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Experimental study 
on the influence of turbulence 
on hail impacts
Yimin Dai 1,2*, Wei Wang 1,2, Ying Xu 1,2, Yixin Li 1,2 & Taiting Liu 1,2

Hailstorms, characterized by their intensity, are often accompanied by strong winds and heavy rain, 
posing significant destructive potential. Data indicate that the economic losses caused by hail to 
buildings, particularly solar panels, have been increasing annually. However, research on the hail 
resistance of photovoltaic panels has predominantly focused on the isolated effects of hail impacts and 
wind loads, neglecting the coupling effects between wind and hail. In this study, a device was designed 
to couple both wind and hail. The effects of turbulence, hail size, and velocity on hail impact behavior 
were systematically studied and quantified. A predictive formula for the peak load of hail impact on 
structures was established. The results indicate that the impact of turbulence on hail is significant. 
When turbulence intensity varies with hail velocity, hail impact force increases as turbulence decreases 
and hail velocity increases. When both turbulence and hail diameter vary, the impact force of smaller 
hailstones shows less variation with increasing turbulence. According to variance analysis, hail velocity 
is the most significant factor affecting hail impact, followed by hail diameter and finally turbulence. 
The regression equation is given by F = −0.624I

u
+ 5116.25D + 7.85V

hail
− 259.709 , where F  

represents the peak impact force in Newtons (N), I
u
 denotes the turbulence intensity, D is the hail 

diameter in meters (m), and V
hail

 is the hail velocity in meters per second (m/s).
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Hailstorms are highly destructive, often accompanied by strong winds and heavy rain, resulting in significant 
damage. Data indicate that economic losses caused by hail damage to buildings, particularly solar panels, have 
been increasing annually1,2. With the continuous advancement of photovoltaic technology, the advantages of its 
energy conversion efficiency, economic benefits, and environmental value are becoming increasingly evident. 
Photovoltaic power generation is expected to proliferate rapidly over the next few decades3, potentially becoming 
one of the most crucial energy sources in the future. The development of the photovoltaic industry also imposes 
higher demands on its disaster resilience. In regions with abundant wind resources, wind and hail disasters are 
common occurrences4. Therefore, studying the mechanisms of wind and hail resistance in photovoltaic structures 
is of great significance.

McDonald et al.5 combined experimental methods and field measurements to detect and evaluate the impact 
characteristics of hail particles of different diameters. Ding et al.6 conducted numerical simulations to study the 
hail resistance of greenhouse glass under impacts from hailstones of various sizes. The results indicated that the 
impact of multiple hailstones on a glass pane is not equivalent to the impact of a single hailstone. A 4 mm thick 
glass pane can meet the hail resistance requirements of most glass greenhouses. It is recommended that the 
length-to-width ratio of the glass panes be approximately 1.5. Kilikevičienė et al.7–9 designed and constructed 
a hail simulation platform to study the effects of hail particle impacts under different parameters on the crystal 
structure of photovoltaic modules and their power generation capacity. Based on their findings, they proposed 
optimization design solutions for photovoltaic panels. Hassan10 conducted a CFD simulation to model the wind 
pressure on solar photovoltaic panels under varying turbulence intensities. The study revealed that photovoltaic 
panels experience significant lift and drag forces when subjected to wind loads, necessitating the quantification of 
an adequate safety factor to prevent damage. Stathopoulos et al.11 experimentally investigated the wind pressure 
distribution characteristics of photovoltaic panels attached to flat roofs. The study found that the net pressure 
coefficients for different configurations were influenced by the panel tilt angle at a critical wind direction of 135°, 
with the rear panels experiencing greater wind suction than the front panels. The height of the building had little 
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effect on the overall load on the solar collectors, while panels at critical azimuth angles experienced higher net 
loads. Chung et al.12 experimentally determined the wind loads on freestanding solar panel arrays. When the 
wind incidence angle ranged from 0° to 60°, the lift coefficient varied in a U-shaped pattern with the tilt angle. 
The formation of strong upwind corner vortices caused the right half of the inclined panels to experience greater 
lift when the wind incidence angle was between 30° and 45°. Chen Wei et al.13 studied the effects of roof type, 
height, and photovoltaic array layout on the net wind loads of photovoltaic panels. Zou14 and Yin15 conducted 
wind tunnel tests to obtain the surface wind pressure distribution of tracking photovoltaic structures. The results 
showed that the wind direction angle and tilt angle significantly affected the wind loads on the photovoltaic 
panels. Ma et al.16 analyzed the impact of interference effects within an array on the wind load values of photo-
voltaic panels based on different wind direction angles, tilt angles, and the number of photovoltaic panels. The 
results indicated that when the photovoltaic panels face the wind or are back to the wind, the upstream panels 
significantly shield the downstream panels, with the shielding effect positively correlated with the tilt angle. 
The wind load on the downstream panels tends to stabilize starting from the fourth row. Lou et al.17 studied the 
shape coefficients and group shielding effects of ultra-large array photovoltaic panels using a combination of 
wind tunnel tests and CFD numerical simulations. The results showed that the shielding effect at a tilt angle of 
20° was significantly greater than that at a tilt angle of 12°, and the shielding effect increased with the number 
of upstream photovoltaic panels.

