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Laboratory Simulation of Aeolian Sand Transport and Physical Modeling-. "
of Flow Around Dunes .,:1"
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Abstract: This paper discusses the possibilities of laboratory simulation of large-scale
flow around dunes, both with and without saltation, and the study of the physics
of the small·scale particle motion occurring on a sand surface composed of like-moveable
particles, Physics of the atmospheric boundary layer are presented in the context
of laboratory applications. The governing equations of fluid and/or'particle motion.
are discussed and analyzed for applications in laboratory testing. The most important
similitude parameters, as applied to wind-tunnel requirements for conservation of
mass, momentum, energy, and the boundary conditions are presented and discussed.
Key findings and results are that: i) in general, flow around a dune or multiple
dunes with saltation present cannot be accurately simulated in wind tunnels; ii).
flow field around all or part of a full-scale dune can be. simulated marginally in
a wind tunnel, provided "large" model scales and "reasonably high" wind-tunnel
speeds are used (the conditions of "large" model scales and "reasonably high" speeds
are specified within the text); and, iii) it is possible to accurately replicate the
process of saltation in wind tunnels provided appropriate similitude and independence
criteria of Reynolds and Froude numbers are observed. Limited laboratory and
wind-tunnel studies are cited.

Key words : Dunes, sand transport, simulation, modeling, wind tunnel.
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The physical modeling of dunes and as-
sociated surface features occurring in arid
regions' of the earth has been scarce due
to the difficulties in achieving reasonable
simulation. The majority of modeling experi-
ments that have been conducted used bound-
ary-layer-type wind tunnels since they
reasonably simulate the surface-layer flow of
the atmospheric boundary layer (ABL) for
neutral stability conditions. The surface layer
of the ABL varies in height as it is a function
of surface roughness, Zo, and the wind speed
above the ABL which is called the geostrophic
wind, Vg. Also effecting flow in the surface
layer is the stability of the atmosphere, which
is usually presented in terms of the Monin- ,
Obukhov stability length, L, and other
parameters to a lesser degree. Typical heights

of the surface layer range from tens'of meters ~,', '.
• _{ .~...t" •. '

to an upper limit height of about 100 meters. ';'~._ .i ,-. 'r

.;~" ,',

The ABL surface layer has several unique ., .'..•..'
characteristics that lend themselves nicely to'·~·:·. ,', -"
be modeled in an atmospheric boundary-layer" --
wind tunnel (ABLWT) or environmental wind
tunnel. An environmental wind tunnel differs
from an ABLWT in the sense that it usually
has capabilities of varying the temperature
profUeswithir.its test section, by either heating
of cooling the floor or the ceiling. The surface
layer is two-dimensional in nature and for
the most part is not complicated with the
three-dimensional Corioli~ effects that result., , ',', '
in the so-called turbulent Ekman spiral layer:" .;~"';'~
Since a wind tunnel cannot model this three:' ,-,

,dimensional effect, this limits the ABLWT
simulation to the lower 50 to 100 meters of
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the ABL. The turbulent Ekman spiral three-
dimensional effects primarily occur above the
surface layer and below the upper edge of
the ABL. This lack of modeling ability is
of little. consequence except for simulation
of large-scale earth features such as large
dune fields greater than a few kilometers in
length or greater than 100 meters high.

The second unique feature of the ABL
surface layer is that the mean velocity profile
and the turbulence intensity proflle above the
surface can be simulated in the ABL WT and
environmental wind tunnel, respectively. Ad-
ditionally, the total kinetic energy of the tur-
bulent motion, which may be regarded as
a sum of contribution from various sized eddies
of the flow, is given by a turbulent energy
spectrum function, E(,,), where" is the wave
number defined as " = Dr/A., where A. is the
wave length of individual eddies. From dimen-
sional analysis it can be shown that

E (,,) = a e2-3" -$13 (1)
for the spectra in the inertial subrange of
isotropy turbulence such as in the surface
layer of the ABL. Here a is a constant (equal
to about 1.5) and e is the rate of energy
dissipation. In ABLWT, with sufficient fetch
(10 to 20 meters in length), the naturally
developing flow over the rough floor of the
tunnel will simulate the key features of Equa-
tion (1).

The Atmospheric Boundary Layer

One of the basic features of the ABL
is its turbulence. The most unique feature
and basic nature of turbulent motion is that

. flow parameters are not constant with respect
to time at a fixed point in space, but fluctuate
through a wide range of frequencies. The
mean temperature and velocity profiles are
directly affected by the random-like fluctua-
tion of temperature and velocity. Turbulent
flow has long been thought of as a three-
dimensional flow with a random-like distribu-

tion of vortical eddies superimposed on the
main flow.

Classical studies of the turbulent boundary
layer are extensive (Monin and Yaglom, 1965;
Lumley and Panofsky, 1964; and many others).
From experiments conducted by Nikuradse
(1932, 1933) on flow in rough-walled pipes,
Schlichting (1968) and Sutton (1953), with
others, presented and discussed the logarith-
mic velocity profile law. For the case of a
neutral stratified ABL, Bagnold (1941) ob-
served that it also obeys the logarithmic law,
i.e.,

nlz' 1 ( z)~=-log -
u. k Z{)

where, u(z) is the time averaged velocity
which is a function of height, z; u* is the
friction speed, k is von Karman's universal
constant; z is the height above the surface;
and Z{) denotes the equivalent-surface-rough-
ness height.

The two-dimensional turbulent boundary
layer has been shown by Clauser (1956) to
have a double structure. The double structured
layer consists of an Inner (or "surface") layer
and an outer (or "defect") layer. The ABL
also has a similar type of double structure.
The ABL's surface is like the two-dimensional
inner layer, while the outer layer is ,three-
dimensional in nature. The three-dimen-
sionality of the ABL outer layer is caused
by a balance of the rotation force of the
earth (or planet) and frictional force. The
resultant force caused by the rotation is called
the Coriolis force. The Coriolis force causes
the direction of the mean wind in the outer
portion of the planetary layer to turn to the
right (in the northern hemisphere) with in-
creasing height. The three-dimensional tur-
bulent ABL also is known as an "Ekman
Spiral" or "Ekman Layer" (mentioned earlier),
named after Ekman (1905) who first dis-
covered the phenomenon and used it in a
discussion of wind-generated ocean currents



LABORATORY SIMULATION AND PHYSICAL MODELING 189

on a rotating earth. The rate of turning with
height of the Ekman layer depends on the
distribution of eddy viscosity and fluid density.

Fundamental Principles of Laboratory
Simulation

An important application in the physical
modeling of the ABL is laboratory simulation
by use of wind tunnels. Great insight and
understanding of the physical flow can be
ascertained if correct similitude principles are
obeyed. A review of their criteria follows.
The review is restricted to the lower portion
of the turbulent boundary layer which is
relevant to the present problem of sand dune
formation, surface modification by winds, and
sand movement by aeolian processes.

In order to properly model the lower por-
tion of the ABL in a wind tunnyl, certain
necessary conditions must be met. In the 196Os,
Cermak et al. (1966), Hidy (1966), and Mc-
Vehil et al. (1967) demonstrated that wind
tunnels can successfully model the ABL's sur-
face layer. Many others have used modeling
of the ABL by laboratory simulation with
various degrees of success (Halitsky, 1969;
Plate and Ouraishi, 1965;Cermak, 1971).The
Monin and Obukhov (1954) similarity theory
offers a solid theoretical foundation on which
to base modeling a stably stratified ABL (Arya
and Plate, 1969).

