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Abstract: In aeolian sand movement, the vertical distribution of sand particle size is intricately linked
to sand flux, wind-sand flow field and dune development. In the present study, the distribution
characteristics of sand grains in four particle size ranges at nine heights were investigated through
sand blowing tests at five different reference wind speeds. The correlation between sand particle size
and wind speed indicates that when the particle size was >0.35 mm, there was a linear variation
of mass percentage with wind speed. When the particle size was <0.35 mm, when Z < 0.15m, a
linear variation of mass percentage with wind speed was found; when Z > 0.15 m, an exponential
modification in mass percentage with wind velocity was observed for sand grains falling within this
specific range of particle sizes. The correlation between sand particle size and height indicates that
when the reference wind speed was >15 m/s, the mass percentage of sand particles varied linearly
with height. When the reference wind speed was <13.5 m/s, the mass percentage of sand grains with
particle size in the 0.25-0.35 mm range increases first and then decreases with increasing height. The
present results can provide a reference for subsequent research on the aerodynamic characteristics of
wind-sand flow fields and on the mechanism of dune formation.
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1. Introduction

In aeolian sand movement, the particle size of sand is a critical characteristic parameter
which influences the sand flux, wind—sand flow field and dune development [1,2]. As such,
the characteristics of the vertical distribution of sand particle size constitute a fundamental
component in the investigation of the aerodynamic properties of wind—sand interactions.

At present, the focus of most domestic studies on wind-blown sand has been on
the saltation of sand [3-5], lift-off speed and lift-off angular velocity [6-9], movement
trajectory [10] and sand flux [11,12]. Additionally, the sand transport rate is the most direct
representation of the strength of regional aeolian sand movement and a critical physical
quantity in the research on wind-blown sand two-phase flow [13]. Dong et al. [14,15] and
Tan et al. [16] conducted field observations and reported that the sand transport rate had an
exponential distribution. In a wind tunnel test, Creyssels et al. [17] adopted particle image
velocimetry (PIV) and particle tracking velocimetry (PTV) for analysis of saltated particles.
Findings showed that the mass flux density of sand grains decreased exponentially with
height. By conducting wind tunnel tests using sands of two mean sizes, Ni et al. [18] also
concluded that sand flux decreased exponentially with height but found that the sand flux
in near-ground areas deviated from the law of exponential distribution. The conclusion was
that this phenomenon was caused by creep and spring-back of sands. However, as per the
findings derived from the empirical study conducted by Mertia et al. [19] within the Thar
Desert, the gradual decline in sand flux with increasing height was found to adhere more
closely to a power function. There are many factors that lead to differences in sediment
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transport rate along the height distribution. Obviously, the particle size distribution is
one reason. The observed differences are influenced by a multitude of factors, and the
distribution of particle grain sizes stands out as a prominent element among these factors.

Sand particle size serves as a primary determinant impacting sand concentration,
velocity, momentum, as well as alterations in the wind—sand flow dynamics within the
saltation layer caused by wind-driven sand movement. Additionally, it plays a pivotal role
in shaping dune formation and migration [2,20,21]. Consequently, an increasing number of
studies have been focusing on investigating the relationship between the distribution of
sand particle sizes along the vertical axis and parameters such as sand flux, average wind
speed, meteorological conditions and geographical features [22-24]. Despite such research
efforts, there are limited studies on vertical sand grain size distribution. The characteristics
of vertical sand particle size distribution directly influence sand flux and average wind
speed, as well as others, and geographic features also influence the characteristics of vertical
sand grain size distribution.

Recently, numerous scholars have conducted studies on the correlation between the
particle size of sand on the bed and the average particle size of sand. Their conclusions
can be classified into two main categories: Tan et al. [16], Lancaster et al. [25], Wang
et al. [1] and Cheng et al. [26] expressed the belief that the average particle size of sand
in the lower saltation layer was smaller than the average particle size of sand on the bed;
however, after performing wind tunnel tests using four types of mixed sand, Xing et al. [27]
identified that in specific wind field conditions and a predetermined sand particle size
on the bed, the spatial distribution of sand grain sizes remained constant. With regard
to the characteristics of particle size distribution of sand in the saltation layer, there are
also two general opinions. One opinion is that above the sand bed, the average sand
particle size decreases with increasing height [26,28]; the other opinion is that there exists a
turning point for changes in the sand grain size 5-20 cm above the sand bed. Below this
turning point, the average sand grain size diminishes, while above it, the average sand
grain size increases [16,20,27,29]. The causes of these contradictions are not yet clear and
there remains no consensus. Therefore, there is no effective support available for research
on wind-sand flow dynamics and the acting force of wind-blown sand.