Research on the wind and hail resistance of structures often isolates the impact effects of hail from wind 
loads, neglecting the coupling effects between wind and hail. Studies have shown that wind is an indispensable 
factor when assessing the losses caused by wind and hail hazards18–21. Based on this, this paper employs wind 
tunnel experiments and innovatively designs a wind-hail coupling test system to comparatively study the impact 
behavior patterns of hail under different turbulence conditions, hail sizes, and velocities. This research provides 
a reference for the study of disaster mitigation and prevention of structural wind and hail damage.

Experimental procedure
Wind‑hail coupling test platform
This test study was carried out at the Wind Engineering Test and Research Centre of Hunan University of Sci-
ence and Technology, which houses a flat DC inhalation type single test section low-speed wind tunnel. The test 
section of the wind tunnel measures 4.0 m in width, 3.0 m in height, and 21.0 m in length, with an adjustable 
wind speed range of 0–30 m/s.

To simulate wind-hail coupling situations, a hailstorm simulation launch system and an acquisition system 
suitable for wind tunnel tests were developed independently.

This test incorporates a self-designed and manufactured air gun device as a hail simulation launching system. 
The device consists of a manual valve, air pressure gauge, external air pump, firing tube, and adjustable standoffs. 
Regulating the air pressure can control the speed of the hail launch, tuning the adjustment stand can change the 
angle of the hail launch, and replacing different launch tube diameters can achieve multiple diameters of the 
launch tube. (Fig. 1).

In this case, the hail-forming mold consists of two polypropylene hemisphere molds with a small hole in the 
upper half, mainly for removing excess water and preventing stress concentration. The molds are shown in Fig. 2. 
From Fig. 2, it is evident that the mold can produce hail particles that meet the test requirements.

In Fig. 1: where: 1- solar array, 2-force measurement and acquisition system,3-velocity monitoring system, 
4-fill light, 5-velocity monitoring backdrop, 6-loading device, 7-launcher bracket, 8-launcher, 9- Turbulent Flow 
Instrumentation (TFI), A-wind condition simulation section, B-wind-hail simulation section.

A hail velocity measurement device, a wind velocity measurement device, and a panel impact measurement 
device make up the acquisition system. In this paper, a high-speed camera recorded the hail launch velocity and 
monitored the hail fragmentation state, with a frames rate of 1000 frames per second. Throughout the entire 
experiment, flicker-free supplementary lighting was used to ensure adequate illumination for the imaging pro-
cess. Wind speed and turbulence at a height of 30 cm (at the same height as the solar panel model) upstream of 
the building were collected by turbulent flow instrumentation (TFI), with a test sampling frequency of 333 Hz. 
The sampling time was approximately 30 s, a total of 10 000 samples were taken. The force measuring instru-
ment used was the DYX-306 pressure sensor, with a sensitivity of less than 2.0 ± 0.05mV/V, non-linearity of less 
than ± 0.03% F-S and a range of 0-2000N. This sensor measures only the normal impact force of hail. Studies have 
shown that when sliding at high speeds (up to 10 m/s), the friction between ice and target is almost zero (coef-
ficient of kinetic friction less than 0.01)22, as a film of water is generated between the ice and the target during 
the sliding process. The normal component of the impact velocity is the main factor causing damage to the solar 
panel, as there is hardly any friction during the impact, only pressure exists on the panel23. Therefore, only the 
normal impact force of the hail is investigated in this test. The output signal collector used is D.R300A handheld 
force measuring instrument. This system can accurately record the output signal time course according to the 
sampling frequency set by the instrument. It can also perform preliminary pre-processing with a non-linearity 
better than 0.01% and an accuracy better than 0.1%; the maximum sampling frequency is 12800 Hz.