The study of surface (or inner) layer
has been extensive. As a result many studies
have been conducted; good discussions of
these are given in Monin and Yaglom (1965),
Lumley and Panofsky (1954), and a basic
review of the atmospheric layer is presented
in Monin (1970). From the similarity theory
of Monin and Obukhov (1954), the surface
layer can be modeled if planar homogeneity
exists. A detailed review of the implications
of homogeneity to the similarity theory is given
by Calder (1966). Exact modeling of the entire
ABL in detail is not possible. However, by
relaxing these requirements and deleting cer-

tain non-essential similitude parameters that
need not be strictly matched, one can obtain
a reasonable laboratory simulation of atmos-
pheric flows.

Equations of motion
The similaritycriteria can be obtained from

the equations of motion for a particular flow
problem by non-dimensionalizing the equa-
tions. As a result the non-dimensional equa-
tions wiIl yield the governing similitude
parameters as coefficients of the individual
terms of the normalized equations of motion.
Thus, by matching the non-dimensional coef-
ficients of the equations of motion (between
laboratory and full-scale) the same physical
processing of the full-scale flow should be
simulated exactly in the laboratory.

If horizontal and vertical geometry are
maintained it will result in an invariant non-
dimensional transformation of the conserva-
tion of mass (we use cartesian tensor notation
and Einstein summation convention):

aUi := 0 and ~ + a (r; Ui) := 0 (3a, b)
a Xi at a Xi

Non-dimensionalization of the time-
averaged momentum equation yields the
criteria for dynamic similarity. The time-
averaged momentum equation is

aUi _aUi --at + Uj ax' + 2 e ijk Q j Uk (4)
J

- T 2- (-)1 an!!. ~ a Uj _a_I,--~uJ,-' u....:i./-
:= - _..::..L. - --gui3+Vo--+ - - -

po a Xi To dXj a Xj
where, the dependent variables are repre-
sented by mean quantities (represented by
the bar over the variable) and fluctuating
values (no bar over the variable). The Bous-
sinesq density approximation is made and
therefore limits the application of the equation
to flowswhere!!.T < < To. Notep is the devia-
tion of pressure from the atmospheric pressure
associated with po. Using the following non-
dimensionalization of variables,



"I!, -

190 WHITE

Three similitude parameters appear as
coefficients for the non-dimensionalized terms
of the momentum equation. In order to main-
tain proper dynamic similarity the three
similitude parameters should be matched to
.their full scale values in laboratory simulation.
These three parameters are known as:

). Rossby number; Ro = .Uo/La.Qo
,.~ .

. (2! Bulk Richardson number 'J
:.. Rj = [(a T) 0 /To] [Logo/ llo2

3. Reynolds number; Re = UoLa/vo (9)

- 'The Rossby number is associated with
,the ratio of advective (or local acceleration)
to the Conolis effect caused by the earth's
rotation, 00• In order to simulate the entire
ABL and accurately model three-dimensional
.Ekman layers as well as the surface layer,
it woulQ be necessary to rotate the entire
wind tunnel at constant speed. Caldwell (1972)
and Howroyd and Slawson (1975) present
laboratory studies of this situation. However,
it is relatively impractical to use a rotating

(6)

(7)

(8)

wind tunnel and for the most part, both in
the atmosphere and in the non-rotating wind
tunnel, the mean velocity profile is very
logarithmic over the lower 10 to 15% of the
boundary layer (Tennekes, 1973).

A wind tunnel with sufficient fetch will
produce a boundary-layer height of about one
meter, suggesting that the lower 10 to 15
cm may be used to simulate the surface layer
of the ABL, in which the longitudinal velocity
spectrum in the inertial subrange would be
accurately modeled (Equation 1). Therefore,
Rossby number effects may be ignored if
laboratory testing is contained in the lower
10 to 15% of the boundary-layer height. This
also imposes a practical upper limit on lon-
gitudinal length that may be modeled of a
few kilometers (i.e., length in the flow direc-
tion). Thus, full-scale fetches of only a few
kilometers may be modeled in the laboratory.

The second non-dimensional parameter is
the bulk Richardson number which represents
buoyant to inertial forces. Small values of
Rj suggest that inertial forces are dominant.
Therefore, thermal effects become important
for Rj values equal to or greater than unity.
Thus, if the atmospheric flow were of neutral
stability, the Ri would be zero and this situation
would be easily simulated in the laboratory
by isothermal flow.

The third parameter is the Reynolds num-
ber and perhaps the most significant one.
The Reynolds number is the ratio of inertial
to viscous forces. Typical laboratory scale
reductions result in model Reynolds numbers
that may be several orders of magnitude less
than those found in the field. If strict adherence
to a Reynolds number criterion were required,
almost no field cases could be modeled. For-
tunately, there exists a phenomenon called
Reynolds number independence, that, in the
absence of Rossby and bulk Richardson num-
ber effects, states scaled model flows will
be dynamically'similar to the full-scale case
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(10)

where rp is the dissipation friction. After non-
dimensionalizing the energy equation, it be-
comes:

(14)

Boundary conditions

In addition to matching critical non-dimen-
sional parameters between full scale and wind
tunnel, it is also necessary to make critical
non-dimensional boundary conditions iden-
tical between full scale and wind tunnel. The
four most important non-dimensional bound-
ary conditions for physical modeling are: 1)
the mean normalized velocity, turbulence in-
tensity, and turbulent energy spectra profiles;
2) the roughness Reynolds number, Zou./v;
3) Jensens length-scale criterion of ZoIH; and
lastly, 4) the ratio of H/o. Each will be briefly
discussed with emphasis on practical \vind-
tunnel implications of each boundary-condi-
tion criterion. Snyder (1972) provides excellent
discussions of these conditions.

The simulation of the approaching natural
wind in the wind tunnel involves matching
the non-dimensional mean velocity, turbulence
intensity and energy spectra profiles. Matching
the normalized mean velocity profiles involves
selecting the appropriate wind-tunnel floor
roughness that will produce the correct or
desired value of power-law exponent, a. The
power-law profile is known to reasonably
describe the entire ABL (Hellman, 1916 and
Davenport, 1965) and is given by the equation

+etc

Ko

po cpo Vo
4

at ~ at--,....+ Ui ~ =
at .aXi

if the Reynolds number is equal to or greater
than the minimum independence value
(Townsend, 1956). Townsend states that
"geometrically similar flows are similar at all
sufficiently high Reynolds numbers." He called
this Reynolds-number similarity. Today, there
exists a large body of experimental studies
validating his theory. If it were not for the
principle of Reynolds number independence
very little physical modeling could be carried
out.

Th~ time averaged conservation of energy
equation, neglecting conduction, radiation and
pressure terms, is,

aT +UiaT = [~] a (-()' U'i) +~
at aXi po c po a Xi po c Po

(11)

Here two additional similarity parameters
result:
4. Prandtl number; Pr = po cpo VoIKo; (12)
5. Eckert number; Ec = ~/c po (A T) 0 (13)

If these two parameter criteria are satisfied
then thermal similarity exists. For wind-tunnel
simulation in air the Prandtl number criterion
is automatically satisfied and the Eckert num-
ber criterion is only important in compressible
flow which is not of interest in the present
case.

where Uref and Zref are the mean speed
and height of a reference location. The ref-
erence location may be any point located
within the ABL; however, it is usually taken
as the upper edge of the ABL such that
Zref is equal to 0, the ABL height, and Uref if
the geostrophic wind speed, Vg.

