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Abstract

To improve our understanding on the aerodynamic wall shear fluctuation in particle-laden flow, we perform
statistical and spectral analyses of aerodynamic wall shear fluctuation in sand-free and sand-laden flows in
a turbulent boundary layer based on the results of a wind tunnel experiment. An increase in the skewness
of the probability density function of aerodynamic wall shear fluctuation is found in the sand-laden flow.
The turbulent intensity of aerodynamic wall shear stress increases rapidly with the sand mass flux. The
decreased convective velocity indicates blocking effects of sand particles in the near-wall region. The power
of aerodynamic wall shear fluctuation in the sand-laden flow increases at low frequencies corresponding to
the duration of sand streamers. The results of a superstatistical analysis of skin friction velocity show that
spatio-temporal fluctuation in the local energy dissipation rate is enhanced in the sand-laden flow. Finally,
the local and spatio-drifting force acting on the stochastic system of wall shear fluctuation in sand-laden
flow are different, providing a proof for the significant variation in flow condition caused by sand streamers

near the wall
1 Introduction

Aerodynamic wall shear stress (7,) is an essential
parameter of wall-bounded flow. In environmental
flows, such as air-sand flows, 7, is of significant eco-
logical and geomorphological importance, as it is con-
nected to erosion, bed transformation, sediment trans-
portation, the transport of interfacial gas and nutrients,
and so on [1,2].

Time-averaged aerodynamic wall shear stress (7,) has
been thoroughly studied both theoretically and exper-
imentally. The parameter 7, is often expressed as a
function of skin friction velocity, u, = +/7a/p, and
the skin friction velocity has been used as the scaling
velocity in the boundary layer dating back to Prandtl
(1905) [3]. Various relationships between 7, and the
Reynolds number have been proposed [4,5]. However,
aerodynamic wall shear stress always fluctuates in wall-
bounded flow [6], and the relationship between the con-
sidered relevant variable and 7, is generally nonlinear,
that invalidate the average shear stress as an effective
describing parameter. Hence, it is required to under-
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stand the fluctuation component of 7, defined as

’

T (z, t) = 75 (z, t) — Ta(x), (1)

and how it varies statistically with flow condition.

The fluctuation of aerodynamic wall shear stress
in pure fluid has been widely studied. In classic
approaches, the statistics of 7'; / Ta was considered to be
constant with the Reynolds number [7]. However, recent
investigations have shown that the Reynolds number
affects Tz;/ Ta. 1t was found that a very large instan-
taneous value above 7, that can reach 6 times the
mean value [8]. Such a large amplitude of fluctuation
is important in several applications, for example, the
burst releasing of ground sand particles [9]. The non-
linear interaction between the eddies causes a departure
from Gaussian behavior in the probability density func-
tion of 7';;, which is always positively skewed with skew-
ness ranging from 0.5 to 1.14 [10-16]. In wall-bounded
turbulent flow, large-scale and quasi-coherent motion is
a fundamental feature which is partially responsible for
the production and dissipation of the turbulence in the
boundary layers [11]. The evidence that quasi-coherent
structures exist is the correlation between the fluctu-
ating velocity and wall shear stress [17]. The large-
scale and very large-scale structures has been verified
in all types of wall-bounded flow [18,19]. These large-
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Table 1 List of variables
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Symbols Description Unit
A; Opening area of sand trap m?

B Fitting parameter of the hot-film sensors -

c Thickness of sand bed m

dp Particles diameter wm
eo Output signal of hot-films in motionless air -

ew Output signal of hot-films with airflow -

S Sampling frequency of the hot-film sensor Hz

q Sand mass flux kg/(m?.s)
q" Sand mass flux normalized by > ¢ —

R Correlation coefficient -
Res Reynolds number of incoming wind velocity -

Re, Reynolds number of skin friction velocity -

t Time coordinate S

t+ Normalized time (¢X f ) -

T, Yy, 2 Streamwise, spanwise, and vertical coordinates m
Az, Ay, Az Streamwise, spanwise, and vertical distance between two hot-film sensors m
Uso Incoming wind velocity m/s
U Mean wind velocity m/s
Ut Wind velocity normalized by - -

Ur Skin friction velocity m/s
Ur Mean skin friction velocity m/s
Ue Convection velocity of near-wall turbulent structures m/s
fr Normalized frequency (f = fc/Us)

ZH Thickness of hot-film sensors wm

L (t) Gaussian white noise m/s?
5 Damping constant 1/s

1 Strength of Gaussian white noise -

Ié] Local relaxation (v/6?) 1/s
Tu Large time scale of the fluctuation of 3 -

o Thickness of boundary layer m

é A given Time scale to calculate velocity difference -

Aug Local friction velocity difference m/s
Aug Spatio-friction velocity difference m/s
U Normalized local friction velocity difference [(Aui-Aut)/o Au;] -

Us Normalized spatial friction velocity difference [(Aus-Aus)/o 4, /] -

E Relaxation dynamic of Au ’ -

Fy Linear relaxation dynamic of Au; and Ausg -

Es Three-order relaxation dynamic of Au; and Aus -

€ Local energy dissipation rate Ir12/s3
Ta Aerodynamic shear stress N/ m?>
T; Fluctuation of 7o (Ta—7a) N/m2
7';+ Normalized fluctuation of 7, (T,; / Ta) -

Ta, std Standard deviation of 7, N/ m?
Ta, rms Root mean square of 7, N/m?
I; Magnitude of fluctuation in 7. (1/(mat?)) -

Pa Density of the air kg/m?
Pp Particle density kg/m?
v Kinematic viscosity of air N.m/s?

scale structures influence near-wall flow fluctuation sig-
nificantly via superposition and amplitude modulation
[20—22]. To grasp the most important statistics proper-
ties from this superposition and modulation dynamic, a
superstatistics realization was put forward to construct
stochastic differential equations with spatio-temporally
fluctuating parameters [23]. This realization has been
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widely used in analyzing the Euler and Lagrangian tur-
bulence flows [24-26].