By combining previous research results, Yang et al. [30] conducted a study on the
change in sand concentration at the vertical section at different wind speeds. Analysis
was conducted on the change in concentration of coarse sand, medium-sized sand, fine
sand and extra-fine sand with height at different wind speeds, and a correlation between
the mass percentage of sand particle size and wind speed was observed. However, the
correlation between sand grain mass percentage and wind speed at different heights was
not analyzed. At the same time, there is an absence of comparative research between
real-world wind field measurements and wind-tunnel-generated wind fields. There should
be a great difference between the test result and change in sand particle size in actual
wind-sand flow fields.

Based on the aforementioned research and by taking into account the unpredictability
of sand storms, a wind-blown wind tunnel with sectional dimensions of 3 m x 2.5 m
was adopted to simulate an actual measured wind field under the conditions in which an
impurity-free wind field had been measured [31] (an impurity-free wind field is a wind
field where sand on the ground is not blown or there is extra-low sand concentration in the
air stream). Through this experiment, the influences of the movement of sand grains in the
saltation layer and the sand particle size on sand concentration and wind-sand flow could
be better understood. Further, the law of vertical sand particle size distribution was also
investigated. Meanwhile, the relationship between the mass percentage of sand particle size
and the wind speed in the same grain size range was analyzed, and the sand grain variation
along the height in the same particle size range at different reference wind speeds was
explored. The present study can serve as a reference for subsequent aerodynamic research
pertaining to near-surface wind dynamics and wind-blown sand flow fields. Additionally,
these outcomes establish a test basis for the development of dune morphology research.
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2. Introduction of the Experiment
2.1. Simulation of Wind-Blown Sand Environment

In the natural world, the transport of wind-blown sand is a long-term, complex, large-
scale process. Thus, since a complete simulation is difficult, an approximate simulation
was performed. In the experiment, the dimensional method was adopted to establish
similar criteria for wind tunnel testing of wind-sand flow dynamics [32,33]. In the wind
tunnel, the simulation of wind-blown sand processes on a level and even sandy surface in
a dynamically balanced state was achieved by employing isothermal conditions and the
continuous movement of two phases of viscous incompressible fluid. Experiments have
shown that the scheme can accurately simulate the corresponding proportion of wind-sand
flow field [31].

The experiment was conducted in the DC low-speed boundary layer wind tunnel of
the Institute of Electrical Engineering, Chinese Academy of Sciences, located in Dafutuo
Village, Badaling Town, Yanging County, Beijing. The wind tunnel consisted of a fan
section, stable section, honeycomb section, contraction section, test section and divergent
section. The working section of the tunnel was 3 m (W) x 2.5 m (H) x 20 m (L), and the
wind velocity could be varied between 0 and 30 m/s. The wind tunnel structure diagram
is shown in Figure 1. The wind tunnel had been altered to simulate a wind-blown sand
environment prior to commencement of the project. The alterations involved a sand grain
recovery device, an instrument coordinate frame, a sand protection wind profiler and a
multiplex sand collector. A part of this device is shown in Figure 2.
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Figure 2. Multiplex sand sampler and wind profiler.

Figure 2 shows the relative positions of the multiplex sand sampler and wind profiler
in the wind tunnel. The sand sampler and wind profiler were placed offset to reduce
the interference of the sand sampler on the sampling results of the wind profiler in this
experiment. The multiplex sand sampler was located on the central axis of the wind tunnel,
with a vertical distance of about 1 m from the sand bed. The wind profiler deviated from
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the centerline of the wind tunnel by 30 mm, with a vertical distance of 30 mm from the
multiplex sand sampler and a vertical distance of about 1.3 m from the sand bed.

2.2. Device for Wind Tunnel Test of Wind-Blown Sand

The blown-sand experiment was conducted under normal windstorm conditions
simulated by blowing the sand on the beds. The sand bed was positioned within the wind
tunnel’s test section. The geometric dimensions of the sand bed were 4 m long, 3 m wide
and 0.15 m deep, which makes the spreading sand size fulfill the full development of
particle motion [34]. The wind field layout is shown in Figure 3.
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Figure 3. Wind field layout.