Table 1 presents the known field relation
between values of ~ and equivalent-surface-
roughness height, Zo.By increasing or decreas-
ing the wind-tunnel floor roughness, the
simulation value of ~ may be decreased Of

increased. With some care, the wind-tunnel
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Table 1. Values of the surface roughness parameters Zo Ii

10 X
7•,
•

Termin description of oreo within several kilometres upwind of site

t
Cent••• 01cities with -v toll ","kling.

: Centres at kJrge towns, cities
7

: eer.res 01 small towns

OutSkirts of towns

Fairly level gro•• pains

10' •
•7•,
4

16"•7•,
•Zo metr •• S

16' •
•7•,
4

} Many lie" hedge., ,.... buildingo

Few trees, summer time

looIoted t••••
uncut orass

Few t:"ftl, winter time

Cut' gro•• ("O·03ml

NoturOI snow surloce (formOld)

Off -sea wind in coastal oreos

FormkJnd

Very hilly or mounIoinous oreos

Fairly ,_ wooded country

I..onggross ("O'06m) CRlPS

Airports (runway oreal

Oeser! (!lot)

0,40

0,35

0'30
0·28

0·26

0·24

0·22

0·20
0·19

0'18

0·17

0·16

0·15

0·14

ii
0'13

0'12

t04
• •7•,

4

16'

Colin open &eO

Ice, mud flats

L~ ••_al_

Snaw-O>YOfedllot or rolling ground

0'11

0·10

~ value can be made to match the full-scale
~ value. As may be observed in Table 1,
typical values of oc for arid-desert type con-
ditions range from 0.09 (mud flats) to 0.12
(flat desert playa) and have a corresponding
range of Zo from 10-5 to 10-3 meters, respec-
tively.

The normalized turbulence intensity
profiles should be matched in the lower portion
of the wind-tunnel boundary layer to that
of the ABL. Note, it is not possible to match
the entire turbulence intensity in normalized
profile wind-tunnel simulation due to scaling
effects. The longer the flow development sec-
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tion of the wind tunnel is, the better the
match of normalized turbulence intensity
profiles between wind-tunnel and full-scale
profiles will be. The same is true for matching
the inertial subrange region of the non-dimen- .
sional energy spectra profiles between the
wind tunnel and ABL. The introduction of
flow spires, either two- or three-dimensional,
at the entrance will improve the energy spectra
of the wind tunnel, possibly resulting in shorter
flow development sections as compared to
the wind tunnel without entrance spires
present (Burke, 1982).

In wind-tunnel simulation of ABL flows,
the mean non-dimensional velocity profile is
easiest to match to full scale; next easiest
to match are the turbulence intensity profiles,
and the most difficult to simulate accurately
are the energy spectra profiles. A general
rule-of-thumb is that one needs 10to 25bound-
ary-layer height lengths of fetch to match
the mean non-dimensional velocity profile,
about 50 boundary-layer height lengths to
match the turbulence intensity profiles, and
100 to 500 boundary-layer height lengths to
match the normalized turbulent energy
spectra. As may be quickly calculated for
laboratory boundary heights greater than 1
meter, excessive fetch lengths would be re-
quired, especially for matching the turbulent
energy spectra. Fortunately, through the usage
of spires and similar flow tripping devices,
substantially shorter fetch lengths can be used
to achieve a reasonable degree of simulation.
Although the exact minimum fetch length for
adequate simulation \vill vary according to
the specific application, 10 to 20 meters of
flow development generally suffices to meet
most modeling requirements.

The second non-dimensional boundary
condition that must be met in order to ac-
curately simulate a naturally occurring ABL
is for the roughness Reynolds number, Rer
= u.zoIv, to be greater than 2.5 (Sutton,
1949). ABL flows are almost always

aerodynamically rough for which Rer 2: 2.5.
However, for wind-tunnel flow over smooth
surfaces, the flow may not be aerodynamically
rough due to the no-slip viscous flowcondition
at the surface. In such a case aviscous sub-layer
may form on the surface. This condition is
to be avoided in ABL simulation, since this
situation does not exist in ABL flows. By
"roughening" the surface, i.e., placing surface
roughness elements on it, the flow will be
"tripped" as long as the roughness elements
are as large or larger than the height of the
viscous sub-layer. For Rer > 2.5, a Reynolds
number independence is known to exist and
wind-tunnel flowstherefore simulate full-scale
aerodynamically rough flow exactly. There is
an interrelation between surface roughness,
height (Zo) and velocity power-law exponent
(a). Generally both requirements easily can
be met in wind-tunnel testing.

To obtain correct simulation of the pres-
sure distribution on objects in the atmospheric
layer (i.e., dunes, etc.) in wind-tunnel model-
ing, Jensen (1958) observed that the surface
roughness to object height ratio in the wind
tunnel must be equal to that of the ABL,
i.e. ZoIH in the wind-tunnel model must be
equivalent to the full-scale value. Thus, the
geometric scaling of the boundary condition
must also be satisfied.

The last non-dimensional boundary con-
dition that may be influential in wind-tunnel
simulation is the characteristic scale height
(i.e., dune height or maximum height of sal-
tation) to boundary-layer height ratio, Hlo.
lf H/o 2: 0.2, then the ratio must be matched
in the wind tunnel. However, if (Hlo)F.s. <
0.2, then only the general inequality of
(H/o)w.T. < 0.2 must be met (the subscript
F.S.refers to the full-scale case and the sub-
script \V.T.refers to the wind-tunnel case).
The latter is generally the situation for aeolian
saltation and dune simulation studies. This
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principle also is stated often in reference to
the law-of-the-wall logarithmic profile equa-
tion by requiring the physical model in the
wind tunnel to be constrained to the lower
10 to 15% of wind-tunnel boundary-layer
height. Effectively, this is the same similitude
requirement only stated differently depending
on whether a power-law velocity profile or
law-of-the-wall velocity profile is being con-
sidered.

Other constraints

Two other constraints, not addressed in
either the equations of motion analysis or
boundary condition consideration, are impor-
tant. First, the wind-tunnel flow should have
a mean longitudinal pressure gradient of zero.
This closely matches the ABL flow. Although
high and low pressure systems create ABL
flows, the level of pressure gradient value
along the flow direction is negligible in com-
parison to the dynamic pressure variation due
to the boundary-layer effect. The zero-pres-
sure-gradient flow can be accomplished in
the wind tunnel by having a "false" flexible
ceiling that is adjustable and positioned for
zero-Iongitudinal-pressure-gradient flow.

The second constraint is that any model
(i.e., dune model, etc.) should not exceed
5 to 10% cross-sectional area blockage at
any downwind location. This insures that local
flow accelerations affecting the longitudinal
pressure gradient will not distort the simula-
tion flow.

It is important to note that the gcostrophic
wind, Vg, is not analogous to the free-stream
velocity in the wind tunnel. Wind-tunnel
studies are only valid for simulation of the
surface layer portion of the ABL. Since this
layer is essentially independent of the
geostrophic wind and the Ekman spiral effect,
it cannot be modeled without matching Rossby
numbers. Thus, in order to simulate the entire
Ekman layer, the Rossby number criterion

would have to be met which would involve
a rotation of the entire wind tunnel.

