detection system is sta-
tionary, the total and static pressure output by the system are
nearly the same, and the pressure difference is nearly negligi-
ble. When the pitot tube is placed in the ice wind tunnel, the
total pressure rises rapidly, whereas static pressure remains
nearly unchanged. The spray system is turned on at point
B. At this time, the water droplets remain in an unfrozen state
and hits the pitot tube such that the total pressure is in a fluc-
tuating state. After point C, the pitot tube begins to freeze, ice
accumulates, and the total pressure decreases. After point D,
the pitot tube is completely blocked by rime ice, and the out-
put value of the total pressure hole drops to that of static
pressure.

Table 3 provides the parameters of experiment B, and
Figure 5 displays the results. It shows that the total static
pressure and data for static pressure of the system before
icing are similar to those of experiment A from point O to
C. After point C, the pitot tube begins to freeze, ice accumu-
lates, and total pressure decreases. After point D, the pitot
tube is completely blocked by glaze ice, and the total pressure
output value continues to decrease, finally, it is less than static
pressure and remain stable.

It is noticeable that the photos of rime ice in Figure 6 and
glaze ice in Figure 7 are taken by traditional camera after the
stop of the experiment and remove of the baffle of ice wind
tunnel. Unfortunately, the photos of the ice accretion process
near the total pressure hole of the pitot tube could not be
afforded due to experiment condition constraints. The test
section of the ice wind tunnel is narrow and sealed by a baffle
during the experiment, thus it is difficult to place a camera in
the ice wind tunnel. Besides professional camera which could
record the icing process near the total pressure hole with
diameter 1-2mm is lacked.

3.2. Non-Ice Organic Material Blocking Experiment. In actual
flight, the pitot tube may be blocked by non-ice organic
materials, such as insects. Thus, a non-ice organic material
blocking experiment is designed and implemented. A rubber
sleeve which is a type of organic material is used for testing as
an alternative because insects are difficult to manipulate, as
shown in Figure 8. Table 4 provides the parameters for exper-

iment C, and Figure 9 demonstrates the experimental results
of group C. The figure shows that when the pitot tube is
blocked by the rubber sleeve, the total pressure first rises
abruptly and then immediately decreases to the same level
as the static pressure. This phenomenon is clearly different
from the blockage of the pitot tube by ice.

3.3. Water Spray Experiment. This part of the experiment is
also conducted in the icing wind tunnel and divided into

Table 2: Parameters of ice blocking experiment A.

Experimental
conditions

Mean
volume
diameter

Liquid
water
content

Temperature
Wind
speed

Data 22 μm 0.715 g/m3 −5°C 15.6m/s

Pitot tube

Hose

Air flow direction

Figure 3: Schematic of the pitot tube installation in the test section.
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Figure 4: Total and static pressure outputs of the pitot tube after
blocking by rime ice. O–A: the entire air pressure detection system
is stationary. A–B: the L-shaped pitot tube is placed into the ice
wind tunnel at point A, such that the total pressure hole is facing
the incoming wind direction. B–C: the spray system is turned on
at point B. C–D: after point C, the pitot tube is in an icy state, ice
accumulates, and the icing state is rime ice (as shown in Figure 5).
After point D, the ice shape is basically stable.

Table 3: Parameters of ice blocking experiment B.

Experimental
conditions

Mean
volume
diameter

Liquid
water
content

Temperature
Wind
speed

Data 22 μm 0.715 g/m3 −5°C 7.9m/s
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groups D and E. Experiment D only opens the wind tunnel
with the refrigeration and spray systems turned off. Experi-
ment E opens the wind tunnel and spray system.

Table 5 presents the environmental parameters of exper-
iment D. Figure 10 shows that when the pitot tube detection
system is stationary, the total and static pressure outputs of
the system are nearly the same, and the pressure difference
is negligible. When the pitot tube is placed in the wind tun-

nel, the total pressure rises rapidly, whereas the static pres-
sure slightly changes.

Table 6 indicates the parameters of experiment E. The
spray system is turned on to simulate the state of water drop-
lets under flight conditions. Figure 11 displays the experi-
mental results of group E. The figure shows that when the
pitot tube is placed in the ice wind tunnel after being static,
the experimental results are similar to those of group A. At
point B, the spray system is turned on, the water droplets
come into contact with the pitot tube, the total pressure fluc-
tuates, the spray system is turned off, and the total pressure
returns to normal. The abovementioned experimental data
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Figure 5: Total and static pressure outputs of the pitot tube after
blocking by glaze ice. O–A: the entire air pressure detection
system is stationary. A–B: the L-shaped pitot tube is placed into
the ice wind tunnel at point A such that the total pressure hole is
facing the incoming wind direction. B–C: the spray system is
turned on at point B. C–D: after point C, the pitot tube is in an icy
state, and icing state is glaze ice (as shown in Figure 7). After
point D, the pitot tube is completely blocked by glaze ice.

