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ABSTRACT

Although the phenomenon of saltation of sand grains in a sand sterm is
very complicated, there exists the successive saltation defined by the
authors. The height and distance of saltation of sand grains in successive
saltation by wind are compared with the theory of successive saltation pro-
posed by the authors. The concentration of sand grains and velecity profile
in a saltation layer are theoretically investigated with the aid of the re-
sults of experiment.

INTRODUCTION

In sand storms, the sand grains on the bed are moved by aerodynamic
forces due to wind. After rolling and sliding for a distance less than a
grain diameter, the sand grains which are so massive as to fail to begin
suspension come into collision with other sand grains and then begin jump-
ing motien. Such a motion is considered as saltation in this paper. The
most important aspect in the motion of saltating sand grains is that the
grains move intermittently in contact with the uneven, movable sand bed. In
establishing the law of sediment transport by wind, the mechanics of such a
motion of sand grains should be developed.

In 1941, Bagnold made a comprehensive gtudy of the sand transport by
wind. About twenty years ago Kawamura(l951) proposed an excellent theory of
sand movement by wind based on the equation of motion of a sand grain. Re-
cently Owen(1964) also investigated the interaction between a turbulent wind
and the motion of uniform saltating sand grains to discover the velocity
profile in a saltation layer and the law of sediment transport. There are
fruitful suggestions for establishing the mechanics but the distributions of
saltation height of sand grains should be taken into account in the develop-
ment. More recently the present authors have investigated the mechanics of
saltation of sand grains by wind and proposed a theory of successive salta-
tion based on the equation of motion of a sand grain and the dynamic char-
acteristics of collision between a saltating sand grain and bed sand grains.

In this paper, experimental considerations of the height and distance
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of saltation of sand grains in the successive saltation are presented and

a comparison between the theory of successive saltation and the experimental
results is also described in comparison with the saltation of sand grains in
water, Furthermore, the concentration of sand grains in a saltation layer
is theoretically investigated based on the equations of sand movement and
the stochastic approach to the distribution of saltation height of sand
grains. An approach to discover the velocity profile in a saltation layer
is presented with the aid of the momentum equation taking into consideration
the bottom shear stress, the additional shear stress due to saltating sand
grains and the Reynolds stress.

EXPERTMENTAL APPARATUS AND PROCEDURE

(1) Experimental Apparatus Experiments were carried out with a wind
tunnel, 0.9 m wide, 11 m long and 0.39 m high. The tunnel was constructed
of steel, but with both sides made of glass for observations. The velocity
at the center of the section of tunmel is changed from 2 m/sec to 24 mysec
by a variator. The velocity measurements were made using a hot wire anemo-
meter with a protecter of net. The characteristics of sand grains used in
the experiment are shown in Table 1 with the experimental conditions carried
out.

Table 1 Characteristics of sand grains used and experimental
conditions carried out

(a) ‘Fixed bed

No | B ndor | S | ety [ S vtoity | Dimensonios racine
dem grains olpe | elo 1 O o)

1 0.225 sand grains ; 2.624 2235 97.9 0.0204

2 ” ” | ” ” 105, 7 0. 0227

3 ” ” ‘ ” p 119.0 0.0287

4 0.184 " 2.523 2120 102.1 0.0273

5 ” ” | ” ” 114.8 0.0345

6 ” ” ” ” 120.2 0. 0378

7 p seeds 1.155 969 60.9 0., 0280

8 ” ” ” ” 83.3 0.0398

9 ” p ” 981 67.8 0.0260

10 ” ” ” ” 73. 4 0. 0305

11 P P ” ” 82.4 0. 0384

12 0.144 sand grains 2,474 2081 105.9 0.0382

13 ” // ” ” 122.0 0. 0507

14 ” seeds l 1.155 981 7.9 0. 0428

15 » " Lo e 98.8 0. 0706

{(b) Movable bed T
No. ‘ dcm alpy l olp l uycm/sec  |uyt/(o/p—1)gd

'''''' 1 0. 225 2,528 2172 112.2 0. 0262
2 ” » P 113.0 0.0267
3 ” ” » 116.5 0. 0236
4 0.184 2,550 e 1017 0. 0266
5 ” ” ” 105.9 0. 0287
6 ” " p 113.0 0.0326
7 0. 144 2.528 2158 90.2 0. 0267
8 p e e 9.6 0.0307
9 ” ” ” 104.3 0.0358
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(2) Experimental Procedure In the experiment in the case of fixed bed,
the sand grains were uniformly coated on the tunnel bed. In the case of
movable bed the sand grains were spread over the tunnel bed with a 2 em
thickness, After the sand bed was leveled, each run was started with the
wind velocity shown in Table 1. The saltating sand grains in both the cases
of fixed and movable beds were photographed with a Miliken high speed cine
camera. The analysis of the trajectory of a saltating sand grain and the
concentration of sand grains in a saltation layer were made with a film
motion analyzer.