Simulation of Flow and Saltation Around
a Dune/s

Very few scaled model experiments of sal-
tation patterns around obstacles (i.e., dunes,
etc.) in air have been performed (Tsoar, 1983).
The satisfying of the Froude number is not
as crucial in air as compared to water, since
in air there is no pertinent free surface. Of
the experiments that have been performed,
most deal with the accumulation of drifting
snow. In an early study by Strom et al. (1962)
the important similitude parameters were
identified as'

Op/Lorn, u2/gOp, UF/U, e, up/u

. where Lorn is a characteristic model length,
u is the stream speed at some reference height,
Op is the particle diameter, UF is the particle's
terminal speed, e is the coefficient of res-
titution, and up is the speed of the particle.

Several important parameters of general
particle saltation and sedimentation processes
are presented in Table 2 (Iversen et al., 1973).
These parameters can be arranged to form
dimensionless similitude parameters which
can be used to assess some of the difficulties
in modeling the full-scale conditions. Several
important dimensionless parameters can be
formed (Iversen et al., 1973; 1975 and White
et al., 1975).

1. pOd/ppOp : By varying particle density
and diameter and dune length scale, this
parameter can be varied from about 5,000
to 50,000 for dune lengths of 10 to 100
meters and particles from 10Jim to 1 mm.
In the wind tunnel, this parameter would
vary in value from about 50 to 500 for
10 em to 1 m dunes for 10 Jim to 1 mm
particles. Thus, it is virtually impossible
to match this important saltation parameter
in wind-tunnel simulation.
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Table 2 Flow and Saltation Parameters

195

A Bagnold's coefficient, t Time (time)
u.

t
/ ...; PP gDp/p

B Particle friction Reynolds number. u Velocity (length/time)
u.t Dplv

CL Lift coefficient, CL= L/(I/2pu2
SA) u. Friction ~ed,

Drag coefficient, CD= D/(I/2ru2
SA)

(= Wp (length / time»)

CD u·t Threshold friction speed (length/time)

D Drag, (force) UF Terminal speed (length/time)

Dd Dune diameter or characteristic length scale uoc> Free-stream speed (length/time)
(length)

Dp P;lrticle diameter (length) Vg Geostrophic wind (above boundary layer)

e Coefficient of restitution x Streamwise distance (length)

g Acceleration of gravity (length/time2
) y Lateral distance (length)

h Ripple height or reference height (length) z Vertical distance (length)

H Dune height (length) Zo Roughness length (length)

1 Length (length) Z'o Roughness length of saltation (length)

L Reference length (length) ~ Boundary-layer thickness (length)
Ie von Karmans constant

L. Monin-Obhokhow stability length, ). Ripple wave length (length)

L. = u~ cppTlkgH (length) where cp is specific II Absolute viscosity (mass/length-time)
heat, T is temperature, H is heat nux at surface.

Re Reynolds number, uL/v v Kinematic viscosity, Il/<p (length2/time)

Rei- Roughness Reynolds number, p Mass density of atmosphere (mass/length3
)

u. ZO/V
pp Particle density (masslIength3

)

SA Reference area (length2) T Shear stress (forcelIength2)

2. u(h)fuF: Since the threshold friction
speed u. is proportional to the reference
velocity u(h), providing geometry (includ-
ing roughness) is exactlymodeled, the ratio
of reference velocity u(h) to terminal speed
UF will be modeled exactly if the ratio
u*/ UF is satisfied and if h!L is satisfied.

3. [u(h)]2fgL: The Froude number cannot
easilybe satisfied in the wind tunnel without
having a tunnel speed far below threshold
speed. Thus, it is desirable to make the
wind-tunnel speed as small as possible
yet still satisfy other parameters, e.g.,
Rer >2.5. Again since u. is proportional
to u(h), this is equivalent to requiring a

modeling material with as small a threshold
speed, u.t, as possible. The value of this
parameter varies from 0.01 to 5 in the
field and from approximately 10 to 100
in the wind tunnel. Thus, wind-tunnel
simulation leads to geometric distortion
of erosion and depositional patterns
around dunes for nearly all cases.

4. e: The coefficient of restitution is satisfied
if model and atmospheric materials have
equivalent elastic properties.

5. IIH: Topographic features should be scaled
exactly to satisfy this criterion. At large
distances upstream from the region of in-
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terest, it is probably only necessary to have
equivalent scaled aerodynamic roughness.

6. ZoIH: The aerodynamic roughness should,
in general, be to scale (Jensen, 1958). Ex-
cept for those dunes surrounded by large-
scale rough surface features, this is
probably small in the field. If the cor-
responding model surface in the wind tun-
nel is too smooth, it may be necessary
to distort this parameter in order to meet
the turbulent boundary layer requirement,
Rer > 2.5. It is important at the same
time to insure that the ratio :zo/H also
be satisfied, which is very difficult to
achieve in wind tunnels.

7. z' o/Dp: If the equivalent roughness height
in saltation z' 0 is proportional to particle
diameter, this parameter obviously cannot
be satisfied in laboratory simulations since
such fine particles would have high
threshold speeds. Also, if introduced into
the air stream, the particles would go into
suspension and the saltation process would
~ot occur: If the e~uivalent roughness z'0
IS proportIonal to u"F/g (Owen, 1964),then
z' o/Dct is proportional to ppDplpDct, the
inverse of the first parameter. Thus, trying
to satisfy one parameter would be at the
expense of the other.

8. h!L: The reference height h at which the
reference speed is measured should be
located within the logarithmic portions of
the wind tunnel and ABL.

9. :zo/L.: With a "naturally" developed
boundary layer in the wind tunnel, a bound-
ary-layer velocity profile corresponds to
a neutrally stratified ABL for which the
Monin-Obhukov stability length L. is in-
finite and the ratio zo/L. is zero. A finite
value of L· is achieved in the wind tunnel
by heating or cooling the floor to obtain
unstable or stable stratification. Another
way of obtaining a non neutral velocity

profile in the wind tunnel (but perhaps
not correct modeling of turbulence char-
acteristics) would be by means of shear
fences, graded grids, etc. (Counihan, 1969).

10. AIL : The relative ripple length may be
related to z'oiL and the same comments
apply as stated in item 7.

11 & 12. uF/u*t and u*tDp/v : As will be
shown below, for a given condition such
as a modeling material corresponding to
minimum threshold speed, these two
parameters would have the same values
as for minimum threshold speed material
in both the wind tunnel and field.

13. u./u.t : The manner in which particles
are transported and, in particular, the
amount of material which is moved is a
function of this ratio. Thus, in order to
keep u* as small as possible due to Froude
number constraints, the threshold friction
speed, u*t' of the particle should be as
small as possible.

14.u(h)tlL: The time scale in the wind tunnel
is much shorter than in the field since
the characteristic time is the ratio of char-
acteristic length L to reference velocity
u(h). The time necessary for pattern
development in the field can thus be
predicted from wind-tunnel tests.

15.A Reynolds number u(h)L/v mayor may
not be an important modeling parameter.
For turbulent flows over sharp-edged fea-
tures, the flow is relatively independent
of Reynolds number. The critical model
Reynolds number (above which no further
changes in flowfields around objects occur
with increases in the value of Reynolds
number) depends upon model shape. If
the model is streamlined such that the
test Reynolds number is below the crilical
Reynolds number value, the model may
have to be distorted by roughening the
surface, creating sharper edges, etc. in
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shear maxima merge, and the maximum shear
stress in the wake would be then on the center-
line: .