3. Experimental Results and Discussion
3.1. Wind Field Analysis of Wind Tunnel Test

According to the conditions of an impurity-free wind field measured in Ningxia
Zhongwei Desert [31], impurity-free wind field commissioning was performed for the test
before the wind-blown sand experiment. According to the measured sampling height,
the wind tunnel sampling heights were 0.14 m, 0.28 m, 0.42 m, 0.56 m, 0.7 m, 0.84 m and
1 m. Data sampling was conducted, and the results of wind tunnel wind profile versus
measured wind profile are shown in Figure 4.
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Figure 4. Wind tunnel test and field-measured wind profile and turbulence profile; wind profile and
turbulence profiles under five reference wind speeds. Note: In the present study, the height of 1 m
was the reference point and the reference wind speed was the wind speed at the height of 1 m.

As shown in Figure 4, the wind tunnel test and the wind profile and turbulence
intensity measured on site were basically consistent, and the maximum deviation was at
the height of 10 m. The velocity difference at 10 m of the gradient wind profile was 0.28 m/s.
The deviation of turbulence at 10 m was 1.136%, thereby meeting the test requirements.
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To better simulate turbulence, the wind spectrum had to reach a certain standard.
Generally, a simulated wind spectrum should be close to the representative empirical
spectra, such as “Davenport’s spectrum” or “von Karman’s spectrum” [33,35]. Based
on Kolmogorov’s theory, these empirical spectra can be expressed in a unified form as
indicated in Equation (1):

fS(z, f) AfY
© (148
where S(z, f) is a function of fluctuation wind speed power spectrum density; f is frequency
(Hz); u* is the friction speed and ui = Gﬁ/ 6; A and B are constants; f is the Monin
coordinates, and f = f-z/U(z); and power exponents such as &, 3 and 7y of spectrum satisfy
y—ap=-3.

The fluctuation characteristics of wind affect the take-off and movement track of sand
particles and also affect the particle size distribution characteristics of sand particles in the
air. Therefore, the wind speed power spectrum at each measuring point was analyzed and
then compared with classical wind speed spectra (Davenport spectrum and von Karman
spectrum), as shown in Figure 5. The green solid line in this figure is the wind speed power
spectrum at the reference height of the field-measured wind field.
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Figure 5. Comparison of field-measured power spectrum, wind tunnel power spectrum and classi-
cal spectra.

Figure 5 shows the 30 s wind speed data in the wind tunnel test. The power spectrum
of downwind pulsating wind speed at each measurement point was normalized and
then compared with both the Davenport spectrum and the von Karman spectrum. An
observation can be made that within the 0.14-1 m height range, the peak value of the power
spectrum was between 0.07 and 0.2. Within the range of 0.01 < f-L/U(z) < 3, the wind
speed power spectrum at a height of 0.14-1 m was relatively close to the von Karman
spectrum. The power spectrum, where f-L/U(z) > 3 and at a height of 0.56—1 m, exhibited
a tendency to align with the Davenport spectrum. However, within the height range
of 0.14-1 m, spanning from low to high frequencies, the power spectrum was generally
more in agreement with the von Karman spectrum. Such findings indicate that in this
experiment, up to a height of 1 m above the ground, the von Karman spectrum provided a
more accurate description of the distribution of fluctuating wind energy across different
frequencies.

According to the described analysis results, the 10 min fluctuation wind data collected
at a height of 10 m in the field, where wind speed and direction were stable, was chosen
to serve as the power spectrum (Figure 5: the solid green line). This power spectrum was
subsequently compared with the wind speed power spectrum at the reference point in this
test, as well as the von Karman spectrum. We found that the wind speed power spectrum
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of field measurements and wind tunnel tests is closer to the von Karman spectrum in the
range of f-L/U(z) < 5. The comparison results are shown in Figure 5.

Based on the aforementioned wind field test results in the wind tunnel, in this exper-
iment, the wind and turbulence profiles at five reference wind speeds were obtained, as
shown in Figure 4. The wind speed was determined by the sand protection wind profiler.
The five reference wind speeds in Figure 4 are 11.6 m/s, 13.5m/s, 155 m/s, 17 m/s and
19 m/s.

Figure 6 shows the comparison of the wind speed power spectrum at the reference
point with the wind speed power spectrum at the reference point of the impurity-free wind
field, as well as the von Karman spectrum and the Davenport spectrum, at five reference
wind speeds. In the range of f-L/U(z) < 0.1, the wind speed spectrum in the wind—sand
flow field was between the Davenport spectrum and the von Karman spectrum, which was
slightly different from the wind speed spectrum at the reference point in the impurity-free
wind field. When f-L/U(z) > 0.1, each wind speed spectrum was closer to the von Karman
spectrum. Overall, the wind—-sand flow field in this experiment was closer to the von
Karman spectrum.
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Figure 6. Comparison of the wind speed power spectrum and classical spectra.