The majority of past studies have focused on fluc-
tuation of aerodynamic wall shear stress in fluid flows
without particle-laden, only a handful of research has
been made in particle-laden flows [27-31]. For the past
few years, scientists began to realize the effects of the
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fluctuation in aerodynamic wall shear stress on parti-
cle saltation in boundary layer [27]. Research examined
the sand-laden flow and found that aerodynamic wall
shear stress exhibits variability over a wide range of
timescales due to turbulent mixing aloft [28-31]. They
found that the saltation in wind-sand flow is always
intermittent, which cannot be predicted by the aver-
aged aerodynamic wall shear stress. Therefore, direct
measurement of 7, in sand-laden flow is essential for
understanding the mechanism of intermittent saltation.
However, there are some challenges. Direct measure-
ment of 7, in sand-laden flow is difficult because sand
particles can damage frail sensors, especially in high
Reynolds number flows in which saltating particles have
higher speed. Direct numerical simulation can overcome
these problems but remains limited to flows with low
Reynolds numbers [32]. Up to now, a direct measure-
ment of aerodynamic wall shear stress in particle-laden
flow is still rare, that becomes a huge constraint on the
development of relevant research and motivates us to
carry out the work of this paper.

In this study, we firstly used flush-mounted hot-
film aerodynamic wall shear sensors fabricated with an
improved technique to measure 7, in a sand-laden wall-
bounded turbulent flow [33]. Table 1 lists all variables
used in this paper. Our aim was to understand the fea-
tures of 7, in a sand-laden flow of a simulated turbulent
boundary layer in wind tunnel. Our findings improve
the current state of knowledge and help address the
following key knowledge gaps pertinent to wall shear
modulation by airborne sand particles:

e Differences between statistical properties of 7, in
sand-free and sand-laden flows, including the prob-
ability density and turbulent intensity of 7’;;

e Modulation of the convective velocity and power
spectra from airborne sand particles;

e Superstatistical (SS) analyses of 7, and the spatio-
temporal fluctuation of turbulent energy dissipation
rate.

2 Methodology

2.1 Experimental setup and materials

Our experiments were conducted in the wind tunnel at
Lanzhou University, China. The wind tunnel simulates
well turbulent flow in the near-wall region [34]. The
working section of the wind tunnel is 1.3 x 1.45 x 22m3
(Fig. 1a, coordinates for the streamwise, spanwise, and
vertical directions are X, Y and Z, respectively). The
incoming wind velocities (U ) are 9.28 , 13.26 and 17.41
m/s. We used spires and roughness elements to gener-
ate the turbulent boundary layer. Three identical spires
were installed at the inlet of the working section with a
transverse distance of 0.4 m. The spires were followed
by a 6 m streamwise array of roughness elements cover-
ing about 50% of the floor surface. The sand bed started
7.5 m downstream of the trailing edge of the roughness
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element section. At this position, the simulated atmo-
spheric boundary layer was fully developed. Sand par-
ticles from the Tengger Desert of China were used to
generate a sand bed 4 m long, 1 m wide, and 0.03 m
thick. The lognormal distribution of the diameter of
sand particles is presented in Fig. 1lc. The sand bed
was followed by a 14 cm streamwise fetch of hot-film
sensors. To prevent the sensors from becoming buried
in the sand, we left a 0.5 m gap between the sand bed
and the sensor array. A pitot probe was set at the
front of the wind tunnel to measure the incoming wind
velocity. A group of pitot probes was used to measur-
ing wind velocity. A sand trap was installed after the
hot-film sensors to measure the sand flux. The flush-
mounted hot-film sensors were fully flexible and thin
(Thickness zg = 80 wm). A hot wire 1 mm long on the
top of the flexible element was the key component of
the sensor. The sampling frequency of the sensor was
set to 2 kHz (fu), and the sampling error was within
+5% [35]. To measure the spatial distribution of aero-
dynamic wall shear stress and to avoid the interplay
between sensors, we arranged the hot-films in an array
as shown in Fig. 1d. The ratio of hot-film thickness to
viscous sublayer thickness was less than 0.3.

2.2 Incoming wind velocity and hot-film calibration

Profiles of the normalized mean velocity (Ut = U /u,)

of three incoming winds are shown in Fig. 2a. The aver-

aged friction velocity (@,) was calculated from a loga-
rithmic fit:

Ur z

U(z) = —In(—

() = "t

) (2)
where k = 0.41 and zy is the roughness height. The
voltage output of hot film can be converted into wall
shear stress with the following equation:

_ €0 — €w
(7)!/? =B———, (3)

€0

where eq is the voltage in the motionless air, ey, is the
voltage with air moving past the sensor, and B is a fit-
ting parameter. The wall shear stress used to calibrate
the hotfilms was obtained by 7, = pau2. The calibra-
tion results of 12 hot-film sensors (four of which were
damaged by sand) are presented in Fig. 2b.