Icing wind tunnel wall

Pitot tube

Rime ice

Figure 6: Pitot tube blocked by rime ice.

Icing wind tunnel wall

Pitot tube

Glaze ice

Figure 7: Pitot tube blocked by glaze ice.

Figure 8: Rubber sleeve blocking the pitot tube.

Table 4: Experimental parameters of non-ice material blockage.

Experimental conditions Temperature Wind speed

Data −5°C 18m/s
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Figure 9: Total and static pressure outputs of the pitot tube after
blocking by non-ice materials. O–A: the entire air pressure
detection system is stationary. A–B: the L-shaped pitot tube is
placed into the ice wind tunnel at point A such that the total
pressure hole is facing the incoming wind direction. After B: the
rubber sleeve is installed on the total pressure hole of the pitot
tube at point B.

Table 5: Parameters of the normal temperature experiment.

Experimental condition Temperature Wind speed

Data 14.4°C 9.8m/s
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indicate that after the pitot tube is placed in the ice wind tun-
nel, the total pressure immediately increases with the
increase in wind speed. If the pitot tube comes into contact
with water droplets but remains unfrozen, then the total
pressure output value slightly fluctuates.

Repetitive experiments are conducted to ensure reliabil-
ity. The parameters are changed to investigate the perfor-
mance of the icing detection system at different conditions.
The parameters are set as following values in this paper:
MVD is 22μm and 30μm; LWC is 0.549 g/m3 and
0.715 g/m3; temperature is -5°C, -11.5°C, -10.4°C, 9°C, and
14.4°C; wind speed is 8.7m/s, 7.9m/s, 9.8m/s, 11.4m/s,
11m/s, 12.3m/s, 14.7m/s, 15.6m/s, and 18m/s. Experiments
are implemented based on the combination of some param-
eters. Details of more repetitive experiments are presented
in the Supplementary Materials (available here).

4. Discussions

4.1. Ice Blocking Mechanism. Figure 12 illustrates the working
mechanism of the pitot tube being blocked by rime ice. Rime
ice is opaque and rough, and its structure ice is relatively
loose [13]. A certain amount of air is present between ice
crystal particles, such that its density and strength are low
and enables air to flow through it. This factor creates the
interface that further hinders airflow. When airflow enters
the total pressure hole, multiple collisions occur with the
obstructing interface, leading to energy loss and a decrease
in dynamic pressure. Eventually, as the rime ice accumulates,
the dynamic pressure Pq disappears, and the total pressure
Pt becomes equal to static pressure Ps, as described in the fol-
lowing equation: Pt = Pq + PS = PS (when Pq = 0). As a result,
the total pressure gradually decreases and finally coincides
with static pressure.

Figure 13 provides the working mechanism of the pitot
tube being blocked by glaze ice. However, the accurate tem-
perature of the front stage of the pitot tube is difficult to
obtain due to equipment limitations. Therefore, only the
trend of temperature change is shown. In the process of
forming glaze ice, the temperature of the water droplets
increases slightly due to the solidification of the water drop-
lets such that the gas temperature at the front part of the pitot
tube rises to the highest point T1 [14], and the total pressure
hole is partially blocked. However, as ice accumulates and
becomes increasingly thick, the heat released by solidification
is not transmitted to the front end of the pitot tube and is dis-
sipated by airflow. When temperature drops to T2, the total
pressure hole of the pitot tube is completely blocked by glaze
ice, which is smooth and transparent. As such, the structure
becomes dense [13]. The slow icing speed makes the water
droplets pile up closely together, and air bubbles are elimi-
nated in a relatively thorough manner such that a confined
space is formed inside the pitot tube. The temperature con-
tinues to drop, which can be explained by the ideal gas equa-
tion (Eq. (1)). The variables v, n, and R are unchanged
because the cavity is sealed, whereas P decreases with the
decrease in T . However, when T is the same as ambient tem-
perature, P no longer falls to reach stability. As a result, the
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Figure 11: Total and static pressure outputs when the pitot tube is
at normal temperature and the spray system is open. O–A: the
entire air pressure detection system is stationary. A–B: the L-
shaped pitot tube is placed into the ice wind tunnel at point A,
and the total pressure hole is facing the incoming wind direction.
B–C: the spray system is opened at point B to allow the water
droplets to hit the pitot tube evenly. C–D: the spray system is
closed at point C. After point D, the spray system is reopened.
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Figure 10: Total and static pressure outputs under normal
temperature. O–A: the entire detection system is stationary. A-B:
after the experimental environment reaches a stable state, the L-
shaped pitot tube is placed into the ice wind tunnel at point A
such that the total pressure hole is facing the incoming wind
direction. After point B, the pitot tube is retracted at point B. C–
D: the A–B operation is repeated.