CHARACTERISTICS OF SALTATION
(1) Trajectory of Saltating Sand Grains Fig. 1 shows some examples of

the trajectories of saltating sand grains in a saltation layer. It was con-
cluded from the observation through the film motion analyzer that there
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(c¢) sSaltation of sand grains on movable bed
Fig., 1 Trajectories of grains in saltation layer in cases
of fixed and movable beds

exists similar seven elementary phenomena in the saltation as those in a
water stream, such as the stationary state of a sand grain, the beginning of
motion due to hydrodynamic forces, the beginning of motion due to colligion,
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the saltation, the collision among saltating sand grains, the rebound and the
stop of saltation. Since the momentum of a successively saltating sand grain
increases generally with order of saltation, the saltating sand grain often
makes one more sand grains start te saltation. Because of the fact the
mechanism of collision between saltating sand grains and bed sand grains is
very impertant to consider the mechanics of sand transport by wind.

(2) Height and Distance of Saltation in Successive Saltation In the
previous paper, the authors presented a theory of successive saltation of
sand grains. The main formulations firstly can be summerized as follows.
Based on the equation of motion of a sand grain, the vertical and horizontal
velocities of saltation can be written approximately as

W= 2o /A | =0, alARAT](G-O/K)
W=wrw, G=U/ut, = 2/d, K= winllo/p-0g4/w (/) | (1)

al= IK*] (3/2) Cp /cs/p+1/2)}
in which u* is the shear velocity, W the vertical velocity of a sand grain,
W the initial one, U the horizontal velocity, UO the initial one, d the
grain diameter, O/p the specific gravity, g the acceleration of gravity, C

the drag coefficient and z the coordinate. D

The height and distance of saltatien of a sand grain can approximately
be given respectively as

H{=Hid)= (/2 ) } (2)
- - - 2
L(=L/d)= a0/

And the relationships between the velecity compenents just before and after

the collision of a saltating sand grain with bed ones can be expressed ap-—
roximately as

Os=e€r Wo = (€ T+ 628 )/ {63+ (0 /0,)} (3)

in which gy = (tre)fan g, Gy= t-elan?y” , &y=ton’Y'~ e , ¢ is the rebound coef-
ficient of a sand grain and 3 a parameter expressing the bed condition.

In the successive saltation in which the initial velocity of a sand
grain holds constant, the height and distance of saltation can be given ap-
proximately as

H= {(./;)7.{(ne)-ﬁe)’uu-e)//'\(&/K)’J (&/44)}2
L= afLre)-Ja-eXea-e)/a(alk)?] (‘7‘/"’)},, A=ur/L

(4)

respectively, The density functions for the distributions of height and dist-
ance of saltation can be formulated respectively as

£,(8) = (/2557 (/€ JFTFIm) x| - (S - /Pim )Y/ 26 Fim}
fatL) =1 /20 ) (VE/ELm) €xp{- VL S 2€ L m) }

in which H is the mean value of saltation height, L_ the mean value of
saltation Histance and & the standard deviation. sing the abeve re-

(5)
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lationships, the height and distance of saltation of a sand grain in the
successive saltation can be calculated based
on the results of experiment of the empiri- 80{»‘

cal constants in the theoretical formula-

tions. Fig. 2 shows changes of the para-— . 80

meters characterizing the sand bed condition B 40 s

which are the empirical constants in the +

theory with order of saltation in the cases 20 .

of fixed and movable beds. Although the

data shown in the figure are fairly scatter~ o g9 #ﬁ
|

ing, it is seen that the angle of departure

of a sand grain at the moment of beginning 05

of movement 3 and the ratio of the height 03 p

to the distance of galtation have a tend- * f

ency to somewhat increase with order of A 02 o sand{movable)
saltation. The trend of decrease in the ot o sand(fixed)
rebound coefficient may suggest the possi- o seed(fixed)
bility of loss of momentum of a saltating 0

sand grain due to bottom friction and the 1 2 3 4 5
movability of the bed sand grains at the Order of saltation

moment of collision.
Fig. 2 Changes of parameters

Fig. 3 shows an example of changes of characterizing sand bed condi-
the height and distance of saltation of a tions with order of saltation
sand grain with order of saltation in compar-
ison between the theoretical curves calculated by the above theory and the
results of experiment in which the solid line indicates the result calculat-
ed by Eqs. (2) and (3) using the height and distance of saltatien in the
first saltatien and the dimensionless representative velocity in the salta-
tion layer U@ = 20, and the broken line the gimilar one but the value of U is
used as the velocity corresponding to the saltation height in each saltatien.
The height and distance of saltation of a saltating sand grain more radical-
ly increase with order of saltatien than those in a water stream, since the
rebound coefficient of a saltating sand grain in air is usually compared to
be large with the one in water. It is concluded from the comparison that
the theoretical curves for the height and distance of saltation in the succe-
ssive saltation are in good agreement with the experimental values and that
the height and distance of saltation become constant nearly at sixth order
of saltation,