2.3 Accuracy analysis of hot-films

The hot-film works based on the principle of ther-
mal balance, that requires us to determine the accu-
racy of the sensors and how much the sand particles
in the wind-blown sand flow will interfere with the
measurement signal of the hot-film sensor. Figure 3a
shows the profiles of Reynolds stress measured by a
two-component hot-wire anemometer. The skin fric-

tion velocities were determined by the peak of u'w’
curves [36] and plotted in Fig. 3b, which shows good
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Fig. 2 a Profiles of mean wind velocity (U/u,) in three simulated atmospheric boundary layers, the dots indicate the
results measured by Pitot tube, and the line is a theoretical logarithmic profile. b Calibration of the hot-film sensors

agreement between the hot-film data and hot-wire mea-
surement. Deviations of 0.7 — 6.6% were found between
hot-film and hot-wire sensors within the measurement
range.

To estimate the strength of noise introduced by sand
bombardment, sand particles were used to hit a hot-film
sensor directly in motionless air. As shown in Fig. 4a,
an intuitive comparison between the noise of bombard-
ment and signal in airflow indicates that the former
one is rather weak. Figure 4b shows that the strength
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of the bombardment noise is about one order of magni-
tude lower than signal in airflow corresponding to three
incoming wind velocities.

2.4 Vertical profile of the sand mass flux

The sand flux was measured with a sand trap. Each
collector had a 2 x 2cm? opening that faced the inlet
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Fig. 3 Accurate analysis of hot-film sensors. a Ver-
tical profiles of Reynolds stress with two-component
hot-wire anemometry for a wooden wind tunnel floor,
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Fig. 4 Estimation of noise strength introduced by particle
bombardment. a A typical noise signal of particle bombard-
ing a hot-film sensor, and b Strength of bombardment noise

wind flow. The sand flux was calculated as

4= tXAi’

(4)

where m; is the total mass of sand in ith collector, ¢ is
the sampling time, and 4; = 4 cm?. Figure 5a shows a
comparison between the mass flux measured in a fully
developed wind-sand flow [37] and the results of this
article. The sand mass flux is normalized by > ¢ to
remove the effects from different incoming wind veloci-
ties. The normalized sand mass fluxes show a decrease
as z/c increasing, but the flux profiles measured in our
experiment is distinguished from the results of Ref [37].
Our measurements show lower magnitude of sand mass
flux in the near wall region, and higher sand mass flux
of mid to high positions (z+ = 2 ~ 8). This discrepancy
is caused by the difference of particle-surface interac-
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and average of hot-film signal of three incoming wind veloci-
ties used for experiment

tion process over sand and wood surface. Over our wood
surface, the bed particles are absent and the fall-down
particles have no chance to eject particles moving close
to the surface but will get higher rebound velocity (com-
pared to the condition of sand bed) to leads to higher
sand mass flux of mid to high positions. Figure 5b illus-
trates a comparison between the measured results and
the predictions of Bagnold’s equation [38], Kawamura’s
equation [39] and Duran’s equation [40] for the rate of
streamwise sand transport per unit width (Q) in satu-
rated wind-sand flow. It is found that the sand trans-
port in this paper is not saturated. In addition, the
magnitudes of @) for three incoming wind velocities are
listed in Table 2.

Table 2 gives a summary of the experimental condi-
tion, where the characteristics scales used to determine
Res and Re, are half of the wind tunnel height and the
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Fig. 5 a Comparison between the normalized sand mass
flux in this article and the experiment data from a fully
developed wind-sand flow, and b Comparison of the mea-
sured results with the predictions of Bagnold’s equation,
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streamwise sand transport per unit width and unit time in
saturated wind-sand flow

Table 2 Incoming flow conditions for a sand-free flow. b sand-laden flow

a

Uoo (m/s) 0" (m) Reso Ta (Pa) Ta,sta (Pa) Re-

9.28 0.45 3.99x10° 0.118 0.044 0.91x10*

13.26 0.4 5.71x10° 0.233 0.088 1.14x10*

17.41 0.4 7.49%10° 0.386 0.151 1.46x10*

b

Us (m/s) ¢ (m) Reoo 7o (Pa) Ta,std (Pa) Re- Q [kg/(m.s)]
9.28 0.03 3.99%10° 0.109 0.056 0.86x10* 0.00174
13.26 0.03 5.71x10° 0.190 0.103 0.99%10* 0.01073
17.41 0.03 7.49x10° 0.337 0.187 1.33x10* 0.02536

thickness of boundary layer, respectively. In addition,
the skin friction velocity u, that used to calculate Re,

is determined by u, = \/7a/pa-

3 Results

3.1 Characteristics of fluctuation in aerodynamic
wall shear stress

3.1.1 Time series and probability distribution of 7,

Figure 6 gives an example of fluctuation in aerodynamic
wall shear stress. A high degree of correlation among
the four streamwise mounted hot-film sensors can be
observed, which indicates the existence of a streamwise
footprint in the near-wall region. The time history of
Ta 18 characterized by the frequent occurrence of large-
magnitude positive peaks. However, negative peaks of
a similarly large magnitude are rare. The statistics
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parameters (Table 2) show that the fluctuation of 7,
in the sand-laden flow increases slightly compared to
the sand-free flow, indicating airborne sand particles
enhance the fluctuation in 7,. But the mean fluid shear
stress (7,) is decreased in the sand-laden flow compared
to the sand-free flow.