Table 6: Experimental parameters for opening the spray system at
normal temperature.

Experimental
conditions

Mean
volume
diameter

Liquid
water
content

Temperature
Wind
speed

Data 22μm 0.715 g/m3 14.4°C 9.8m/s
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total pressure decreases gradually to a value less than the
static pressure and then stabilizes.

PV = nRT , ð1Þ

where P is the pressure of ideal gas, V is the volume of the
ideal gas, n is the amount of gaseous matter, T is thermody-
namic temperature of ideal gas, and R is ideal gas constant.

4.2. Non-Ice Organic Material Blocking Mechanism.Dynamic
pressure increases under the action of wind speed such that
the total pressure of the pitot tube increases. When the pitot
tube is blocked by the rubber sleeve, a portion of the gas
inside the rubber sleeve is compressed into the total pressure
tube, and the total pressure suddenly increases. The total
pressure hole cannot detect the dynamic pressure under the
action of the rubber sleeve; thus, dynamic pressure is reduced
to zero, whereas the total pressure becomes consistent with
the static pressure. When the rubber sleeve is removed, a por-
tion of the gas inside the pitot tube is released, causing a sud-
den drop in the total pressure.

It can be inferred that the total pressure will only imme-
diately decrease to the static pressure value without abrupt
rise when the pitot tube is blocked by the insect, since the
insect is different from the rubber sleeve.

The difference between the rubber sleeve and insect is
further discussed here. In this paper, the rubber sleeve is used
because the insect itself is an organic substance, and the rub-
ber sleeve is also an organic substance. At the same time, nei-
ther of these two substances is a heating source and does not
generate heat. Thus, the rubber sleeve could be used as an
alternative for insect. However, because the rubber sleeve is
a columnar structure, there will be some air inside it. When
the pitot tube is blocked with a rubber sleeve, the air will be
compressed into the pitot tube cavity, resulting in a brief rise
in the total pressure. While for insect clogging, no such a
brief rise in the total pressure since there is no big cavity
inside the insect, and thus no air compressed into the pitot
tube.

4.3. Water Spray Mechanism. The pitot tube is statically
placed in the atmosphere. When placed in the ice wind tun-
nel and under the action of wind speed, dynamic pressure
Pq = 1/2ρv2 increases. Therefore, the total pitot tube pressure
Pt = Pq + Ps also increases and is denoted as point A in
Figure 10 and shown as the red line with a rapid increase.

When the spray system is turned on, the flow of the wind
tunnel changes under the influence of the gas path of the
spray system, and liquid droplets hit the total pressure hole

Rime ice

Airflow

Flow direction

Pitot tube

Gap

Pitot tube

Figure 12: Rime ice blocking the total pressure hole of the pitot tube.
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Figure 13: Temperature change of the pitot tube blocked by glaze ice. At the beginning of the experiment, the initial temperature of the pitot
tube is assumed to be T . After the water droplets solidified for a period, the pitot tube temperature reaches T1. At this time, the pitot tube is
partially blocked, and the temperature of the pitot tube drops. At T2, the pitot tube is completely blocked.
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of the pitot tube. As a result, the total pressure fluctuation is
detected by the pitot tube.

