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Experimental measurement of wind-sand flux and sand transport for naturally mixed sands

You-He Zhou,* Xiang Guo, and Xiao Jing Zheng
Department of Mechanics, College of Physical Science and Technology, Lanzhou University, Lanzhou, Gansu 730000,

People’s Republic of China
~Received 8 March 2002; published 26 August 2002!

This article presents an experimental test and a program to empirically fit experimental data for the hori-
zontal flux of wind-blown sand passing through a unit area along a vertical direction per unit time. The
experimental data for the sand flow flux as a function of the height for naturally mixed sands, which were
chosen from a sand dune at the southeastern edge of the Tengger desert, were measured with a sand collector
in a field wind tunnel. On the basis of the experimental data and a least squares method, a fitting program is
proposed here and, further, an explicit form of an empirical formula varying with height and axial wind
velocity or friction velocity for the flux structure of the sands is gained. After that, we obtain an explicit form
of the empirical equation for the measurement of streamwise sand transport per unit width and unit time by
integrating the empirical formula for sand flux along the height direction and considering the contribution of
sand creep. Finally, we evaluate the effectiveness of the predictions of some equations, especially the well-
known Bagnold equation and Kawamura equation, for predicting streamwise wind-sand transport using the
empirical equation obtained for mixed sands. The results show that the predictions from Bagnold’s equation in
the region of friction velocityu* .0.47 m/s and Kawamura’s equation in the regionu* t<u* ,0.35 m/s are
effective. Meanwhile, the measurement results given from the empirical equation smoothly transit from Kawa-
mura’s prediction to Bagnold’s prediction as the friction velocity increases in the range 0.35 m/s,u*
,0.47 m/s.

DOI: 10.1103/PhysRevE.66.021305 PACS number~s!: 45.70.Mg, 81.70.Bt, 92.90.1x, 89.60.2k
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I. INTRODUCTION

In the past six decades, research about the process of
desert development has intensified in order to meet the n
to prevent desert sand from spreading and to protect
from wind erosion. Since Bagnold@1# pioneered the re-
search, it has been known that there are three major met
of motion of wind-blown sand particles, i.e., creep, saltati
and suspension, during wind erosion and/or dust storms
e.g., @2–5#. Except for dust storms in which the suspensi
motion is dominant, the saltation motion of sands usua
plays the key role in the wind-erosion process, along w
creep motion~ @1,5#!. In this area of research, most inves
gations have been conducted to find the relation of wi
sand flow to the basic laws of physics of wind-blown san
including the distribution of wind velocity, streamwise sa
transport, momentum, and energy, etc.~e.g., @1,2,5–11#,
etc.!. As an important quantity in research into wind-erosi
mechanisms, the streamwise sand transport is employe
measure the magnitude of wind erosion and the proces
desert spreading. In general, they are mainly related to b
creep and saltation motion. Some experiments show that
tation movement generates approximately 80% of
streamwise sand transport@12#.

Many equations, based either on an analytical model w
some assumptions or on an empirical form, have been
posed to predict streamwise sand transport for different sa
~ @1,2,13–16#, etc., for example!, among which Bagnold’s
formula @1# and Kawamura’s formula@14# are recognized to
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be efficient and are widely used~see@5,10,12#!. Based on an
analysis of exchange of sand momentum, Bagnold@1# pro-
posed a formula of streamwise sand transport in which
sand transport rate is proportional to the cube of the frict
velocity u* in a wind tunnel, based on momentum balan
In practice, streamwise sand transport should be zero a
point of the thresholdu* t of the friction velocity, that is to
say, there is no sand movement whenu* is lower thanu* t ,
as the definition ofu* t indicates. However, Bagnold’s for
mula @1# gives a nonzero prediction for the quantity ev
when u* 5u* t . In order to overcome this shortcoming o
Bagnold’s formula, under similar assumptions as@1#, Owen
@2# and Kawamura@14# obtained some revised formulas
reflect that streamwise sand transport is zero whenu* is
equal tou* t . Zingg @13# gave a formula for streamwise san
transport using the concentration of saltation and then in
grating it. It is found that this formula gives a smaller pr
diction than the experimental results for streamwise s
transport because the contribution of creep on the sand
face is not taken into account. Horikawa and Shen@12# con-
ducted some experiments to show which prediction, in
given range of friction velocity, is more efficient. Their re
sults pointed out that for the moderate diameter of samp
sand of 0.2 mm, whenucr,u* ,0.4 m/s, the prediction of
Kawamura’s formula is better than others;1 when 0.4m/s
,u* ,0.7 m/s, Bagnold’s formula is more efficient. More
over, from Fig. 7 in this article, we see that the prediction