3.1.2 Intensity of fluctuation in 7,

Figure 7 shows the turbulent intensity in 7, (I, =

<7-;+2>) as a function of the Reynolds number, which

indicate the effects of Reynolds number on I, [41]. Also
presented in this figure are data for a zero-pressure-
gradient turbulent boundary layer from Ref. [32,42-44].
The Reynolds trend of I in the sand-free flow is similar
to Mathis ’s result [32], which reported that I increases
gradually with the Reynolds number. Our experimen-
tal results can be fitted by Mathis’s logarithmic formula
with same slope: I, = 0.217 + 0.018In(Re, ). The slope
of I is much steeper in the sand-laden flow than in the
sand-free flow, which indicates that I increases rapidly
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Fig. 6 Time history of

TE; /Ta in the streamwise
direction in the sand-free 2
flow and sand-laden flow,
Reoo = 3.99 x 10°
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Fig. 7 Turbulent intensity of 7, versus Reynolds number
(Rer) for the predictions and available data for sand-free
and sand-laden flows. The solid line indicates the trend in
Reynolds number reported in Ref. [44], the black dashed line
indicates the trend in Reynolds number reported in Ref. [32],
and the red dashed line indicates the trend I, = 0.217 +
0.018In(Re-). The horizontal point line marks the classical
value of 0.4 suggested in Ref. [10]

with the sand mass flux. Furthermore, the turbulent
intensity in aerodynamic wall shear signals is more sen-
sitive to the increase in the sand mass flux than the
Reynolds number.

Figure 8 shows the probability density function
(p-d.f) of 7. /Ta rms for Reso=3.99x10°, 5.71x10° and

0.5
X Colella and Keith (2003)  Sand-free flow
®  Wietrzak and Lueptow (1994) _— — —_ R, =3.99x10°
0.4 - - —Re_=5.71x10°
- - —Re_=17.49x10°
03 Sand-laden flow
w007 57
: Re,,=3.99x10
= Co™ 27X
8, Re_=5.71x10°
0.2 Re,_,=7.49x10°
0.1 - .
0.0 T T T T T T T
3 2 -1 0 1 2 3 4 5
’
Ta / Ta,rms

Fig. 8 The probability density function (p.d.f) of normal-
ized fluctuation in aerodynamic wall shear stress (7. /7a, rms )
for several Reso in the sand-free and sand-laden flows com-
pared to other investigations

7.49%10°, where Ta,rms 15 the root mean square of

7.. Our data for all Reynolds numbers in the sand-
free flow are consistent with the results of Colella
and Keith [11] and Wietrzak and Lueptow [12]. The
skewness and flatness of the six curves presented
in Fig. 8 are listed in Table 3c. Also included in
the table are experimental results for flush-mounted
hot-element sensors and elevated hot-element wall
shear sensors from the literature. The addition of

@ Springer
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Table 3 Wall shear fluctuation measured by different types of sensors

Type of sensor 1. Skewness Flatness Flow condition
(a) Flush-mounted hot-element wall shear sensors
Glue-on gauge wall 0.123 0.61 3.45 Turbulent air boundary
shear stress probe layer, Reg= 2700
(DANTEC
55R47, [13])
Hot-film sensors 0.4 1.1 5.0 Turbulent oil channel flow,
used in an oil Req = 3800
channel flow
Quartz-substrate 0.095 0.5 3.3 Turbulent air
gauge wall shear boundary layer
stress probe (DISA flow, Res = 3800
55R45, [10])
Flush-mounted 0.53 3.1 Turbulent air duct flow
hot-film [14]
(b) Elevated hot-element wall shear sensors
2 wm diameter wire 0.39 1.0 4.8 Turbulent air
placed a few boundary layer
diameters away flow, Res = 28,000
from a Plexiglas
plug [10]
Marginally elevated 0.32— 0.75— 3.6-5.2 Turbulent air
5 pm diameter hot 0.39 1.25 (=4.7) boundary layer
wire 85 pm from a (=~ 0.38) (=~ 1.14) flow, Res =
Perspex wall 20, 000 — 460000
substrate [15]
Flush-mounted hot 0.23-0.29 Turbulent air
wire wall shear channel flow with
stress probe [16] Req ranging from
3300-33,000
Uso (M/s) I; Skewness Flatness Flow condition
(c) Wall shear fluctuation in the present investigation
9.28 0.376 £ 0.04 0.47-0.80 (=~ 0.61) 3.10-4.05 (=~ 3.52) TBL, Res = 3.99 x 10°
13.26 0.381 £ 0.08 0.58-0.88 (= 0.66) 3.51-4.31 (=~ 3.69) TBL, Rew = 5.71 x 10°
17.41 0.390 £+ 0.04 0.47-0.87 (=~ 0.61) 3.13-4.44 (= 3.52) TP;L, Res = 7.49 x
10
9.28 0.514 +0.13 0.80-1.04 (=~ 0.92) 3.63-4.91 (=~ 4.25) TBL with sand-laden,
Reos = 3.99 x 10°,
Q =0.00174
13.26 0.543 +0.08 0.57-1.07 (=~ 0.81) 3.05-4.56 (= 3.81) TBL with sand-laden,
Reoo = 5.71 x 10°,
Q = 0.01073
17.41 0.554 4+ 0.08 0.71-1.16 (= 0.90) 3.42-5.40 (= 4.04) TBL with sand-laden,

Reoo = 7.49 x 105,
Q = 0.02536

sand particles increases the skewness of the p.d.f.
That is, airborne sand particles enhance the large-
scale positive peaks in the time history of wall shear
fluctuation.