Not all of the similitude parameters can
be satisfied simultaneously in a scaled model
experiment. In the case of modeling dunes,
generally large geometric scaling factors are
needed in order to properly sin;lulatephysical
flow conditions and they simply cannot be
met in the wind tunnel. The parameter DpIL
cannot be satisfied in normal simulation
facilities, e.g., if Dp of a particle is 300 microns
and the dune to be modeled is 100 m then,
the parameter DplL would be 3 x 10-6. This
would mean that the particle size of a 30
em wind-tunnel model crater ;would be less
than one micron. Obviously such small par-
ticles are not suitable since .the cohesive and
interparticle forces would result in a relatively
high threshold speed that when blown from
the surface would go directly into suspension
and ~heref!,rewould not simulate the saltating
'phenomenon associated with the eolian
process. A further complication that would
result in the use of such small particles is
that the threshold speed, would be too high
i~ order to satisfy otherpanimeters, namely
u-/gDp. ('

Therefore, the use of additional aides is
helpful in order to determine the most im-
portant parameters or combinations of
parameters of model simulation since critical
similitude parameters cannot be ~et. One
proven method used to gain additional insight
into the modeling problem- is the non-dimen-
sionalization of the governing particle-flow
equation of motion. Upon 'doing so several
dimensionless parameters" are manifested.
After basic assumptions applied to the flow
problem, the following parameters needed to
be satisfied to ensure dynamic simila'i:ity
(White et al., 1975 and Iversen et al., 1975):

order to lower the critical Reynolds num-
ber. Snyder (1972) quotes critical
Reynolds number for sharp-edged cubes
of 11,000 and 79,000 for a hemisphere
cylinder. In the current case for dunes,
independence Reynolds numbers based on
dune flow fields are generally about the
same values for hemispherical shaped ob-
jects or about 100,000 to 500,000.

In addition to the previously mentioned
criteria for similitude analysis, further dis-
cussions can be found in Strom et al. (1962);
Warnock (1948), and Iversen et al. (1975 and
1976).

The physical simulation of the movement,
deposition and erosion of fine particles upon
a complex terrain on a smaller geometric
scale presents a complicated problem. The
eroding of soil or sand is an intricate function
of mean wind speed, frequency and intensity
of wind gusts, particle-size distribution, density
and shape of particles, surface drag forces,
and the geometry of the topographic features,
as illustrated in the above parameter discus-
sion. It cannot be simulated in the wind tunnel
if saltation or particle movement is present.

However, the wind-flow pattern over a
dune would be similar to wind patterns ob-
served over dunes in the ABL if the dune
height to surface roughness ratios in laboratory
and field are the same (Sedney, 1973;Gregory
and Walker, 1951;Hunt, 1971).A vortexwould
form around the flanks of the dune with the
trailing vortices emanating downstream from
the dune's two trails. The tangential com-
ponent of velocity in each trailing vortex would
be outward away from the wake centerline
near the surface and inward above the vortex
cores. The axial velocity components near
the surface just behind the downstream lee
area, where the flow is separated, would be
minimal on the wake centerline with maximum
shear stresses occurring on either side of the
wake. Further downstream the two surface ~Jwind tunnel = ~Jfield

(15)
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(16) B (White, 1979; Iversen and White, 1982),
thus the drag coefficient may be given as:

The satisfaction of Equation (16) is simple
as it just requires geometric similarity of
topographic features in the horizontal direc-
tions. Small scale bed-form features such as
ripple wave-lengths would not be expected
to scale without simultaneous satisfaction of
all the original· modeling parameters.

The satisfaction of the other three
similitude parameters is more difficult. Owen
(1964) has shown that the equivalent roughness
height in saltation is approximately propor-
tional to the ratio of the friction velocity
squared to the gravity. Thus Equation (15)
becomes

Cop DdJ Cop DdJ
P p Dp wind tunnel = P p Dp field (22)

(23)

( )

2
4 u.l

CD = 3A2 UF

The parameter A is constant for larger
particles and, therefore, values of A and CD
in the wind tunnel and field would be ap-
proximately equal. However, this is not true
for small particles. The ratio of terminal to
threshold friction speed UF/U*t may be varied
in the wind tunnel by adjusting the free-stream
speed from values slightly below unity to
several times unity as is also probably the
case in the field. Thus, the groupings of
parameters of most interest for particle flow
past dunes are (White et al., 1975 and Iversen
et al., 1975):

(17)

(18)

(19)

= ~~Jfield:~~Jwind tunnel

The approximate ranges of values of the
individual parameters in the wind tunnel and
in the field are listed in Table 3.

however, when considering Bagnolds (1941)
representation of the threshold friction
velocity this equation becomes

B.._ 2.e... B.. (u.,) 2
z'o- A2Pp Dp u.

~;,(:')':'~p(;.).. (20)

Similarly Equation (18) becomes

gDa = gDa (u.l) 2

u~ H u~, H u.

=~2(l~:lr:p~p(~d). (21)

Also, the threshold parameter A is a function
only of the particle friction Reynolds number

[
--.!... (u.l) 2

~ Dd]
A2 u. P D' H

p p wind tunnel

~ [~, (:: J' ::~p~lJd

(24)

(25)
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Table 3. Similitude parameter values
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Parameter

UF/U't
U,/U't
pDd/ppDp, '

l/A-

Field
1 to 15
0.8 to 2.0

500 to 50,000
1

Wind Tunnel

1 to 15
0.8 to 2.0
50 to 500
0.01 to 0.0001

Examining the range of values given in
Table 3 it is observed that the last two critical
parameters cause the similitude equations not
to be satisfied. Also, in many "typically"
laboratory simulations the mismatch would
be large, demonstrating mathematically that
it is not possible to simulate particles around
dunes in the laboratory. This is a disappointing,
but' realistic, result.

Simulation Flow Around a Dune in the Ab-
sence of Saltation

The experimental determination of a
three-dimensional turbulent boundary layer
flow field in the presence of a perturbation
element like a sand dune structure is one
of the most formidable problems in current
fluid mechanics research. The development
of an analytical theory is difficult since the
effects of the strong viscous interaction in
the neighborhood of the perturbation must
be accounted for in three dimensions. Con-
sequently there has been little progress made
in either the theoretical development or the
experimental investigation.

Characteristics of the flow field

The flow around an idealized dune may
be considered to be a good example of the
above situation. There are two general types
of disturbances that exist in the flow field.
One iswith a "large scale" disturbance element,
present which is typically larger than the sur-
face layer height of the ABL, i.e., greater
in height than about 100 m, and the second
is a "small scale" disturbance element. In
the case of the "small scale" element, the
disturbance of the flowfield is contained Within

the surface layer adjacent to the ground. The
main difference between the large
protuberance and the small one (relative to,
the boundary layer thickness) is that tile slll.all-
scale disturbance, has only a local effect on
the pressure gradient; whereas, the large-scale
disturbance is a non-equilibrium ABL flow.

: , • -:.T
, ,.....