1We have noted the difference between the constantK in Kawa-
mura’s formula withK51.8–3.1@5# and in the application of this
formula to the experiments of Horikawa and Shen@12# with K
51.0.
©2002 The American Physical Society05-1
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FIG. 1. Schematic drawing of the experimental apparatus in the field wind tunnel employed in the wind-blown sand experim
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Kawamura’s formula for the naturally mixed sand employ
in our experiment is always smaller than that of Bagnol
formula in the whole range of friction velocity. As the fric
tion velocity deceases tou* ,0.4 m/s, the relative error be
tween the predictions of these two formulas becomes v
much larger. Through comparing the predictions of so
equations for streamwise sand transport, it is found that th
is sometimes a difference of a factor of 3 among the pre
tions of those equations in the literature although there
little formal difference among the equations~see@5#!.

Evaluating which equation or formula is efficient in a
plications, as we know, is mainly dependent upon the pr
sion of the experimental data for the amount of wind-sa
transport. Since this quantity is directly not measurable,
precision of the experimental data for this quantity is sen
tively related to both the measurable data of the sand
passing through a sand collector and the processing of
measured data. In practice, the processing of the meas
data is conducted by an artificial extension of the experim
tal results of the sand collector, i.e., drawing the experim
tal data for sand flux per unit area and unit time measure
a sand collector on graph paper to find an empirical cur
then extending the curve to the domain outside the he
region of the sand collector, and finally calculating the a
surrounded by the curve and the axes of the graph by m
of numerical arithmetic. The area is then considered a
measurement of the rate of the wind-sand transport per
width and unit time@17#. It is obvious that the quantity o
streamwise sand transport obtained varies with the artifi
empirical curve since it is not uniquely chosen. Until now
general approach with a high precision and a satisfac
formula to reproduce the experimental measurement has
been found. In particular, no explicit form of empirical fo
mula or approach to the distribution of wind-sand flux vers
height and friction velocity has been found. In this artic
we propose an approach with empirical formulas for
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wind-sand flux and the streamwise sand transport for n
rally mixed sands on the basis of experiments using fi
wind tunnels and sand collectors. By means of the empir
formula obtained for the measurement of wind-sand tra
port, we evaluate the efficiency of the Bagnold and Kaw
mura equations when they are employed to predict the tra
port for mixed sands.

II. EXPERIMENTAL APPARATUS AND RESULTS

The wind-blown sand experiments were conducted in
field environmental wind tunnel of the Institute of Cold an
Arid Region Environmental Engineering~or Sand Desert! of
the Chinese Academy of Sciences. The wind tunnel is m
able and has a direct-blown closed jet. It can also be u
indoors and outdoors. In addition, the simulation of the sa
movement given by this tunnel is consistent with the mo
ment in the field. The test section is 21 m long and both
height and width are 1.2 m. The bottom of the wind tunn
was covered with a mixed sand layer 16 m long and 10
thick. The distance from the sand surface to the axis of
wind tunnel was 0.55 m.The wind velocity that can be co
trolled is that along the axis of the wind tunnel, called t
axial wind velocityuin . The distance from the starting poin
of the sand bed to the collector was 11 m, which is larg
than the ‘‘saturated fetch’’ (4 –7 m)@1#. The wind profiler
was fixed at the vertical midline of the wind tunnel, the e
point of sand surface. A schematic drawing of the expe
mental apparatus is shown in Fig. 1.