3.1.3 Convective velocity u.

To determine the convective velocities u, of the stream-
wise 7, fluctuations in the boundary layer with and
without sand-laden, data of two hot-film sensors sep-
arated by a streamwise distance of Ax were employed.
The time-averaged correlation between two hot-film
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sensors is defined as

T, (t )T, o (t+ At, o+ Ax
Ry o, (Bt)= all 2l Lo
a1 Ta2 To1 (2), Tan(z + A2)

rms

where 7';,1 and 7, , are the streamwise fluctuation in
shear stress of airﬂow, respectively, and At is the time
delay. Correlations were averaged over sampling peri-
ods in multiples of 5 s and normalized with the root
mean square (r.m.s) to eliminate uncertainty from cal-
ibration.
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Fig. 9 Correlation of aerodynamic wall shear fluctuation
(R ) with several streamwise intervals in sand-free and
a,1'a,2

sand-laden flows

Figure 9 shows correlations between Té, in which the
time delay is pre-multiplied by the frequency of the
wall shear sensor. The decrease in the correlation coef-
ficient with the increasing interval between two wall
shear sensors is consistent with the decay in the struc-
tures as they move along the streamwise direction. The
maximum of correlation curves is higher in the sand-
laden flow than the sand-free flow. Furthermore, it takes
longer for the correlation curve to decrease to zero com-
pared to the sand-free flow, which indicates a larger
integral time scale in sand-laden flow.

As Ax increases, the peaks of the correlation curves
shift toward time delays with larger values. In Fig. 10a,
the normalized time shift (AtUs/c), where the peak
of the correlation curve occurs, is plotted against the
normalized streamwise distance (Az/c, where ¢ is the
thickness of the sand bed). The time shift increases
approximately linearly with the streamwise separation
distance within the range of scatter, which indicates

6 T T T T T T T T T T
Sand-free flow (a)
54 0 U,=9.28m/s 4
o U,=13.26 m/s
44 o U,=17.41m/s o] 1
NS
3° ]
2 -
Sand-laden flow
14 = U,=928m/s -
" U, =13.26 m/s
04 U, =17.41 m/s
0 2 4 6 8§ 10 12 14 16 18 20
AtU_ /¢
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the existence of a constant convective velocity of .
The results of u. for various incoming wind velocities
with and without sand-laden are plotted in Fig. 10b.
In sand-laden flow, u. are 6.7, 2.5 and 6.5% lower as
compared to the sand-free flow, which indicates slower
streamwise movement of near-wall turbulent structures.

3.1.4 Spectra of aerodynamic wall shear stress

Following Newland [45], we calculated the power spec-
tral density function from a fast Fourier transform with
a rectangular spectral window. Figure 11 shows the
normalized spectra of aerodynamic wall shear stress
at four streamwise positions. The distinction between
spectral distributions at different positions is not clear.
In the sand-free flow, the peak of the spectra is at
fc/Uso = 1.4 x 1073 and is followed by several slightly
lower peaks. In the sand-laden flow, peaks of the spectra
are at fc/Us = 0.62 x 1072, 1.7x1072 and 2.9x1073.
These peaks are outstanding compared with sand-free
flow.

Figure 12 shows the power spectral density in the
sand-free and sand-laden flows with different incoming
wind velocities. To minimize possible error caused by
different sensors, we averaged the power spectra of 12
sensors. In the sand-laden flow, there is more energy
at lower frequencies, indicating the enhanced large tur-
bulence in the near-wall region. In a field observation,
Baas and Sherman [46] found a high concentration
of windblown sand elongated in the streamwise direc-
tion. This phenomenon was defined as aeolian stream-
ers and successfully simulated by Dupont et al. [47]. In
the sand-laden flow, the sand concentration field and
streamwise wind velocity appear to be anti-correlated
in the near-wall region (z < 0.1z, , where z,, is the
height of the saltation layer), and high concentration is
correlated with low wind velocity. They explained this
anti-correlation in terms of the momentum extracted
from the flow by the sand particles. The lifetime of
streamers is on the order of 1.0 s (about 1 Hz sig-