In order to have a good conceptual un-
derstanding of three-dimensionally disturbed :
flowsthere are several common characteristics,
to all flowswhether or not the boun~ary layer
is laminar or turbulent and 'regardless of,the
dimensions or geometry of the protuberance'
element and speed of the flow. In most cases
the law-of-the-wall velocity profile equation
for a boundary layer flow will break in the
vicinity of the protuberance; however,
downstream the equation again will be valid'.
when the effects of the disturbance ~ave,
diminished. In the region of the' disturb.ance
the flow will experience' streamwise vorticity
(crossflow). Immediately upstream'of thedis"
turbing element one or more pairs 'of vortices
are induced. The primary vortex stretcltes
around the front of the disturbance '(dune)
and is termed a horseshoe-shaped vortex.,The
horseshoe vortex can be tr~ced back t~ the
secondary flow in the boundary layer upwind
of the disturbance. A secondary 'set of vortices
in an opposite sense of the primary pair exists
on the outer side of the. axial centerli~e next
to the primary set. Another set of vortices t

exists behind the disturbing element. This set
is comprised of closelyspaced vortex filaments
originating from spiral filaments which rise
vertically behind the element; however,. the
secondary pairs of vortices aregeneraIIy too
weak to be easilyobserved or measured. These, "
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vortex filaments are unstable and immediately
breakdown to form the separated flow in the
lee of the three-dimensional dune.

The height of the filaments is approximate-
ly the same height as the disturbance element,
but in contrast the horseshoe vortex is located
closer to the surface. The sense of rotation
of the horseshoe vortex is clockwise as looking
downstream from in front (upstream) of the
element at the left-side vortex which extends
axially downstream. Gregory and Walker
(1951) were the first to explore this type of
phenomenon. These vortices affect the velocity
profiles of the flow by a redistribution of
the momentum immediately downstream of
the element. The spanwise velocity profile
in such cases was studied by both Tani et
at. (1962) and Gregory and Walker (1951).
In the protuberance situation of three-dimen-
sional flow in a boundary layer, vorticity
stretching, concentration of vorticity upstream
and downstream, and viscous effects must
all be considered. Fig. 1 displays a drawing
of a horseshoe vortex system around this type
of flow disturbance.

Although data are very limited on three-
dimensional flow around a disturbance there
are some experimental results available that
support the existence of the vortex systems.
From the work of A. Hiderks, Prandtl (1952)
presents pictures of flowaround a disturbance
exhibiting the horseshoe vortex and two sym-
metrical spirals immediately downstream of
the disturbance. Benson (1966) also pictorially
showsthe vortex system's existence for a hemis-
pherical protuberance elemcnt.

It can be said that the resulting flow
fields, while complex, do exhibit characteristic
vortex patterns that are not unique to the
flow conditions but are widely observed for
many different flows. A very perceptive state-
ment is found in Sedney's (1973) paper, "The
three-dimensional perturbations found in ex-
perimental results are so complex in the neigh-
borhood of the protuberance that it is unlikely
that an analysis can be developed that is
capable of describing that part of the flow
field. There is hope that progress can be
made toward analyzing the downstream flow
field."

FLOW OVER A RAISED RIM CRATER

VORTEX CORE

REVERSE FLOW

Fig. 1. T)pical flow around a surface obstacle, in this case it is a raised-rim crater,
showing a horseshoe vonex s)"stem.Axiall·elocit)" mauma (shown as I·onex
cores) of the trailing \'ortices converge downwind from the cra/er, fanning
a zone of higher surface stress than outside the wake.
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Wind-tunnel modeling of the flowfield
around small dunes and other surface struc-
tures is possible if the most important
similitude parameters can be matched between
field and wind tunnel. In the absence of sal-
tation the active simulation parameters given
in Table2 decrease dramatically. The inherent
problem of scaling sand-size particles, given
in the case with saltation, disappears and one
no longer must worry about thepDctlppDp and
z' o/Dp which opposed each other in particle-
flow simulation around dunes.

The simulation problem reduces to a
dimensionless analysis of parameters that give
the functional relationship of the pressure
distribution, ~p, or force distribution (drag),
D, about the dune. By performing a
Buckingham's Jt analysis on the important
flow parameters, the critical simulation
parameters are determined to correctly scale
the flowfield in the wind tunnel (Langhaar,
1951). The force distribution is usually
presented as a differential pressure ~p which
may be stated as some unknown function,
f, of these variables:

~p = f (~ ' ~, ~ ' and ReI!) (26)

The Euler number, Eu, is the non-dimen-
sional force or pressure distribution that is
to be duplicated in the simulation. The first
two terms in the function, DctlH and L/H,
represent geometrical similarity and are
matched exactly if a geometrically similar
model is used. The key to the simulation
lies in matching the remaining two terms,
Zo/H and ReH. The Reynolds number is based
on a reference speed (usually taken of the
dune or obstacle height in the boundary layer)
and the characteristic dune height. If the model
Reynolds number exceeds the independence
Reynolds number then it need not match the
full-scale value of field Reynolds number.

Therefore, in order to simulate flow
around a dune or other surface obstacle in

the laboratory the following conditions must
be met: i) a geometrically similar model must
be used; ii) the Zo/H ratio must be equivalent
between field and laboratory; and iii) the
Reynolds number value must exceed the min-
imum Reynolds number independence value.
This is estimated to be about 100,000 to 500,000
for dune-shaped surface features, depending
upon how streamlined the feature is. The
more streamlined the dune the greater the
Reynolds number independence value will be.

Consideration of the simulation require-
ments infer that large wind tunnel and higher
test speeds be used in modeling (in order
to achieve the independence Reynolds number
value). In many cases small-scale dunes may
be successfully modeled for flowfield features
in the wind tunnel.

Studies on flowfield from experimental in-
vestigations of flow around various surface
obstacles are given in Tsoar, White, and Ber-
man (1995), White and Tsoar (1996) and for
sand fences in White and Cho (1994).

In summary, it is possible to scale dunes
for the purpose of flowfield simulation as
long as the simulation Reynolds number, based
on dune height, is greater than 100,000 to
500,000. This requirement usually means a
relatively large-scaled model of a dune must
be used to achieve such a large Reynolds
number value. It is generally not possible to
1J1odel larger features such as dune field or
multiple dunes.

Simulation of Field Saltation

The study of saltating materials is best
done in a laboratory wind tunnel. There is
little, if any, compromise between field sal-
tation and wind-tunnel saltation. Much of the
fundamental understanding of saltation has
come from the results of wind-tunnel studies.
Starting with the remarkable work of Bagnold
in the 1930s (Bagnold, 1941) many studies
have been carried out defining the physics
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of particle motion in saltation (Chepil, 1945,
1958 and 1959; Chepil and Woodruff, 1963;
Einstein and EI-Samni, 1949; Ford, 1957;
Greeley and Iversen, 1981; Greeley et al.,
1981; Owen, 1964; White and Schultz, 1977;
White, 1979, 1981, 1982,1985,1986a,b, 1987a,
b; White and Mounla, 1991; Williams, 1%3;
Zingg, 1953;and many others not cited). Fun-
damental understanding of surface roughness
effect, particle size and density, transport rates,
friction speeds and effects of moisture content,
interparticle force distribution and cohesion,
are due to the result of laboratory wind-tunnel
studies.

In the following paragraphs, a typical
"saltation wind tunnel" is described and
various techniques of saltation measurements
are presented. The basic nature of these wind
tunnels is "forgiving" in the sense that only
a few basic rules of design and operation
need to be followed in order to obtain high-
quality data. These key ideas are discussed
from a practical or implementation point-of-
view. Only two major constraints govern the

FLOW DIRECTION

0.41 m

design and usage of saltation wind tunnels.
They are: i) the tunnel requires a minimum
fetch distance to allow the velocity profile
to achieve an equilibrium state when saltation
is present; and, ii) the internal height of the
tunnel must be sufficient to meet the minimum
Froude number criterion described below.
Other than these two features the saltation
wind-tunnel design is nearly unrestricted.