3.2. Mass Percentage of Sand Grains on the Sand Bed

In the present experiment, sand was sourced from the Tengger Desert, and its range
of grain size was 0.063-1 mm. The electronic scale used for weighing the sand was a
high-precision electronic analytical scale with a measuring range of 100 g and an accuracy
of 0.001 g. The sand on the bed was screened using circular screens with aperture sizes
of 0.4 mm, 0.35 mm and 0.25 mm, respectively. The mass percentages of sand of different
grain sizes were as follows.

Figure 7 is a histogram and probability cumulative curve of each sand particle size on
the sand bed. Sand with a particle size over 0.4 mm accounted for 25.66% of the total mass;
sand with a particle size of 0.35-0.4 mm accounted for 19.38% of the total mass; sand with a
particle size of 0.25-0.35 accounted for 48% of the total mass; and sand with a particle size
below 0.25 mm accounted for 6.96% of the total mass. In this experiment, the sand particle
size was mainly 0.25-1 mm.

3.3. Gradient Change in Sand Transport Rate at Four Reference Wind Speeds

The sand was spread across the sand supply bed device. When the reference wind
speed was too low during the test, sand collection was limited and difficult, resulting in
significant test errors. Thus, the five reference wind speeds selected in the experiment were
11.6 m/s, 13.5m/s, 15.5m/s, 17 m/s and 19 m/s. In the process of blowing sand, the sand
sampler would be covered with cardboard; when the wind speed was stable, the cardboard
would be removed, and the sand sampler would be started. At reference wind speeds of
11.6 m/s and 13.5 m/s, the period of sand accumulation lasted for 1500 s. This duration
was reduced to 900 s when associated with a wind speed of 15.5 m/s, further decreased to
300 s at 17 m/s and diminished to 180 s at a wind speed of 19 m/s. Once the designated
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time elapsed, the sand sampler had to be immediately covered. Subsequently, the blowing
of air was halted, and the collected sand was weighed and sieved. The sandbox had a
square cross-section with a height of 0.02 m, an area of 0.0004 m? and a depth of 0.1 m.
Based on the sand accumulation volume within the sand collection box during the test,
sand collectors numbered 2, 5, 8, 11, 14, 17, 20, 23 and 26 were selected for weighing. The
corresponding vertical coordinates for these box numbers were 0.03 m, 0.09 m, 0.15 m,
0.21 m, 0.27 m, 0.33 m, 0.39 m, 0.45 m and 0.51 m.
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Figure 7. Mass percentage of each sand particle size and probability cumulative curve.

After normalizing the sand collection time to 300 s for the five reference wind speeds,
the collected sand’s weight at each reference wind speed is presented in Table 1 as follows.

Table 1. The mass of collected sand at different heights under five reference wind speeds Q,.

Wind Speeds Wind Speeds Wind Speeds Wind Speeds 17 m/s  Wind Speeds 19 m/s

Height 11.6 m/s 13.5 m/s 15.5 m/s

Sand Collection (g)  Sand Collection (g)  Sand Collection (g)  Sand Collection (g)  Sand Collection (g)
0.51m - 0.019 0.038 0.220 0.401
0.45m - 0.022 0.083 0.441 0.674
0.39 m - 0.036 0.270 0.495 1.069
0.33m - 0.074 0.330 0.965 1.800
0.27m 0.062 0.164 0.633 1.685 2.817
021 m 0.436 0.639 1.839 4.033 8.193
0.15m 0.950 2.020 5.382 10.408 19.409
0.09 m 3.369 8.087 18.482 33.069 55.784
0.03 m 8.823 27911 58.662 88.172 147.150

Note: When the reference wind speed was 11.6 m/s, the total sand collection at height Z > 0.33 m was less than
0.1 g, and there was a large test error. Thus, the sand collection above this height was not recorded.

The sand transport rate is defined as the mass of sand entrained air flow that passes
through a unit of area in a unit of time. The efficiency of the sand collection flux in the
experiment was 90% [11]. The expression is:

_Q
q_A>|<T )

where q is the sand transport rate at any height of wind-blown sand flow; Q, is the mass of
collected sand at any height; A is the cross-sectional area of sand collection boxes; and T
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is the duration of sand collection. The sand transport rates at the four different reference
wind speeds are shown in Figure 8.