0.5 T T T
o Sand-free flow (b)
®  Sand-laden flow
0.4 1 .
a
n
0.3 - e
8
=) °]
~ o
N ]
S 0.2 .
0.1 R
0.0 T T T
0 5 15 20

10
U, (m/s)

Fig. 10 a Time shift of maximum correlation as a function of streamwise distance (Axz™ = Az/c), b Convective velocity
u. for different values of incoming wind velocities in sand-free and sand-laden flows, respectively
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Fig. 11 Normalized power spectral density of streamwise skin friction velocity fluctuation (fS (u.) /%2) at several positions
in the sand-free (a) and sand-laden (b) flows. The incoming wind velocity is Uso = 17.41m/s
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Fig. 12 Normalized power spectral density of streamwise
skin friction velocity fluctuation (fS (u,) /42) in the sand-
free and sand-laden flows

nal). The corresponding normalized frequencies of three
incoming U, in this work are 3.23x1073, 2.26x1073
and 1.72x1073 . All of these normalized frequencies fall
into the range of increased power spectra in the sand-
laden flow (arrows in Fig. 12). These streamers pro-
vide a possible explanation for the extra source of low-
frequency signals. Furthermore, the increase in energy
at low frequencies suggests an increase in the r.m.s of
7-;. This is well supported by Fig. 7, which shows that
the magnitude of fluctuation (I,) increases rapidly with
the Reynolds number in the sand-laden flow.

3.2 Superstatistics (SS) analysis of aerodynamic
wall shear stress

In this section, we intent to use superstatistics (SS) to
grasping the most important statistical properties of

@ Springer

aerodynamic wall shear fluctuation and to analyze the
effects of airborne sand particles on the dynamic of this
stochastic system.

In wall-bounded turbulent flow, inner—outer interac-
tions relate to superposition and modulation effects [48].
A simple dynamical realization of this superposition
and modulation can be constructed by considering
stochastic differential equations with spatio-temporally
fluctuating parameters [23]. Consider the Langevin
equation:

Au=~F (Au) + 6L (t), (6)

where v > 0 is a damping constant, F' (Au) is a drifting
force, L (t) is Gaussian white noise and ¢ is the strength
of the Gaussian white noise. In turbulent applications,
Awu stands for a local velocity difference in the turbu-
lent flow. On a very small time scale, this velocity dif-
ference is the acceleration. The basic idea is that Au
locally relax with a damping constant v and driven by
rapidly fluctuation chaotic force difference. To reach a
local momentum balance, the chaotic force difference is
modeled by Gaussian white noise L(t). If the chaotic
force difference acts on a relatively small time scale
compared to v~ ! and has strong mixing properties, the
approximation of Gaussian white noise has been proved
to be rigid [5,49].

In turbulent flow, the local energy dissipation rate (¢)
fluctuates in space and time. In the sample model of Eq.
(6), this dissipation process is described by the damping
constant ~. Furthermore, the parameter § defined as
B = 7/&?% is a simple function of e. For a while, there
is a local relaxation (or €) with a value of 3, then this
parameter changes to a new value, as so on.

Finally, the drifting force F' (Au) defined as F' (Au) =
—[0/(0Aw)]E. In the turbulent applications, E stands
for an effective potential generating the relaxation
dynamic of Au. For example, E = V (Au) = 1/2A4*

generates a linear relaxation dynamic, whereas other
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Fig. 13 Probability density function of U; at several time
scales (0) compared to a Gaussian curve

functions of V (Aw) indicate more complicated relax-
ation dynamics.

3.2.1 SS analysis of local friction velocity difference

With a given time series of skin friction velocity from
one shear sensor, the local friction velocity difference,
Auy, was defined as

Aug = ur (t7+6) —u (t1),
Ut = (Aut _ﬂt)/(jAué

(7)
(8)

where t* = tx fy, 0.,/ is the standard deviation of
t

(Auy—Auy) , and 6 is a normalized time scale. The p.d.f
of Uy has non-Gaussian behavior at small time scales,
which is consistent with Ref. [51]. As shown in Fig. 13,

1-0 T T T T T T T T T
(a) Sand-free flow:
---U,=9.28 m/s
0.8 - --U,=13.26 m/s-
-=--U_=1741m/s
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0.4 @ R
0.2
0.0 + T
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A
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the experimental data depart from the Gaussian line in
small time scales of § = 1 and 10.

An essential postulating of SS models is the existence
of an intensive parameter § that fluctuates on a large
spatio-temporal scale Ty . In fact, § is assumed to reach
local equilibrium very fast, i.e., the associated relax-
ation time 7y is relatively short as compared to Ty.
To extract these time scales, Uy is divided into N equal
slices of size A. The large time scale Ty equals to the
length of the slices, and the small time scale 7y deter-
mines how fast the local equilibrium is reached in each
slice. We then define a function ka as follows [52]:

N 2
1 . (U ay
ka =< ) Ka1, with ka1 = 75—, (9)
N ; (U?)au
7 1 1A i . _
(Uf)a,1 = A Zi:1+(l—1)A Ui, withi=1,2,... ,N.

(10)

Figure 14a shows ka as a function of A. The rel-
evant large time scale Ty is defined by the condi-
tion ka = 3. The short time scale 7y can be esti-
mated from the exponential decay in the correlation
function Cy (t7) = (U (¢7)U(tT + AtT)). As shown
in Fig. 14b, the short time scale 7y is defined by
Cy (1y) = e 1Cy(0). These two basic time scales 71
and Ty are listed in Table 4. The ratios between Ty,
and 77 are relatively large, which indicates that the two
time scales are well separated. In the sand-laden flow,
the value of Ty is decreased compared to the sand-free
flow. Generally speaking, for a while, 3 reaches a local
relaxation with a value of 8 = /6?2, then this parame-
ter changes to a new value, as so on. As for sand-laden
flow, reduced Ty indicates that the changing of (3 is
faster than in sand-free flow.