Fig. 4 describes a comparison between the theoretical curves for the
stationary saltation in which the initial velocity of a saltating sand grain
holds constant and the experimental values of height and distance of salta-
tion obtained using sand grains and seeds on the fixed or movable bed, in-
cluding the data in sediment transport in water obtained by the authors. A
similar comparison has been presented in the previous paper but the figure
is misdrawn. It is seen from the figure that the effect of the rebound coef-
ficient of a saltating sand grain is very significant to estimate the height
and distance of saltation. It is seemed that the height and distance of
saltation approach to the theoretical curves for the stationary saltation if
the successive saltation is continued.
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CONCENTRATION OF SAND GRAINS IN A SALTATION LAYER

The saltation layer is formed when the shear velocity due to wind actien
much exceeds the initial value for sand movement. The concentration of sand
grains is defined as the mass of saltating sand grains per unit volume in a
saltation layer. In order to investigate the concentration of sand grains,
Kawamura's approach can be applied on the basis of the characteristics of
saltation of sand grains described already.

Consider the concentration of sand grains at any order of saltation.
The concentration of sand grains having the saltation height between H and
H + dH, nydH can be written as

Yot = 2G, Fi(H) dH/ W (6)

in which G_ is the mass of sand grains emitting from unit area of the bed per

unit time.  Integration of Eq. (6) using Eqs. (1) and (5) gives an expres—

sion for the concentration of Sa,nd grains at the distance from the bed as
Ct9)=(G /5% E/Fim) fz(l//m‘zj exp{~(H-fin) Vot Am} ¢ A (1N

in which w0 -

Cipl=ysy, W(g):fyf,,dl—/, G, = Galout*

Therefore, if partition of nu?nber of saltating sand grains at any order of

saltation is estimated, the concentration of sand grains in a saltation layer

can be calculated by summing up the 3

concentration function for every order 1%

of saltation. Fig. 5 shows an experi- 6

mental result for the change of succes- 4 P

sion ratio of saltation. Using the - P

result of Fig. 5, the concentration of L e

sand grains can be calculated as shown

in Fig, 6. It is concluded from the

figure that the theoretical concent- 1

ration curve is in good agreement with

the results of experiment and that the

concentration of sand grains does not ]

decreases exponentially. / § L -~
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VELOCITY PROFILE IN A SALTATION LAYER /8//
4

Since the momentum transfer in a 1% VA
saltation layer occurs due to action of 74
saltating sand grains, changes in the 4 /i i
velocity profile in the layer take
place. The shear stresses due to wind 2 -
and saltating sand grains are considered

{ o sand
‘I A A

I

to be composed with the Reynolds stress
by wind and the additional shear stress
due to saltating sand grains. From the 1 2 3 4 5 6

point of view the shear stress can be X
expressed as Order of saltation

€T =Tw+Ts (8) Fig. 3 Changes of height and
in which 4 is the total shear stress, distance of saltation of sand
oW the Reynolds stress by wind and 4 grain with order of saltation
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the additional shear stress due to saltat-
ing sand grains. It is assumed that the
additional shear stress is proportional to
the mean value of the product of horizontal
and vertical velocities of sand grains
<UW> which is written as

o0
<Uw> =fuw{,rH)aH (9)
0

based on the momentum transfer theory. Eqg.
(8) can finally be written as

= g’{ 0-1/)‘(2)/0} 2 (du/a 2)9
-YI<ow> (10)

in which £ is the mixing length assumed to
be 3z and u the wind velocity. Integra-
tion of Eq. (10) using Egs. (1), (5) and

(7) can approximately be made. It is con-
cluded from some results of computation of
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Fig. 6 Comparison between theoretical curves of
concentration of sand grains in saltation
layer and experimental values

Eq. (10) that the defect in velocity profiles in a saltation layer increases
with the increase of the bottom shear stress due to wind action or the height
of saltation of sand grains. Since a basic experiment of velocity profiles
in a saltation layer has been carried out, comparison between the theoretical
velocity profile and the result of experiment will be presented in the next

paper.
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CONCLUS1O0NS

Based on the detailed experiments on the successive saltation of sand
grains by wind, an applicability of the theory of successive saltation is
mainly considered in connection with the galtation by water. The main
results obtained can be summerized as follows.

1t was concluded that changes of the height and distance of saltation
of sand grains with order of saltation are in good agreement with the theo-
retical curves and that the height and distance of saltation appreach the
stationary ones nearly at sixth order of saltation. The theoretical relation-
ships of stationary saltation are applicable to express the characteristics
of saltation of sand grains both in air and in water. The concentration of
sand grains in a saltation layer can be theoretically formulated using the
characteristics of saltation. 1n addition, an attempt to derive the velocity
profile in a saltation layer is presented based on the momentum transfer
theory taking into consideration the additional shear stress due to saltat-
ing sand grains.
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