The sand sample employed in our experiments was ta
from a sand dune at the south-eastern edge of the Ten
desert. Analysis of the sand diameter in the sand sample
conducted in the Grain Size Laboratory of Lanzhou Univ
sity; the instrument used for the testing analysis is a Mas
sizer2000. Figure 2 illustrates the test results for the gr
distribution of the sand sample, whose volume mean dia
5-2
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eter is 0.228 mm and surface area mean diam
0.211 mm. In the experiments on sand flux, the sand
collected using a steplike sand collector, which is 30
high and 1 cm wide, with 30 vertical openings~each of area
131 cm2), whose efficiency is about 80%. The wind
blown sand went into the tubes of the sand collector thro
the openings. By weighing the sand in each tube, we can
the data for the flux of sand passing through each open
The sand mass was measured with an electrical steel
balance ~Mettler PM480 Delta Range with precision o
1/1000 g!. By dividing the measured sand mass in each tu
of the sand collector by the area of its corresponding open
and the duration time of the experiment, we get the aver
value of the sand flux in the central height of each openi
When sand movement is in a dynamic equilibrium state,
average values are equal to those instantaneous values
flux. It is known that equilibrium transport rates are attain
very quickly in the aeolian system@3,18#, so it leads to little
error when the wind-tunnel experiments are considered
the dynamic equilibrium state. In our experiment, the d
tance from the sand surface to the edge of the lowest ope
of the sand collector is 4 cm. Thus, we get experimen
data for the sand flux per unit area and unit time at 30
ferent heights from 4.5 to 33.5 cm. A set of the experimen
results for sand flux varying with height is plotted in Fig.
for an example when the axial wind velocityuin is 12 m/s
~the details of the measured data may be found in Fig
below!, where the horizontal axis represents the heightz of
the opening of the sand collector in centimeters, and
vertical axis indicates the sand flux per unit area and u

FIG. 2. Particle size distribution of sand sample employed
this paper.

FIG. 3. A set of experimental results of sand flux per unit a
and unit time varying with height (uin512 m/s).
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time, q, in kg/m2 s. In our experiments, six values of axi
wind velocityuin58, 10, 12, 14, 16, and 20 m/s, which a
all above the threshold wind velocity to make the sand mo
were used. The wind profiles for the distribution of win
speed with height were measured using a wind profiler m
by the Shanxi Air Instrument Company. The wind profiler
an array of ten Pitot static probes mounted at ten heights~3,
6, 10, 15, 30, 60, 120, 200, 350, and 500 mm) above
sand bed as shown in Fig. 1. The Pitot static tubes are a
rate enough that the wind speed near the tunnel surface
be measured. Before being used, all the Pitot static tube
the wind profiler were calibrated with standard Pitot sta
tubes. The difference between the total and static pressu
the Pitot static tubes at different heights was simultaneou
collected by a digital manometer whose measurement ra
is 0 –1 kPa. The manometer transmits the pressure di
ence data to a portable computer that converts pressure
ference to wind velocity according to@19#

u53.60„@760 mm Hg/P~mm Hg!#

3@~2731T °C!/293#Dh ~mm alcohol!…1/2

in which u is the wind velocity in m/s,P is the atmospheric
pressure in mm Hg,T is the temperature in°C, andDh is the
recorded pressure difference in mm alcohol, in conjunct
with the temperature and the atmospheric pressure read
that are made when the test is conducted. As an exam
Fig. 4 plots a profile of the experimental wind velocity var
ing with height on a semilogarithmic graph when the ax
wind velocity is 8 m/s. Figure 5 displays 14 sets of expe
mental results for the horizontal flux of wind-blown sand
saltation with six axial wind velocities. The tests were r
peated two or three times for each axial wind velocity. T
experimental results show that the wind profile is reprod
ible for each axial wind velocity; there are some deviatio
for the sand flux per unit area and unit time at lower velo
ties, but their trend is similar in general.

n

a

FIG. 4. A set of experimental results of wind velocity profi
varying with height (uin58 m/s).
5-3
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FIG. 5. Comparison between the fitting curves and the experimental data for sand flux per unit area and unit time. The dots wi
or circular shape represent the experimental measurement of the sand flow flux in our experiment, while the solid lines ind
simulation using fitting Eq.~9! of the flux versus height and axial wind velocityuin . uin5(a) 8, ~b! 10, ~c! 12, ~d! 14, ~e! 16, and~f! 20
m/s.
o
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III. FITTING EQUATION OF WIND-SAND FLOW FLUX