The target model for this test was a solar panel 290 mm in length, 240 mm in width, 30 mm in thickness, and 
weighing 1 kg. The solar panel structure from top to bottom consisted of glass, EVA, CELLs, EVA, back sheet, 
and a thickened bezel. This solar panel is representative of solar arrays installed on most bridges. The model was 
mounted with pallet brackets (Fig. 3) at a height of 30cm above the ground.

To ensure the applicability and accuracy of this force measurement system in measuring hail impact forces 
under wind and hail flow fields, hail impact forces under windless conditions were first measured based on the 
experimental system. Figure 4 shows the force measurement results of 3.2cm diameter hail impacting a solar 
panel at a speed of 22.43m/s and an angle of attack of 45° under this experimental system. Comparing this 
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(a)

(b)

Figure 1.   Wind-hail coupling test platform.

Figure 2.   Hail mold and forming hail drawing.
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result with the test results of KiliKevičienė14 where a 4 cm hailstone impacted the PV panel vertically at a speed 
of 22.61 m/s, the results showed that the system is capable of measuring the peak force and general force pulse 
shape reasonably well. In summary, this force measurement system can be used for impact force measurements 
of hail in wind and hail flow fields.

Test load
The data shows that the size of hail particles in hailstorms is mainly between 0.5 and 3 cm 24, nd the test hail 
diameters were 2.8 cm and 3.2 cm, consistent with the realistic range specified in GB/T 27,957–2011 Hail Grades. 
The artificial simulated hail parameters in this experiment are shown in Table. 1.

The experiment simulated the empty wind field (E) and three turbulence conditions A, B, and C using the 
combined baffle grille method (Fig. 5). The Composite Baffle Grating Method is a technique utilized in fluid 
mechanics experiments, particularly in wind tunnel testing or other fluid dynamics evaluations. This method 
involves the use of multiple baffles and grating structures to alter and control fluid flow characteristics, such 
as turbulence intensity and velocity distribution. The Composite Baffle Grating Method effectively simulates 
various flow conditions, thereby allowing for more precise measurement and analysis of fluid behavior and its 
impact on test objects. Average wind speed profiles and turbulence profiles of each simulated wind condition 
are shown in Fig. 6. The solid line represents wind speed, while the dashed line represents turbulence intensity.

Figure 3.   Model of the solar panel.

Figure 4.   Experimental impact load–time histories of hail in this system.

Table 1.   Related parameters of hail with different particle sizes.

Diameter (mm) Density (g/mm3) Mass (g)

28 0.9 10.33

32 0.9 15.43
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The test took place in the wind-hail coupling platform, with turbulence intensity, hail size, and velocity as the 
various factors. Four levels of turbulence intensity variation, two levels of particle size variation, and five levels of 
velocity variation were used for the combined experiments, resulting in a total of 40 test conditions. The specific 
working conditions are shown in Table. 2.

(a) (b) (c)

Figure 5.   Simulation of turbulent fields.

Figure 6.   Average wind speed profiles and turbulence profiles of simulated wind conditions.

Table 2.   Table of test conditions.

Hail diameter (cm) Hail velocity (m/s) Turbulence intensity (%)

2.8 18.7 2.5/8.5/13.5/25.5

2.8 20.7 2.5/8.5/13.5/25.5

2.8 22.5 2.5/8.5/13.5/25.5

2.8 24.5 2.5/8.5/13.5/25.5

2.8 27.8 2.5/8.5/13.5/25.5

3.2 18.7 2.5/8.5/13.5/25.5

3.2 20.7 2.5/8.5/13.5/25.5

3.2 22.5 2.5/8.5/13.5/25.5

3.2 24.5 2.5/8.5/13.5/25.5

3.2 27.8 2.5/8.5/13.5/25.5
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Results and discussion
Effect of turbulence intensity on hail impact behavior
The experiment investigated the impact behavior law of a 2.8 cm diameter hail particle impacting a solar array 
with a velocity of 24.5 m/s and an attack angle of 45°, using turbulence intensity as a variable. To analyze the 
impact behavior, Fig. 7 illustrates the initial moment of impact of a single hailstone under varying turbulence 
intensities.