1400 ®V=11.6m/s
V=13.5m/s
__ 1200 X V=15.5m/s
g V=17m/s
~N
g 1000 - *V=19m/s
:cj q1 = 157.03x 10719932
© 800 ¢ R? = 0.9782
E g2 = 332.99x10-18.96x2
2 600 - R? = 0.9894
S g3 = 519.35x10-15-18x2
5 40 | \ R?=0.9751
e q4 = 737.23x10-13:12x2
3 R? = 0.9662
200 - q5= 1142.6x10-12.27%2
; ; R?=0.9719
0 - J
0 0.1 0.2 0.3 0.4 0.5
Z(m)

Figure 8. Sand transport rate along height direction. Note: In the above figure, q1-q5 are the fitted
curves corresponding to the reference wind speeds at 11.6 m/s, 13.5 m/s, 15.5 m/s, 17 m/s and
19 m/s.

Figure 8 shows that below the height of 0.33 m, the greater the wind speed, the higher
the content of coarse sand and the greater the sand transport rate. Conversely, when z was
equal to or exceeded 0.33 m, the sand transport rate tended to approach zero. Such findings
could potentially be attributed to variations in the mass percentage of sand grains with
distinct particle sizes present on the sand bed. On the sand bed, coarse sand (>0.35 mm)
accounted for 45% and extra-fine sand (<0.25 mm) accounted for less than 7%. With
increasing height, the activity of larger-sized sand grains decreased. Although fine sand
displayed greater mobility, its concentration was low, leading to challenges in effective
collection. This resulted in a decreased sand transport rate at heights above Z > 0.33 m.

By analyzing the trend of the fitted curve for sand transport rate (with a correlation
coefficient R? > 0.96), it was observed that the sand transport rate exhibited an exponential
variation with respect to height. This result is consistent with those of Dong [15], Tan [16]
and Creyssels [17].

3.4. Changes in Mass Percentage of Sand Grains with Height and Wind Speed in Each Particle
Size Range

(1) Mass percentage of sand with different grain sizes at different heights

According to the weighing results of the sand content of the set collector, the collected
sand at each height was screened. The mass percentage of sand grains within different
size ranges at nine distinct heights for various reference wind speeds can be found in
Tables 51-S5 in the Supplementary Materials.

An observation can be made from Tables S1-54 that at the same height, for the same
sand particle size, the higher the wind speed, the greater the mass percentage of sand with
particle size > 0.35 mm, and the mass percentage of sand with particle size < 0.35 mm was
lower. Below the height of 0.09 m, at the four reference wind speeds, the mass percentage
of sand grain size > 0.4 mm was consistently higher than that of sand of grain size of
0.35-0.4 mm. Such results suggest that the initial distribution of sand grain sizes on the
sand bed influenced the mass percentage of sand grains within the lower saltation layer.
However, as revealed by the comparison of the mass percentages of sand in the bottom
saltation layer in Tables S1-54 and Figure 8, at a reference wind speed of 13.5 m/s, the
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mass percentages of sand grains with the size of >0.35 mm were smaller than those on
the original sand bed, and the mass percentages of sand with a particle size < 0.35 mm
exceeded 52%. Obviously, the average particle size of the sand grains was smaller than
that of the original sand bed. However, when the reference wind speed was >15.5 m/s
and the height was Z < 0.09 m, the mass percentages of sand grains with a particle size
of >0.35 mm exceeded 45.04%, and the mass percentages of sand with a particle size less
than 0.35 mm exceeded 48%. As such, the average particle size of the sand grains was
significantly larger than that of the sand bed. The described results are not consistent
with the results of Lancaster [25], Wang [1], Tan [2], Cheng [26] and Xing [27]. It was also
observed that at the reference wind speed >13.5 m/s, at the height of Z < 0.27 m, the mass
percentage of sand particles with size < 0.25 mm consistently remained lower than that
on the sand bed. In addition, the greater the wind speed, the smaller the mass percentage
of sand particles with a particle size of less than 0.25 mm at the same height. This trend
could potentially be attributed to three factors: first, in comparison to larger sand grains,
smaller sand grains were more susceptible to wind speed influences and exhibited greater
activity at higher heights. Second, elevated reference wind speeds led to increased wind
velocities near the bottom, enhancing the activity of coarser sand particles in that region.
Hence, higher reference wind speeds corresponded to greater proportions of coarse sand
and lower proportions of fine sand at the bottom. Third, fine sand was more susceptible to
external environmental factors, introducing potential testing errors during the processes of
sieving and weighing.

Notably, the effective height of sand collection was Z = 0.27 m at the reference wind
speed of 11.6 m/s, and the characteristics of sand mass percentage distribution of each
particle size at this reference wind speed were only for auxiliary reference analysis and
were not compared with the sand mass percentage at other reference wind speeds.