Then, the slowly varying stochastic process 3 is
calculated in each slice whose length equals Ty. On
the time scale Ty, the local stationary distribution in
each cell is Gaussian. The variance in local Gaussians

1.2 T T T T
(b) Sand-free flow:
---U,=9.28m/s
1.0 - 7
---U,=13.26 m/s
---U,=1741m/s
0.8 Sand-laden flow:
= U,=9.28 m/s
-’
U= 0.6 —U,=13.26 m/s |
—U,=1741m/s
0.4
0.2
0.0 T T T T
2 4 6 8 10
At

Fig. 14 (a) Determination of the large time scale Ty under the condition ka = 3 for six data series of Ut. b Determination of
the short time scale 7y from the decay in the correlation function Cy(At™), where 7y is obtained from Cy(AtT) = e~ *Cy(0)
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Table 4 Values of superstatistical parameters extracted from the time history of Uy

Uso (m/s) Flow medium TU Ty Tu/Tu ! 0
9.28 Sand-free 5.40 72 13.3 0.340 £ 0.001 0.164 £ 0.001
Sand-laden 5.94 67 11.3 0.407 £ 0.001 0.195 £ 0.002
13.26 Sand-free 5.01 60 12.0 0.372 £ 0.007 0.171 £ 0.009
Sand-laden 5.29 57 10.8 0.481 £ 0.003 0.255 £ 0.004
17.41 Sand-free 2.54 25 9.8 0.482 + 0.004 0.256 £ 0.005
Sand-laden 2.95 23 7.8 0.484 + 0.003 0.312 £ 0.004
10! where the subscript T is the length of each slice and

Sand-free flow Sand-laden flow

o U,=9.28 m/s = U,=928m/s
1004 ° Us= 13.26 m/s o e U,=13.26 m/s |

& U,=1741m/s /7% U,=17.41m/s
107 3

P(B)

10-2_ . .
1/
o
1073 4 ° i
10 L - —
0.1 1 10

;

Fig. 15 Probability density function of 8 in sand-free and
sand-laden flows, respectively. The six curves are the log-
normal matches of P(8). Parameters o and 6 are listed in
Table 4

V/B/2me=1/28U7 is given by 81, and the B(t) can be
determined according to Ref. [53]:

1
(U)ero — (Ui,

p(t) = (11)

The p.d.f is obtained from a histogram of (3 (¢) for all
values of ¢, as shown in Fig. 15. A good match to the
data is the lognormal distribution:

1 1 _mp-9?
-~ e saE
F8)=- NN ; (12)
with a and 6 as listed in Table 4. The log-normally
distributed [ extracted from Uy indicates that (3 is a
power-law function of the local energy dissipation rate
(¢) in both sand-free and sand-laden flows. An increase
in the standard deviation of § indicates that spatiotem-
poral fluctuation in the local energy dissipation rate is
enhanced by the airborne sand particles.
Finally, we reconstruct pr, r(U;) as

pr, 1 (Ut) :/0 dﬂf(ﬁ)\/ge_ﬁE7

@ Springer

(13)

f is the frequency. Figure 16 shows both P(U;) and
pr, 5 (Uy). The SS reconstructions match the experi-
mental data in both sand-free and sand-laden flows.

3.2.2 SS analysis of spatial friction velocity difference

The spatial friction velocity difference is defined as

Aug = u, (x+Ax) — u - (x),
Us = (Aus — Aug) /o p,

where o, is the standard deviation of (Aus-Auy), and
Az is the streamwise interval between the two sensors.
As the convective velocities u. are obtained from the
correlation peaks of aerodynamic wall shear stress, the
time intervals At between the two sensors are calculated
as Az /u.. The normalized time interval (§ = At x fx)
is listed in the insets of Fig. 17. Furthermore, this time
interval is substituted into Eqgs. (7) and (8) to calculate
the p.d.f of Uy and Uy as plotted in Fig. 17.

Then, using the SS approach and the lognormal dis-
tribution, which reproduces the fluctuation in (§ we
reconstruct pr, ¢ (Uy) and pr, 5 (Us) as

00 _ 2
pr, 5 (UporUs) = 21%/0 dSexp <(h12(fz/ﬂ))> e’GE,

(16)

where p = e!/25” is due to the variance in U; and U

equals 1 [23]. In the sand-free flow, the distributions
of P(Uy) and P(Us) are well predicted by the linear
relaxation dynamic By = (1/2) U2, (Fig. 17a). How-
ever, in the sand-laden flow, P (U;) and P (Us) are dis-
tinct. These results indicate that Eq. (16) should be
modified before it is introduced to the sand-laden flow.
As a result, a high-order relaxation dynamic replaces
the linear relaxation dynamic in Eq. (16) to generate a
better approach to pr, r (Us). The high-order relaxation
dynamic is defined as

1 1
By = (—2U§> —hx(Us + 3UY), (17)
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Fig. 16 a Probability density of Uy in sand-free and b Sand-laden flows. The solid lines represent superstatistical approx-

imations of pr,  (Uy)

where h is a constant to be determined. There is good
reconstruction of the asymmetry in Fig. 17b. The con-
stants (s, and h) are listed in the insets of Fig. 17.