Figure 7 shows that as turbulence intensity increases, the hail impact duration becomes longer, the time to 
reach the peak impact force is delayed, and the peak impact force decreases. The peak impact load of hailstones 
is the smallest at 25.5% turbulence, which is about 21.84% lower than that at 2.5% turbulence. Additionally, 
as turbulence intensity increases, the shape of the hail impact time curve becomes more irregular. The author 
believes this may be due to the presence of numerous small vortices in the flow field. The larger the turbulence 
intensity, the more severe the destruction of laminar flow, and there is not only slipping but mixing between 
adjacent laminar flow layers. This irregular fluid motion influences hailstone impact behavior.

Figures 8 and 9 show the impact curves and surface plots of hail under different impact conditions. Figure 8a 
shows the comparison curves of the variation in hail impact force with turbulence intensity for different hail 
diameters at a hail velocity of 24.5 m/s. Figure 8a indicates a negative correlation between hailstone impact 
force and the degree of turbulence intensity, with the impact force decreasing as turbulence intensity increases. 
Additionally, the larger the hailstone diameter, the greater the decrease in peak impact force. The large interval 
between the two curves suggests that hail size significantly affects the hail impact force, with larger sizes result-
ing in higher impact forces. Figure 8b shows the response surface of the impact force under the joint influence 
of hail size and turbulence intensity when the hailstone velocity is 24.5 m/s. Figure 8b demonstrates that the 
impact force of the hail increases with increasing hail size and decreasing turbulence intensity. The maximum 
impact force occurs when the hailstone diameter is 3.2 cm and the turbulence is 2.5%, with a value of 102.6 N. 
The minimum impact force occurs when the hailstone diameter is 2.8 cm and the turbulence is 25.5%, with a 
value of 60 N. When turbulence intensity ranges from 13.5 to 25.5% and the hailstone diameter ranges from 3.0 

Figure 7.   Experimental impact load–time histories of hail.

(a) (b)

Figure 8.   Impact force variation patterns at different turbulence intensities and hail diameters.
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cm to 3.2 cm, the response surface is steeper, indicating a greater slope, which means that the hailstone impact 
force varies more in this area. As the hailstone size increases, the effect of turbulence intensity on the impact 
force becomes more pronounced.

Figure 9a shows a graph comparing the variation of hail with turbulence intensity at different velocities for a 
hail particle size of 3.2cm. From Fig. 9a, it can be seen that the hail impact force decreases with the increase of 
turbulence intensity and the decrease of hail velocity. Figure 9b shows the response surface of falling stone impact 
force under the influence of the joint change of hail velocity and turbulence intensity when the hail diameter is 
3.2 cm. From Fig. 9b, it can be seen that the maximum impact force occurs when the hail velocity is 27.78 m/s 
and turbulence is 2.5%, while its value is 132.6 N. The minimum impact force occurs when the hail velocity is 
18.7 m/s and the turbulence is 25.5%, while its value is 38.2N. When the turbulence is 13.5%-25.5% and the hail 
velocity is 26–-28m/s, this section of the graph is smoother, indicating that higher turbulence intensity has a 
greater impact on the impact force of hail particles at higher speeds.

The 3D surface plot of hail impact loads is shown in Fig. 10. Figure 10 provides a clearer and visual repre-
sentation of the effect of each factor on hail impact. From Fig. 10, it can be seen that the hail size, hail velocity, 
and turbulence intensity have distinct effects on the hailstone impact force. As the size increases, the velocity 
increases, turbulence intensity decreases, and the impact of the hailstone increases.

Analysis of variance (ANOVA)
Univariate multi-factor ANOVA is a regression analysis and ANOVA performed on whether an independent 
variable is influenced by one or more variables. Using this ANOVA process, it is possible to test the question of 
whether there are differences in the means between different groups due to the influence of different factors in 
order to analyze the role of each factor.

The sum of the squares, variance, P-values, and F-values for each parameter is obtained by ANOVA to quantify 
the effect of each parameter on hail impact, as shown in Table. 3.

Table 3 shows that the effect of factors on hail impact can be assessed based on F-statistics. The order of 
influence of each factor on hail impact is: hail velocity > hail diameter > turbulence intensity. The P-values of all 

(a) (b)

Figure 9.   Impact force variation patterns at different turbulence intensities and hail velocity.