(2) Therelationship between the mass percentage of sand grains and reference wind speed

At identical heights, the correlation between the mass percentage (Pi) of sand particles
with various grain sizes and the reference wind speed (V.ef) was established through the
application of the least squares fitting method. The resulting relationships are depicted
as follows: P1, P2, P3 and P4 in Figure 9 correspond to the fitted curves for particle size
components 0.25 mm, 0.25-0.35 mm, 0.35-0.4 mm and >0.4 mm, respectively.

As shown from the fitting curves of Figure 9a—c, at the height Z < 0.15 m, the mass
percentage of each particle size had a linear relationship with the reference wind speed,
and the correlation index R? was greater than 0.91.

In Figure 9d,e, specifically within the height range of 0.21 m to 0.27 m (0.21 m <
Z <0.27 m), two distinct trends were observed. The mass percentage of sand grains smaller
than 0.35 mm exhibited an exponential decrease as wind speed increased (with a correlation
coefficient R? > 0.92). In contrast, the mass percentage of sand grains with particle sizes
> 0.35 mm showed a linear increase with higher wind speeds (with a correlation coefficient
R? > 0.83).

In Figure 9f-h, specifically within the height range of 0.33 m to 0.45 m (0.33 m <
Z < 0.45 m), distinct patterns were observed. The relationship between the mass percent-
age of sand grains with particle sizes smaller than 0.35 mm and wind speed demonstrated
a closer alignment with exponential change (with a correlation coefficient R? > 0.75). Con-
versely, the mass percentage of sand grains with particle sizes greater than or equal to 0.35
mm displayed a stronger conformity with linear behavior (with a correlation coefficient
R? > 0.79).

In Figure 9i, when the height was Z = 0.51 m and the reference wind speeds were
13.5m/s and 15.5 m/s, the mass of sand particles with a particle size of 0.35-0.4 mm was
zero. Additionally, at the same height and reference wind speeds (13.5 m/s, 15.5 m/s and
17 m/s), the mass of sand particles with a particle size greater than 0.4 mm was also zero.
Further, as the height Z exceeded 0.51 m, screening became challenging due to the limited
amount of collected sand. Therefore, the relationship between the mass percentage of sand
grains and the reference wind speed at this particular height was not analyzed.
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Thus, within the height Z < 0.45 m, the relationship between the mass percentage of
each particle size and the reference wind speed could be expressed in sections as follows:

@® Z<0.15m,
P=oaxVe+A 3)

@ 021m<Z<045m,

P = B x V¥ particle size < 0.35 mm

4
P = a X Vi + A particle size > 0.35 mm @)

where P represents the mass percentage of sand grains; V. is the reference wind speed, m/s;
and o, A, 3, ¢ are fitting parameters.

The fitted curve in Figure 9 shows that the mass percentage of the sand grains de-
creased with increasing wind speed when the particle size was <0.35 mm; when the particle
size was >0.35 mm, the mass percentage of sand grains increased with increasing wind
speed. Such results are similar to the wind tunnel test results of Yang et al. [30]. However,
an observation was made that at any height, the average mass percentage of medium and
coarse sands had a linear relationship with wind speed, whereas fine and ultra-fine sands
had a power exponential relationship, which is inconsistent with the findings of the present
study. Obviously, it is not appropriate to substitute the mass percentage at each height with
the average mass percentage of sand grains.
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Figure 9. Relation between mass percentage of sand with the same range of particle size at each

height and reference wind speed. (a) The relationship between the mass percentage of sand particles

of various sizes and wind speed at a height of Z = 0.03 m; (b) The relationship between the mass

percentage of sand particles of various sizes and wind speed at a height of Z = 0.09 m; (c) The

relationship between the mass percentage of sand particles of various sizes and wind speed at a

height of Z = 0.15 m; (d) The relationship between the mass percentage of sand particles of various

sizes and wind speed at a height of Z = 0.21 m; (e) The relationship between the mass percentage of
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sand particles of various sizes and wind speed at a height of Z = 0.27 m; (f) The relationship between
the mass percentage of sand particles of various sizes and wind speed at a height of Z = 0.33 m;
(g) The relationship between the mass percentage of sand particles of various sizes and wind speed at
a height of Z = 0.39 m; (h) The relationship between the mass percentage of sand particles of various
sizes and wind speed at a height of Z = 0.45 m; (i) The relationship between the mass percentage of
sand particles of various sizes and wind speed at a height of Z = 0.51 m.