A. Least squares method of fitting curves

Here, we briefly introduce the least squares meth
~LSM!, which can be found in many texts of mathemati
that we will employ to fit the experimental results. Denote
fitting function by

y5y~x,a1 ,a2 , . . . ,am!, ~1!

where ak(k51,2, . . . ,m) are the parameters to be dete
02130
d
,

mined. Assume that the experimental values of (x,y) are
represented by (xi ,yi) ( i 51,2, . . . ,n). From the LSM, we
know that the parametersak can be obtained by minimizing
the following functional:

x25(
i 51

n

@yi2y~xi ,a1 ,a2, . . . ,am!#2. ~2!

Thus, the parametersak satisfy the system of nonlinear a
gebraic equations
5-4
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]x2

]ak
50, k51,2, . . . ,m. ~3!

When the fitting function of Eq.~1! degenerates into a linea
one, we can take the superposition approach on the bas
base functions that are prechosen, i.e., we havey
5(k51

m akwk(x). Herewk(x) (k51,2, . . . ,m) are one set of
known base functions. In this case, the nonlinear algeb
equations of Eq.~3! for the parameters become a set of line
ones. After the algebraic equations with unknowns
solved, the fitting equation is obtained to the problem. In
following calculations using the LSM, the commercial so
wareORIGIN is used.

B. Fitting function of sand flux rate

Figure 5 displays the measured data, marked by dots
the horizontal flux of sand per unit area and unit time vary
with height. From the measured data, we find that the d
decay with height with some negative exponential functi
In this case, the following exponential equation is used a
guess to fit the experimental data:

q~z!5C1A expS 2
z2z0

B D ~4!

in which z0 is the offset ofz, C is the bias ofq(z), A is the
amplitude, andB is the decay constant with respect toz. In
the ORIGIN software for the LSM,z0 is taken as an appropri
ate fixed number, i.e., it is close to the minimum value of
variablez; the biasC is set to be a fixed number which
close to the asymptotic value of the functionq(z) whenz is
large enough. For the case of the experiments in this pa
z0 is taken as the position of the central height of the low
opening of the sand collector, i.e.,z054.5 cm. It is evident
that, whenz becomes large enough as the height increa
q(z) will approach zero when suspension is neglected. Th
we haveC50. Then we can get the values of the coefficie
A andB in Eq. ~4! using the LSM for the measurement da
of sand flux to each axial wind velocity; these are marked
Fig. 6 by dots, and are referred to as the experimental
for the coefficients. It is obvious from the figure that th
values ofA andB change with the axial wind velocityuin ,
that is,A5A(uin) andB5B(uin).

C. Fitting functions of AÄA„uin… and BÄB„uin…

It is a key step to find some suitable fitting equations
A5A(uin) and B5B(uin) in Eq. ~4! for developing an ex-
plicit form of the empirical equation of the flux of sand ma
flow in the experiment, and, further, that of the streamw
sand transport varying with axial wind velocity or frictio
velocity, as seen later. WhenC50 in Eq. ~4!, we know that
the coefficientA implies how intense the sand flux or tran
port is. We useucr denote the threshold of the axial win
velocity that makes the sand move. In order to display
fact that the sand movement occurs only when the axial w
velocity is above the threshold value, according to the
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perimental data forA shown in Fig. 6~a!, after many attempts
a satisfactory test function was found to be

A5A~uin!5a1uin
2 ~uin2ucr!

a2. ~5!

Herea1 anda2 are the coefficients to be determined. For t
mixed sand sample used in our experiment, by means of
test results for the wind velocity profile introduced in th
previous section and the Bagnold formula for threshold fr
tion velocity ~the details are displayed in the next sectio!,
we obtain the threshold of axial wind velocityucr
56.832 85 m/s. Then, applying the LSM to the experime
tal data in Fig. 6~a! using Eq.~5!, one can get

a151.49931024, a251.631. ~6!