4 Discussion

For two experiments with and without sand-laden, the
magnitude of the fluctuation in aerodynamic wall shear
stress increased with increasing Reynolds number, Re;
(Fig. 7). In the sand-free flow, I increased slowly with
Re,, which is in agreement with the former results of
Refs. [10,32,44]. In the sand-laden flow, I, was about
1.4 times as much as that in sand-free flow because the
reduced 7, and enhanced 7, sta (Tab. 2). The decrease
in 7, can be attributed to the transport of momentum
to airborne particles. Figure 7 also shows that I is more
sensitive to the increase in the sand mass flux than the
Reynolds number. However, the mechanism between
particle transport intensity and I need further investi-
gations. Figure 8 provides a comparison between p.d.f
of 7, with and without sand-laden. In sand-laden flow,
airborne particles enhance the large-magnitude positive
peaks occurring with low frequencies (Fig. 6), leading
to an increase in skewness of 7.

The convective velocity u. of aerodynamic wall shear
fluctuations has been estimated by means of the space-
time correlations between 7, measured by different hot-
film sensors (Fig. 9). Based on the time shift of cor-
relation peaks, we obtained u,. of three incoming wind
velocities in sand-free and sand-laden flows, respectively
(Fig. 10 a). In the presence of sand-laden, this convec-
tive velocity is thus about 2.5 — 6.7% lower than in sand-
free flow, indicating the blocking effect from airborne
particles (Fig. 10 b). Power spectra of skin friction
velocities are increased at lower frequencies (Fig. 12).
This suggests that the airborne sand particles enhanced
the streamwise vortex with larger time scales, which
corresponds to the averaged life time of sand stream-
ers visualized in Ref. [47]. Thus, sand streamers provide
a possible explanation for the enhanced low-frequency

signals. In addition, the strengthened streamwise vortex
with larger time scales leads to enhanced 7, stq, which
is in agree with the enhanced I in Fig. 7.

Turbulent flow is a system of superposition and mod-
ulation which related to inner—outer interactions in
the boundary layer. The presence of sand-laden fur-
ther complicates this stomachic system. By mean of SS
technique, we proved that the airborne sand particles
reduced the large time scales Ty in which the stomachic
system of u, difference reaches a local Gaussian distri-
bution (Fig. 14a). In each time scale Ty, the slowly
varying stochastic process §(t) defines the variance of
the local Gaussians. The lognormal distributions of 3
with and without sand-laden indicate that 3 is a sim-
ple function of local energy dissipation rate of turbu-
lence, € (Fig. 15). In the presence of sand-laden, the
variance parameters of § exceed that in the absence of
sand-laden, indicating that airborne particles enlarge
the temporal difference of e (Table 4). This result pro-
vides a proof for the existence of sand streamers which
cause significant variation in flow condition near the
wall (Ref. [47]).

5 Conclusions

We compared wall shear fluctuation in wall-bounded
turbulent sand-free and sand-laden flows. In the sand-
free flow, the turbulent intensity of wall shear stress sig-
nal increases gradually with the Reynolds number. The
turbulent intensity in aerodynamic wall shear stress,
I, can be determined by the similar formulas of Ref.
[32,44]. In the sand-laden flow, I increases rapidly with
the Reynolds number, which indicates that the turbu-
lent intensity in aerodynamic wall shear is more sensi-
tive to sand mass flux than Reynolds number. In the
sand-free flow, the positively skewed pdf of TF: [Ta, rms
is consistent with classic investigations. However, the
increase in skewness indicates that airborne particles
in the sand-laden flow enhance the large-scale positively
occurring peaks in the time history of 7,.
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Fig. 17 Probability density of U; and Us in the sand-free a and sand-laden b flows. The dashed lines and solid lines
represent superstatistical approximations of pr, y(U) and pr, ¢ (Us), respectively

Correlations between different shear sensors verified
the existence of decay in the turbulent structures as
they convected along the flow direction. The decrease
in the convective velocity in the sand-laden flow indi-
cates slower movement of near-wall turbulent structures
due to the blocking effects of airborne sand particles.
The wall shear stress spectra of a single sensor show an
exponential decrease in the mid-to-high frequencies. In
the sand-laden flow, there is an increase in energy at
lower frequencies. The frequency range of the enhanced
power spectra is consistent with the duration of the
sand streamers. Thus, the frequent occurrence of sand
streamers explains the enhanced low-frequency signals.
Furthermore, the increase in energy at low frequencies
also suggests an increase in the r.m.s of 7'; in the sand-
laden flow. This is well supported by Fig. 7, which shows
that the magnitude of fluctuation (I) increases rapidly
with the Reynolds number in the sand-laden flow.

To extract the two relevant time scales from the
wall shear signals, we used the SS method to analyze
this non-equilibrated system. As for the local friction
velocity difference (U;), a lognormal distribution was
obtained from the parameter §, which is a simple power
function of the local energy dissipation rate. In the
sand-laden flow, the standard deviation of 3 is increased
by the airborne sand particles, which is consistent with
the increased energy at low frequencies. The local and
spatio-drifting force acting on the stochastic system of
wall shear fluctuation in sand-laden flow are different,
providing a proof for the existence of sand streamers
which cause significant variation in flow condition near
the wall.

The research in this paper has tremendous potential
in understanding the mechanism of intermittent salta-
tion in wind-blown sand, which cannot be predicted by
the averaged aerodynamic wall shear stress [31].
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