(3) Variation of mass percentage of sand grains along height

On the basis of the calculation results of Tables S1-54 in the Supplementary Materials,
the variation trend of the mass percentage of sand grains at the four reference wind speeds
along the height is shown in Figure 10. (When the reference wind speed is <13.5 m/s, due
to the significant difference between the change in the mass percentage of sand particles
in each particle size range and other wind speeds, the variation of sand particle mass
percentage in this reference wind speed will only analyze the trend and does not fit the
curve. The analysis of mass percentage variation along the height of sand grains for each
particle size will be separately addressed for the reference wind speeds of 11.6 m/s and
13.5 m/s in subsequent sections).

Figure 10a—d displays the mass percentage of sand grains within the four distinct
particle size ranges across various heights and reference wind speeds. By observing the
figure, it becomes evident that the mass percentage of sand particles with sizes > 0.4 mm
and 0.4-0.35 mm decreased with an increase in height, while the mass percentage of sand
particles with sizes 0.25-0.35 mm and <0.25 mm increased with height. The correlation
index (R? > 0.94) obtained from the fitted curves in Figure 10a—d indicates that the mass
percentage of sand grains within each particle size range exhibited a linear-like change
along the vertical direction. This trend can be described as follows:

P=p*Z+5 (5)

where P follows Equations (3) and (4); u, § is the test fitting parameter; and Z is the height
of sand collection, m.

According to the fitting curves of Figure 10a,b, when the particle size was >0.35 mm,
the higher the reference wind speed, the larger the mass percentage of sand grains in the
same particle size range. By analyzing the slopes of the fitting curves in both graphs, it
becomes apparent that as the height increases, the mass percentage of sand grains within
the particle size range of 0.35-0.4 mm experienced a notably slower reduction compared to
sand grains with a particle size of >0.4 mm.

Figure 10c,d show that when the particle size was less than 0.35 mm and the higher the
reference wind speed, the smaller the mass percentage of the sand grains in the same particle
size range. According to the slopes of fitting curves in the two figures, the growth rate of
the mass percentage of sand with particle size of 0.25-0.35 mm along the height direction
was significantly higher than that of the sand with particle size < 0.25 mm. Figure 10d
also shows that when the reference wind speed was 13.5 m/s, the mass percentage of the
sand grains with particle size < 0.25 mm was much greater than that at other reference
wind speeds.

Comparing Figure 10a—d, the variation of the mass percentage of each sand particle
size along the height was relatively moderate (as shown in Figure 10a, the slope of P1-P3
was —59.76, —62 and —64.42, respectively; in Figure 10b, the slope of P1-P3 is —21.29,
—21.14 and —25.67, respectively; in Figure 10c, the slope of P1-P3 is 72.13, 81.19 and 94 4,
respectively; in Figure 10d, the slope of P1-P3 is 8.917, 8.065 and 7.101, respectively). The
change in curves was close to parallel.
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Figure 10. At five reference wind speeds, the change in the mass percentage of sand particles in each
particle size range along the height. (a) Mass percentage of sand particle size > 0.4 mm along the
height direction; (b) Mass percentage of sand particle size of 0.35-0.4 mm along the height direction;
(c) Mass percentage of sand particle size of 0.25-0.35 mm along the height direction; (d) Mass
percentage of sand particle size < 0.25 mm along the height direction. Note: The fitting formula
P1-P3 in the figure corresponds to the fitting curves at reference wind speeds of 19 m/s, 17 m/s and
15.5 m/s, respectively.

In Figure 10a—d, the relation between mass percentage of sand with each grain size
and height at the reference wind speed of <13.5 m/s differed greatly compared to other
reference wind speeds. This distinction is especially pronounced in Figure 10c,d. In
Figure 10c (at particle size 0.25-0.35 mm), when the reference wind speed is 11.6 m/s, at
heights Z < 0.21 m, the mass percentage of sand grains increased with height. Conversely,
at heights Z > 0.21 m, the mass percentage of sand grains decreased with height, and the
height Z = 0.21 m marked the turning point. When the reference wind speed is 13.5 m/s, at
heights Z < 0.33 m, the mass percentage of sand grains increased with height. Conversely,
at heights Z > 0.33 m, the mass percentage of sand grains decreased with height, and the
height Z = 0.33 m marked the turning point. In Figure 10d (at particle size < 0.25 mm), the
curve depicting the relationship between mass percentage of sand grains along the height
direction exhibited a significant deviation from the trends observed for sand grains at other
reference wind speeds.
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Such results could be ascribed to the fact that at low wind speeds, beyond a certain
height, the sand particles primarily consisted of sizes < 0.35 mm. As the mass percentage
of sand grains with a size smaller than 0.25 mm increased, a natural consequence was a
reduction in the mass percentage of sand grains within the 0.25-0.35 mm size range. This
phenomenon subsequently led to an initial increase followed by a decrease in the mass
percentage of sand grains within the 0.25-0.35 mm size range along the height profile.