Similarly, for B5B(uin), we take the following polynomial
function of second order:

B5B~uin!5b11b2uin1b3uin
2 , ~7!

in which the fitting coefficients are obtained as

FIG. 6. Comparison of the experimental data forA andB in Eq.
~4! with the predictions of empirical equations~5! and~7!. The dots
in the figures indicate the fitted values ofA and B, denoted by
‘‘experiment.’’ The solid lines represent the prediction of the fittin
equations~5! and ~7! for A andB, respectively.
5-5
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b152.263 45, b2520.121 03, b350.013 68 ~8!

with the correlation coefficientR250.982 65. Obviously, the
experimental data are related to many properties of the s
sample, such as the distribution of sand grain diame
physical and chemical behavior, etc. Thus, the fitting coe
cientsa1 , a2 , b1 , b2 , b3, anducr are dependent on the san
sample employed.

D. Fitting results

Figure 6 shows a comparison of the experimental data
the fitted curves of Eqs.~5! and ~7! with the fitted coeffi-
cients of Eqs.~6! and~8!. It is found that those results give
by the empirical equations~5! and~7! are in good agreemen
with the experimental data forA andB varying with the axial
wind velocity. Substituting the obtained equations~5! and~7!
into Eq. ~4!, we get an explicit form of the empirical equa
tion q(z) varying with axial wind velocityuin and heightz.
That is,

q~z!5A~uin!expS 2
100z24.5

B~uin! D . ~9!

Here, the unit of heightz is meters. In Fig. 5, the solid curve
indicate the fitted results of Eq.~9! for the six sets of axial
wind velocities, while the dots represent the measured d
of the experiment. From Fig. 5, one can see that the fitt
results from Eq.~9! are in good agreement with the measur
data also.

IV. EMPIRICAL EQUATION OF WIND-SAND TRANSPORT

A. Empirical equation of sand flow flux
on friction velocity

In most equations of wind-sand transport, the express
are formulated in terms of the friction velocity and its thres
old. In this case, we first transform the variablesuin anducr
in Eqs. ~5!, ~7!, and ~9! into u* andu* t . For this purpose,
we employ the logarithmic wind profile of Bagnold@1#:

u~z!5
u*
k

lnS z

zt
D1ut , ~10!

wherek50.4 is the Karman constant, and (zt,ut) is a fixed
point. Rewriting Eq.~10! in the form

u~z!5c1ln z1c2 ~11!

in which

c15
u*
k

, c25ut2
u*
k

ln zt . ~12!

Applying Eq. ~11! to fit the measured data for the wind pr
file as introduced in Sec. II by means of the LSM, we obt
the values ofc1 andc2 for each axial wind velocityuin , for
which the correlation coefficient is in the region
02130
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0.966 65,R2,0.982 08. The results obtained show that t
value ofc1 or u* varies withuin almost linearly. Hence, we
further introduce

uin5d1u* 1d2 ~13!

in which the constantsd1 andd2 are obtained by

d1511.495 57, d254.323 37. ~14!

Here, the correlation coefficient for Eq.~13! is R2

50.991 95. Equations~13! and ~14! give a relationship be-
tween the axial wind velocity and the friction velocity. Su
stituting Eq.~13! into Eqs.~5! and ~7!, we have

A5Ã~u* !5ã1~d1u* 1d2!2~u* 2u* t!
a2, ~15!

B5B̃~u* !5b̃11b̃2u* 1b̃3u
*
2 , ~16!

ucr5d1u* t1d2 . ~17!

Here ã15a1d1
a2, b̃15b11b2d21b3d2

2, b̃25b2d1

12b3d1d2 , b̃35b3d2
2, and the threshold friction velocity

u* t is calculated by Bagnold’s formula@1#:

u* t5ĀAr2rg

rg
gD. ~18!

Here,Ā is a constant;rg andr are the density of mass of th
gaseous phase and sand solid phase, respectively;D is the
average diameter of the sand;g is the gravity acceleration
The value of the constantĀ in Eq. ~18! is taken different for
various sand samples. Bagnold@1# took Ā50.1 for uniform
sands, while Chepil@20# thought that the value ofĀ is in the
range of 0.09–0.11. Zingg@13# proposed a value of 0.12
Here, we chooseĀ50.1, which is widely used in research
for the sand sample employed here. Further, we haveu* t
521.83 cm/s by Eq.~18!. Substitution of Eqs.~15! and~16!
into Eq.~9! leads to an explicit form of the empirical expre
sion with respect to the variables of friction velocity and
threshold for the sand flux per unit area and unit time vary
with height and friction velocity, i.e.,

q~z!5Ã~u* !expS 2
100z24.5

B̃~u* !
D . ~19!