4.4. Data Analysis of Icing Detection. The pitot tube icing
detection system could detect the ice accretion through the
variation of pressure based on the analysis of collected pres-
sure data. The analysis process and the determined standard
are discussed as follows. Take the static pressure Ys as a fixed
value, and take the total pressure as Yt , Yt+k, Yt+2k ⋯⋯Yt+ik.
Let A1 = Yt+k − Yt , A2 = Yt+2k − Yt , A3 = Yt+3k − Yt…
…Ai = Yt+ik − Yt ; If ð1/n + 1Þ∑n

i=0Yt+ik ≫ Ys and ð1/nÞ∑n
i=1

Ai <W1kPa, it is the stable fly stage (e.g., the A-B segment
of pressure output as shown in Figure 4); If ð1/n + 1Þ∑n

i=0
Yt+ik ≫ Ys and W1 < ð1/nÞ∑n

i=1Ai <W2kPa, it is the water
droplets impacting stage (e.g., the B-C segment of pressure
output as shown in Figure 4); If ð1/n + 1Þ∑n

i=0Yt+ik > Ys and
∣A1∣, ∣A2∣, ∣A3∣ ⋯⋯∣Ai∣ are gradually increasing, it is the
ice accretion stage (e.g., the C-D segment of pressure output
as shown in Figure 4); If ð1/n + 1Þ∑n

i=0Yt+ik = Ys and ð1/nÞ
∑n

i=1Ai <W1kPa, it is rime ice stage (e.g., the segment after
point D of pressure output as shown in Figure 4); If ð1/n +
1Þ∑n

i=0Yt+ik < Ys and ð1/nÞ∑n
i=1Ai <W1kPa, it is glaze ice

stage (e.g., the segment after point D of pressure output as
shown in Figure 6). Where k is the time interval which
depends on the sampling frequency and preset accuracy; i is
the number of samples; and W1 and W2 are the judgment
thresholds, which depend on experimental results and preset
accuracy, and could be obtained after analyzing a large
amount of experimental data at different conditions.

The detection system can only judge if there is ice or not,
and further what kind of ice it is. However, the system is cur-
rently unable to detect the icing thickness and ice accretion
rate in time. Therefore, it is hard to discuss the sensitivity
of the system if the sensitivity here is defined as the ratio of
the pressure to the icing thickness. To detect icing thickness
and ice accretion rate in time, more details about the ice
accretion process should be further studied with better exper-
imental conditions. The good news is that telling yes or no of
ice is acceptable for small and medium UAV applications
since they do not have any icing measurement equipment
now.

4.5. Effect on Flight Safety. The traditional pitot tube is
installed at the leading edge of the aircraft nose to indicate
the current airspeed of the aircraft. If it is blocked by ice, it
will have a potential impact on flight safety due to the wrong
airspeed information. However, the pitot tube icing detection
system does not pose a safety hazard to the aircraft.

The pitot tube-based icing detection system and airspeed
detection system are two separate systems. Another pitot
tube instead of the airspeed detecting one is used in the icing
detection system. It is installed on the leading edge of the
wing instead of the nose. The pressure data obtained of the
pitot tube fixed in the wing is only used for icing detection
but not for airspeed detection. The aerodynamic analysis
should be implemented to make sure that the extruding part
of the pitot tube-based ice detection system, even with ice
accretion, will have minimum effect on its aerodynamic per-
formance, like extruding parts of other aircraft instruments.

Therefore, the pitot tube-based icing detection system will
not affect the flight safety.

The UAVs will take some actions when the icing detec-
tion system alarm, for example, fly out of the icing zone, to
prevent the icing hazard. The pitot tube in the icing detection
system will be blocked by ice when the system detects icing.
Then the ice on the pitot tube will be removed by heating
so that the system can work again when it faces ice in the
future.

5. Conclusions

In this study, an icing detection method based on the pitot
tube is proposed. A corresponding icing detection system
based on the pitot tube is designed and fabricated. Experi-
ments using ice, non-ice organic materials, and water are
conducted in the icing wind tunnel. The traditional under-
standing is that the output value will change after the pitot
tube is blocked, but the law of its change is not clear. This
article obtains the semiquantitative law of the pitot tube
blocked by rime ice, glaze ice, non-ice organic materials,
and water droplets. Results show that after the pitot tube is
blocked by ice, the total pore output characteristics of the
pitot tube declines, whereas static pressure remains basically
unchanged. When the icing state is rime ice, the total pres-
sure drops to the level of the static pressure and remains
unchanged. When the icing state is glaze ice, the total pres-
sure continues to decrease and reaches a level lower than
the static pressure and remains unchanged. If non-ice
organic materials block the pitot tube, then the total pressure
output characteristic is a cutoff signal and does not indicate a
slow process, which is remarkably different from the block-
age of icing material. If the pitot tube comes into contact with
water droplets but are unfrozen, then the total pressure out-
put value fluctuates slightly. This facile and low-cost icing
detection method based on the pitot tube has great potential
for UAV safety.
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In this section, repeated experiments are provided, see Fig-
ures 1–10 in the supplementary material. (Supplementary
Materials)
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