Typical wind-tllll1lel facility

A number of saltation experiments have
been performed in a boundary-layer saltation
wind tunnel located at UC Davis and is shown
schematically in Fig. 2. The tunnel was
designed to simulate particle flow in saltation,
and it consisted of four major sections: i)
entrance, ii) flow development, iii) test, and
iv) diffuser. The overall length of the tunnel
was 13meters and is typical of many laboratory
wind tunnels studying particle flow.

The entrance section consisted of a 0.48
m long contraction area having a ratio of
5:1 equipped with honeycomb flow-

Plexiglas
Walls

x •

Velocity profile
measurements

Mass flux
measurements

Fig. 2a. Schematic diagram of the saltation wind tunnel at the University of Califomia,
Dal'is.
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Fig. 2b. Photograph of lhe salWlioll willd IUlI1lc/loealed Ullhe Ullil'ersil)' of Califomia,
Dads.
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straighteners to reduce the freest ream tur-
bulence level. The 7.32 m flow development

section had diverging walls and was composed
of three individual sections which were each

Fig. 2e. Photograph of lhe leSI seelioll al lhe sallUlioll willd IUll1lel.
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Note, the form of the rough-wall velocity
defect, Uoo- u, is essentially the same as the
smooth-wall case, since the additive constant
in both cases disappears when the difference
of Uoofrom u is taken.

Fig. 3 presents the difference between the
freestream velocity and the instantaneous
velocity within the boundary layer as a function
of F. The slope of this plot corresponds to
the friction speed as given in Equation (29).
Thus, the friction speed may be determined
from the velocity profiles measured during
saltation. This calculation is needed to deter-
mine the constancy of u" with the downstream
position and Froude number.

Composite meall velocity profiles ill saltatioll

Composite mean velocity profiles were
measured during saltation at different loca-
tions along the tunnel to determine the friction
speed variation as a function of downstream
location. To insure uniform test conditions,
at the end of each previous run, the particle
bed was reconditioned to its original 7.5 m
length and position, by replacing particles
over the eroded portion of the surface and
again smoothing it. The bed length had to
be maintained constant, since the variation
of the friction speed as function of the
downstream location is to be considered.

The mean velocity profiles (logarithmic
height as a function of speed), in the presence
of saltating particles, follow a straight -line
from the surface and then experience a deflec-
tion point at a certain height to follow another
straight line to the edge of the boundary layer.
Fig. 4 displays the composite profiles (A, B,
C, and D on each figure) at downstream
bed positions of 1.1, 2.0, 3.3, 4.4, and 6.4
meters from the beginning of the bed. The
lines plotted are linear regressions determined
from the actual velocity profile data. Great
care was taken to match the two segments

2.44 m (8 feet) long made of plywood. The
Plexiglas test section was 2.44 m in streamwise
length and 0.47 m high by 0.8 m wide in
cross section. The diffuser, 2.8 m in length,
had an expansion area ratio of 13:1 which
provided a continuous transition from the rec-
tangular cross section of the test section to
a circular cross section for the fan.

The tunnel was equipped with a 3 hp,
variable speed DC motor that rotated an 8-
blade fan. An ACIDC power converter sup-
plied power to the motor, and had controllable
air speed inside the tunnel of up to 20 mls.

Saltatioll frictioll speed

The friction speed, u., in the presence
of saltating particles, could not be determined
by using the simple slope method because
of the ambiguity in the velocity profile. How-
ever, when the wake region is accounted -for
in much the same manner as Coles' law-of-
the-wake equation for smooth-wall turbulent
boundary layer case (Coles, 1956), a
reasonable estimate of u. may be obtained.

The rough-wall case, with saltation oc-
curring, may be represented by

; .• = i In (vZo) + ~ (1 - cos (Jl z/o )) (27)

where, k, von Karmans constant, equals 0.418;
and n, Coles' wake parameters, is a function
of pressure and momentum-deficit Reynolds
number; here it is assumed equal to 0.55
(White, 1981). Applying this relation at the
edge of the boundary layer and at an arbitrary
location within the boundary layer yields (sub-
tracting one from the other):
uoo - u

u.•
-1

= Tin (zla)+ 1.32 (1 + cos (n zla)) =F

(28)

or

uoo - u = u.•F (29)
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400..,-------------------,
DOWNSTREAM BED DISTANCE = 440 cm

P Function, non dimensional

Fig. 3. 17IC dt'fi'clcd "cloci!)' as a funC/ion of F. 17IC mean slope of lire dOla
is equal 10 lhe fricli011speed.
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of each profile at their interface as well as
match the local freestream speed, Uoo, above
the boundary layer. The inviscid upstream
velocity for each of the profiles A, B, C and
D was held constant for each downstream
profile measurement; note however, locally,
the freest ream values of the curves A, B,
C and D changed as a function of downstream
position. The saltating material was ground
walnut shell with a density of 1.1 g/cm3 and
mean diameter of 0.25 mm. The value of
the threshold friction speed for the walnut
shell, at a downstream distance of 640 cm
was found to be 22.5 crn/s.

Over a non-saltating rough surface, the
mean velocity profiles for different speeds
as functions of logarithmic height theoretically
coalesce at a focus point (at zero speed)
to define the roughness height 7.0, as given

in Equation (2). However, for a saltating flow,
this focus point is shifted to finite speed,
u', and a different height, k', called the rough-
ness height in saltation (Bagnold, 1941). The
speed u' is generally associated with the per-
ceived speed at which the surface particle
appears to move.

In order for this phenomenon to be
measured, the saltation process must have
reached an equilibrium condition, i.e., con-
stancy of u* as a function of downstream
position. The composite velocity profile of
Fig. 4 displays this u' - k' phenomenon. At
a downstream distance of 640 cm from the
beginning of the bed, an easily observed u' of
187 cm/s and k' of 0.22 em are seen. These
values k' of and u' compared reasonably
well with the data published by Bagnold (u'
=250 crn/s and k' = 0.30 cm) and Zingg
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Fig. -I. Composite I'elocityprofiles as a function of logarithmic hcight at dowlIStream
position of x. The solid straight lines are obtained from linear regression
analyses of data. n,e feature of two linear pOr/ions of cun'e is common
in wind-tunnel \'Clocityprofiles. The lower linear pOr/ion is the co"ect one
to use for friction speed detennination as it is the in/emal boundary layer
represelllatil'e of wall characteristics; Fig. 4a. Composite l'e1ocityprofiles
at x = 109 cm; Fig. 4b. Composite l'e1ocityprofiles at x = 200 cm; Fig.
-Ic. Composite l'e1ocityprofiles (J/ x = 330 cm; and Fig. -Id. Composite
l'e1ocityprofiles (J/ x = -140 cm.
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Fig. -Ie. Composite "c1oci~,'profiles I1t x = ·(}.III em.

(1953) who reported k' = lOd and u' =
895d, where d is the diameter of the mean
particle in mm and k' and u' are expressed
in em, or for the present case u' = 224
cm/s and k' = 0.25 em. Bagnold's mean par-
ticle diameter was about 20 microns, while
the diameter of the present experiments was
250 microns.

Froude !lumber effect

The Froude number is defined by the in-
viscid velocity upstream of the bed and is
given as Fr = u2oo/(gH). Owen and Gillette
(1985) determined that if the saltation value
of Froude number is too high the saltation
will be affected adversely by the wind tunnel,
i.e., particles hitting the ceiling, and distur-
bance in pressure.