B. Empirical equation of streamwise sand transport

As pointed out in the Introduction, it is important to kno
how to give experimental date for the sand transport as
curately as possible on the basis of the inadequate exp
mental data of the flux. In this subsection, we give an expl
form for its empirical equation. Denote the efficiency of th
employed sand collector byw. Then Eq. ~19! should be
modified to

q~z!5
1

w
Ã~u* !expS 2

100z24.5

B̃~u* !
D . ~20!
5-6
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Integrating Eq.~20! with respect to the variable of heightz,
one can obtain a formula for the streamwise sand trans
per unit width and unit time caused by saltation~denote it by
Qs), in the form@2,5#

FIG. 7. Comparison of the measured results from Eq.~23! with
the predictions of Bagnold’s equation~24! and Kawamura’s equa
tion ~25! for the rate of streamwise sand transport per unit wi
~semilogarithmic graph!. In ~a!, the rate of streamwise sand tran
port per unit width, the solid line without dots are the measurem
results from Eq.~23!, while the solid lines with square and circula
dots, respectively, represent the predictions of Bagnold’s equa
@1# @Eq. ~24!# and Kawamura’s equation@14# @Eq. ~25!# for the sand
sample in our experiment. In~b!, the absolute value of relative
errors, the solid line without dots displays the relative errors
tween the predictions of Bognold’s equation and Kawamura’s eq
tion, denoted by ‘‘Bagnold-Kawamura.’’ The solid lines with squa
and circular dots, respectively, represent the relative errors betw
the measurement data from Eq.~23! and the prediction of Kawa-
mura’s equation@Eq. ~25!#, and between the measurement resu
from Eq. ~23! and the prediction of Bognold’s formula of Eq.~24!.
02130
rt

Qs5E
0

`

q~z!dz. ~21!

Because of the coupling of saltation and creep movem
we known that the total streamwise sand transport per
width and unit time consists of both these. Bagnold@1# found
from wind tunnel experiments that the contribution of sa
creep motion to the streamwise sand transportQc is about
25% of the total transport. Chepil@20# recognized the ratio to
be about 15.7% for sands of diameter 0.15–0.25 mm,
about 24.9% for sands of diameter 0.25–0.87 m
Horikawa and Shen@12# obtained a ratio of 20%. Here, th
ratio of 20% is chosen; thus total sand transport per u
width and unit time may be written as

Q5Qs1Qc51.25E
0

`

q~z!dz. ~22!

Substituting Eq.~20! into Eq. ~22!, we get

Q5
1.25

100w
Ã~u* !B̃~u* !expS 4.5

B̃~u* !
D , ~23!

in which Ã(u* ) andB̃(u* ) are given by Eqs.~15! and~16!,
respectively. We have now obtained an explicit form of t
empirical equation to formulate the experimental data
streamwise sand transport, which exhibits the fact thatQ
50 whenu* 5u* t according to Eq.~15!.

C. Discussion of results

Here, we cite two well-known equations, the Bagnold fo
mula @1# and the Kawamura equation@14#, for predicting the
streamwise sand transport per unit width and unit time, a
give a comparison of their predictions with the measu
results of Eq.~23! obtained in this article for the san
sampled here. From the textbook of Bagnold@1#, the Bag-
nold formula is expressed by

Q5CAD

D0

rg

g
u
*
3 , ~24!

whereD050.25 mm,rg is the density of the gaseous phas
andC is a constant related to the grade of sand. Bagnold@1#
pointed out thatC51.5 for uniform sands,C51.8 for natu-
rally mixed sands, andC52.8 for the case of sands whos
diameters change on a large scale. So we takeC51.8 for the
mixed sands employed. For the other parameters in Eq.~24!
applied to the sand sample here, we haveD50.228 mm and
rg51.22 g/cm3. It is noted thatu* is in cm/s andQ is in g
/cm s in Eq.~24!. Similarly, the Kawamura equation@14# is
formulated as

Q5K
rg

g
~u* 2u* t!~u* 1u* t!