Obviously, when the reference wind speed was <13.5 m/s, the mass percentage of
sand with a particle size of 0.25-0.35 mm showed an inflection point at a certain height
(Z < 0.33 m), and the mass percentage increased first and then decreased along the height.
A prediction could be made that when the reference wind speed dropped to a certain value,
the mass percentage of sand grains with particle size in the 0.25-0.35 mm range would
decrease with the increase in height, which is similar to the change in sand particle size
> 0.35 mm along the height when the wind speed was >15.5 m/s.

4. Conclusions

In the present study, wind tunnel testing was conducted concerning the wind-sand
flow field under wind-blown sand environment conditions based on the actual characteris-
tics of wind fields in deserts. Analysis was performed with regard to the gradient of sand
transport rate and the mass percentage of sand grains with four grain sizes at different
heights under five different wind speeds. The present research achievements serve as a
valuable foundation for testing the aerodynamic traits of wind-driven sand movement
close to the ground and the formation of dunes. Additionally, they provide a point of
reference for numerical modeling investigations focused on the attributes of wind-borne
sand flow fields. The main conclusions can be summarized as follows:

(1) From the comparison of wind tunnel tests and field-measured wind speed spectra
with Davenport spectra and von Karman spectra, an observation can be made that the
flow field characteristics of wind tunnel tests were in good agreement with the measured
wind field characteristics. Such findings demonstrate the feasibility and accuracy of wind
tunnel testing and lay a foundation for subsequent research involving wind tunnel testing
of wind-sand flow fields.

(2) In the experiment, the sand transport rate changed exponentially along the height
direction. The characteristics of vertical distribution of mass percentage were as follows.
The percentage of sand grains with diameter >0.35 mm increased with increasing reference
wind speed and decreased with increasing height. The percentage of sand grains with
diameters less than 0.35 mm decreased with increasing reference wind speed and increased
with increasing height.

(3) The correlation between mass percentage of sand grains in the same range of
particle size with reference wind speed was as follows. For heights Z < 0.15 m, it was
observed that the mass percentage of sand grains with a diameter less than 0.35 mm
exhibited a linear decrease as wind speed increased, while the mass percentage of sand
grains with a diameter equal to or greater than 0.35 mm displayed a linear increase with
escalating wind speed. On the other hand, at heights Z > 0.21 m, the relationship governing
the mass percentage of sand grains with a diameter greater than 0.35 mm continued to
conform to linear change in accordance with reference wind speed. However, the mass
percentage of sand grains with a diameter less than 0.35 mm demonstrated an exponential
decrease with the increase in wind speed.

(4) From the blowing sand test at five different reference wind speeds, findings showed
that the distribution of sand grain sizes in the height direction was not consistent with the
distribution of sand grain sizes on the bed. The fitting curve of the sand mass percentage
along the height direction reveals that the mass percentage of the sand grains linearly
changed with increasing height. When the reference wind speed was <13.5 m/s, the mass
percentage of the sand particle size range of 0.25-0.35 mm initially increased and then
decreased along the height direction, with a turning point in the trend.
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We predict that as wind speed diminishes to a specific threshold, the mass percentage
of sand particles with a particle size range of 0.25-0.35 mm is likely to decrease along
the height. This emerging question could potentially serve as a focal point for future
research endeavors.

(5) In the experiment, due to the difficulty of sand collection caused by low wind speed,
further research should be conducted pertaining to the distribution of sand of different
grain sizes at low wind speed. Meanwhile, the brief duration of sand collection could result
in inadequate sand mass at significant heights (Z > 0.51 m), while excessively prolonged
collection times might lead to an excessive accumulation of sediment at the bottom. As
such, targeted research is needed to address the challenge of sand particle size distribution
at elevated height (Z > 0.51 m). These will also become research topics in our subsequent
research work.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su16103914/s1, Table S1: Mass percentage of each grain size at
9 heights under the reference wind speed of 13.5 m/s; Table S2: Mass percentage of each grain size at
9 heights under the reference wind speed of 15.5 m/s; Table S3: Mass percentage of each grain size at
9 heights under the reference wind speed of 17 m/s; Table S4: Mass percentage of each grain size at
9 heights under the reference wind speed of 19 m/s; Table S5: Mass percentage of each grain size at
5 heights under the reference wind speed of 11.6 m/s.
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