Figure 10.   3D surface view of hail impact.
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factors are less than 0.05, indicating statistically significant correlations between hail impact forces and individual 
parameters. These conclusions are consistent with the above analysis.

Multiple linear regression
From Fig. 11, the histogram of standardized residuals is in the shape of an inverted bell and is more symmetrical 
on both the left and right sides. Figure 12 shows that the standardized residual P-P plot has scattered points 
close to the diagonal line, indicating that the residuals are normally distributed. Figure 13 shows that, with the 
vertical axis at 0 as the symmetry axis, the scattered points are evenly distributed randomly on both sides, and 
the variance is homogeneous. Table 4 shows that dw = 1.824; according to the Durbin-Watson table, the residuals 
are independent. The VIF values are all below 4, indicating that there is no significant multicollinearity among 
the variables. Thus, it is possible to perform multiple linear regression fits.

Table 3.   Variance analysis of factors on hail impact.

Factors ST d mean square F Sig

Turbulence intensity 1147.70 3 382.569 19.706  < 0.0001

Diameter 4188.16 1 4188.162 215.733  < 0.0001

Velocity 23,668.2 4 5917.064 304.789  < 0.0001

R2 = 0.980(Ra2 = 0.974)

Figure 11.   Regression standardized residual plot.

Figure 12.   Standard P-P plot of regression-standardized residuals.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18317  | https://doi.org/10.1038/s41598-024-69234-5

www.nature.com/scientificreports/

In order to solve and predict the impact force of hail on structures through numerical calculation methods, 
which can provide references for engineering design, multiple regression analysis is utilized with experimental 
data. The regression model is assumed to be as follows:

where F is the peak hail impact structure load, N, Iu is the turbulence intensity, D is the hail diameter, m, and 
Vhail is the hail velocity, m/s.

The test data are fitted by fitting the model, and the fitted equation is:

Table. 4 shows that the R-squared is 0.984, the F-value is 372.174, and t significance level is less than 0.001, 
which means that the regression equation fits well. The sketches in Table. 5 indicate that hail velocity, size, and 
turbulence intensity are all significant to hail impact. The standardized partial regression coefficients show that 
hail velocity is the most influential factor in the impact, followed by hail size, with turbulence intensity having 
the least impact.

Conclusions
In this paper, a wind and hail coupling test platform applicable to wind tunnel tests was innovatively designed. 
The influence of turbulence intensity, hail size and velocity on hail impact behavior was systematically studied on 
this platform. The findings in the current study are as follows: The effect of turbulence intensity on hail impact 
is significant. As turbulence intensity increases, the hail impact duration becomes longer, the time to reach the 
peak impact force slows down, and the peak impact force decreases. A multiple linear regression analysis was 
used to derive a model for the peak hail impact force on photovoltaic panels, resulting in a well-fitted model. 
The regression equation is given by F = −0.624Iu + 5116.25D + 7.85Vhail − 259.709 , where F represents the 
peak impact force in Newtons (N), Iu denotes the turbulence intensity, D is the hail diameter in meters (m), and 

(1)F = aIu + bD + cVhail + d

(2)F = −0.624Iu + 5116.25D + 7.85Vhail − 259.709

Figure 13.   Residual scatter plot.

Table 4.   Variance analysis of factors on hail impact.

Quadratic sum d Mean square F Sig

Regression 28,681.182 3 9560.394 372.174  < 0.0001

Residual 924.766 36 25.688

Sum 29,605.948 39

R2 0.969 Ra2 0.966 Dw 1.824

Table 5.   Variance analysis of factors on hail impact.

Standardized coefficient

t Sig

Covariance 
statistics

Beta Tolerance VIF

-19.270  < 0.0001

Turbulence Intensity -0.194 -6.583  < 0.0001 1.000 1.000

Diameter 0.376 12.769  < 0.0001 1.000 1.000

Velocity 0.889 30.169  < 0.0001 1.000 1.000
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Vhail is the hail velocity in meters per second (m/s). The influence degree is in order: hail velocity > hail diam-
eter > turbulence intensity based on Analysis of Variance.

Data availability
Data is available upon request; researchers interested in reviewing our data should contact Yimin DAI at  
617275190@qq.com.
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