2 ~25!

in which the constantK is taken as 2.78@14# for sands whose
average diameter is 0.25 mm. In Kawamura’s equation@Eq.
~25!#, the cgs unit system is used. To make the prediction
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the Kawamura equation close to the experimental resu
Horikawa and Shen@12# pointed out that the constantK in
Kawamura’s equation should be taken as 1.0 rather t
2.78, and in this case this equation is efficient only in
range ofu* ,0.4 m/s compared with their experimental r
sults. Here,K is taken as 1.0 also. The obvious characteris
of Eq. ~25! is thatQ is equal to 0 when the friction velocity
u* 5u* t .

Fig. 7~a! illustrates a comparison among the predictio
of Eqs.~23!–~25! for the naturally mixed sands employed
the experiments of this article. Here,w is taken as 80%. The
absolute relative errors among the predictions are plotte
Fig. 7~b! where the solid line without dots indicates the re
tive error between the predictions of Bagnold’s formula@1#
and Kawamura’s equation@14#, denoted by ‘‘Bagnold-
Kawamuwa,’’ while the solid lines with square dots and c
cular dots, respectively, represent the relative errors betw
the measured results given by Eq.~23! and Kawamura’s
equation, and Bagnold’s formula, which are respectiv
identified as ‘‘present-Kawamura’’ and ‘‘present-Bagnold’’
Fig. 7~b!. From Fig. 7~a!, it is found that the predictions o
the Kawamura equation in the range of friction velocity
u* t<u* ,0.35 m/s and those of the Bagnold formula wh
u* .0.47 m/s are close to the measurement results give
the empirical equation of Eq.~23!. In addition, our measured
results from Eq.~23! transit smoothly from the prediction o
the Kawamura equation to that of the Bagnold formula in
region of 0.35 m/s,u* ,0.47 m/s as the friction velocity
increases. It is noted from Fig. 7~a! that the prediction of
Bagnold’s equation is lower than that from the measurem
of Eq. ~23! whenu* .0.6 m/s, while the experimental da
of Horikawa and Shen@12# are less than the predictions o
Bagnold’s equation in the same region of friction veloci
From Fig. 7~b!, it is seen that the absolute values of t
relative errors between the measured results and the pr
tion of Kawamura’s equation in the region ofu* t<u*
,0.4 m/s, and between the measured results and the pr
tion of Bagnold’s formula in the region of 0.4 m/s<u*
,1.0 m/s, are much smaller than the relative errors betw
the Kawamura and Bagnold predictions in their correspo
ing regions.

V. CONCLUSIONS

A methodology for fitting experimental data for the sa
flow flux of naturally mixed sands is established in this p
e

ch

02130
s,

n
e

c

s

in
-

en

y

by

e

nt

.

ic-

ic-

n
-

-

per. Based on this approach, we get an explicit form for
empirical equation relating the sand flux per unit area a
unit time varying with height and friction velocity to th
saltation and creep motions. After that, an empirical form
for the measured results of the streamwise wind-sand tr
port per unit width and unit time was obtained, which
useful and important in providing experimental data as ac
rately as possible. On its basis we can evaluate which on
the equations in the literature for predicting the quantity
sand transport is more effective in any region of axial wi
velocity or friction velocity. For the naturally mixed sands
the southeastern edge of the Tengger desert, it was found
the empirical equation obtained in this paper for the exp
mental data gives results that are close to Kawamura’s e
tion @14# in the region ofu* t<u* ,0.35 m/s, and near to
the prediction of Bagnold’s equation@1# in the region of
u* .0.47 m/s, and gives a smooth transition from the p
dictions of Kawamura’s equation to Bagnold’s equation
the region of 0.35 m/s,u* ,0.47 m/s. In addition, there is
no difficulty in generalizing the fitting program displayed
this article to other cases of wind-blown sand movement
sand erosion when saltation is dominant.
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