The experiments of White and Mounla
(1991) have Froude numbers that range from
10.4 to 27.6, some of which are below the
minimum independence number of 20 set by
Owen and Gillette. Considering u* as a func-

tion of downwind distance suggests that the
u* curves are approaching a constancy value.
The smaller the value of Froude number the'
more rapidly the constancy of u* is ap-
proached. In the cases where the Froude num-
ber was less than 20, it took a minimum
x/H distance of at least 5 for the u* curves
to become relatively constant with further
changes in downstream position.

The air flow that enters the wind tunnel
is initially almost uniform. There is a minimum
entrance length required for the velocity-
defected layer to resemble a boundary-layer
profile. Spires and other boundary layer trip-
ping devices can shorten this entrance length;
nonetheless, some minimum length still will
be required to obtain a boundary layer velocity
profile. The observed minimum x/H value of
5 in the current data illustrates, experimentally,
the requirement of this minimum entrance
length. For downstream locations less than
5H, the friction speed has not reached its
steady-state value. Consequently, the saltation
process has not achieved equilibrium.
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U' VARIATION WITH
DOWNSTREAM BED LOCATION Asymptotic U'

values as
calculated from
Owen & Gillette
(1985)
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Fig. 5. The frictioll speed as a [ullction of nOIl-dimellSional do.••.."stream length,
x/H. Also ShOWII,to the right of the figure, are the predicted I'Qlues of
Owen alld Gil/elte, 1985, as the downstream distallce becomes large. Curves
A, B, C alld D are for the same data as Figures 4a to -Ie with Froude
number values 10.4, 13.8, 18.6 alld 27.6, respectil·e/y.

Perhaps a more refined measure, instead
of x/H, would be x/(j, where (j is the boundary
layer height. Generally, an absolute minimum
of 25 is required to produce an equilibrium
profile (White, 1981) and illustrated in Fig.
5. Values of x/(j from 50 to 500 are further
required to insure an equilibrium flow exists
in the more subtle indictors such as turbulence
intensities, development of inertial sub range
and energy spect~a. fortunately, these more
stringent guidelines do not apply directly to
saltating flows since the particle motion severe-
ly modifies the boundary layer. Nonetheless,
25t3 as a minimum entrance length require-
ment, should be adhered to in order to es-
tablish equilibrium (constant friction speed)
saltation flows. This assumes the Froude num-
ber is less than the critical value.

Mass transport

The distribution of mass flux as function
of height also was measured. The particle
collection system consisted of 25 individual
2 cm high, stackable Plexiglas collectors as
described in White (1982) and shown in Fig.
6. Each collector had approximately a 2 cm2

frontal cross-sectional area and a wire mesh
at the back wall which allowed air and mean-
sized particles of 40 microns diameter or less
to pass through. The air flow through the
rear-wall area of the collectors prevented
separation from occurring off the sharp-edged
intersection of the side wall with the rear
wall. Flow visualization studies showed par-
ticles to be efficiently trapped. Once the col-
lectors were positioned inside the tunnel and
the freest ream wind speed was achieved, an
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automated collection system commenced. The
length of the time for calculation of nux rates
was performed by a stop watch with an ac-
curacy of 0.01 seconds. This introduced a
negligible uncertainty since collections' times
were typically greater than 30 seconds. After
the particles were caught in the individual
traps, the material of each trap was weighed
on a Metler scale (accuracy of 0.1 g).

The mass nux as a function of height was
measured at a downstream distance of 640
cm; simultaneous measurements of velocity
profiles also were performed at the same loca-
tion. The logarithm of the mass nux was plotted
as a function of the height of each collector
as shown in Fig. 7. This plot should be expected
to trace a straight line, as previous work has
shown an exponential dependence of mass
distribution with height (White, 1981 and
others). At higher speeds, the appearance

of a linear logarithmic relation is better than
it is at lower speeds. This could be attributed
to the accuracy of the scale used to measure
the mass collected for a particular run. Also,
at lower speeds, the uncertainty in the meas-
urements becomes large since the collected
mass is small.

Nalpanis (1985) proposed that the fol-
lowing relationship be used to describe the
exponential dependence of mass distribution
with height:

q = a e - ~.gy/u;]
where, a and A are constants for a single

experiment. However, Nalpanis concluded
based upon analysis of his data that "there
does not seem to be any a priori way of
determining the values of a and A." The
present data also were fitted to this expression,
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and, although there are definite tendencies
of the data, i.e., A. and a both increasing
with increasing u. values, the same conclusion
as Nalpanis was reached for the present data.
No satisfying equation could be established
to account for the a and A. variation from
one experiment to another. The a and A.
parameters appear not to be constants but
rather functions of U*, particle density and
probably functions of par~icle shape, distribu-
tion of particle size and surface roughness.
The present values of a ranged from about
30 to 100 mgjcm2/s, while values of,.l varied
from unity to about 1.5, both of which uniformly
increased with increasing friction speed. The
range of a and), values somewhat agree with
the Nalpanis values when the density ratio
of walnut shell to sand is accounted for in
the A. parameter (our A.'S typically are larger
by a factor of 2.5 to 3, the ratio of sand
to walnut shell density).

Concluding Remarks

In the text of this paper the fundamental
philosophy of laboratory modeling of saltation
and wind flow around dunes has been ex-
amined. The basic nature of the ABL and
surface layer, in which all of these processes
take place, was thoroughly discussed to pro-
vide the necessary understanding of the un-
derlying physics of the field processes. The
general philosophy of physical modeling of
atmospheric flow also was presented with spe-
cial emphasis on wind-tunnel simulation tech-
niques. The governing equations of motion
were analyzed for application of laboratory
testing. Key similitude parameters such as
Reynolds and Froude numbers, as applied
to wind-tunnel requirements, were discussed.
Prevalent boundary conditions were identified
and discussed in detail.
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Three areas of modeling were examined:
i) wind flow past a large-scale dune and/or
dune fields with saltation present; ii) wind
flow in the absence of saltation, around small-
scale dunes and within specific areas of dunes;
and iii) the general process of saltation.

The analysis of the simulating flow past
large-scale surface features was disappointing
as it was determined that it is not generally
possible to model in the laboratory (i.e., wind
tunnel). This was primarily due to the fun-
damental problem of scaling, which is espe-
cially severe for the combination of saltation
and flow past large-scale dunes. For deter-
minatiol1 of the large-scale flow field features
in the absence of saltation, only general gross
wind-flow patterns are able to be determined
from the simulation.

However, for the simulation of small-scale
features such as limited areas of dunes or
small dunes (only a few meters in length or
less) the findings were more satisfying. Here
dune fields .could be reasonably modeled if
care is taken to ensure that the minimum
independence Reynolds number criterion was
met in the wind tunnel as well as meeting
the Jensen criterion.

Lastly, the true forte of wind-tunnel ap-
plications lies in the study of saltation. In
effect, there is little compromise on the physi-
cal process of saltation occurring in the wind
tunnel. This is due to the fact that saltation
is not scaled but simply replicated in the
tunnel. Only a few basic similitude rules need
be followed to produce a high-quality saltation
flow in the wind tunnel.

In conclusion the usage of wind tunnels
in studying saltation and dunes is far from
over. There are many experiments with sig-
nificant and lasting results yet to be performed
and awaiting to be conducted.
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