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Abstract. Wind friction threshold speeds (“*t) for particle move-
ment (saltation) were determined in a wind tunnel operating at martian
surface pressure with a 95 percent CO, and 5 percent air atmosphere. The
relationship between friction speed (uy) and free-stream velocity (u,) is
extended to the critical case for Mars of momentum thickness Reynolds
numbers (Reo) between 425 and 2000. It is determined that the dynamic
pressure required to initiate saltation is nearly constant for pressures
between 1 bar (Earth) and 4 mb (Mars) for atmospheres of both air and
C02; however, the threshold friction speed (“*t) is about 10 times higher
at Tow pressures than on Earth. For example, the us, (Earth) for particles
210 pum in diameter is 0.22 m 51 and the Uy (Mars, 5 mb, 200 K) is 2.2
m sl

Introduction

A great deal of attention has been given to the problem of wind-
blown particles on Mars, beginning with a paper by Sagan and Pollack
(1969). Most investigations have involved estimations of wind speeds
needed to initiate movement of particles of different sizes and densities
based on the work originally done by Bagnold (1941) who described the
physics for windblown sand on Earth. Extrapolations were made to Mars
by substituting the appropriate parameter values for Mars in the equations
derived by Bagnold for Earth (Sagan and Pollack, 1969, Arvidson, 1972,
Iversen er al., 1973, and others). Some studies (Chang et al., 1968, Adlon
et al., 1969) incorporated into the extrapolations data from laboratory
simulations of some of the conditions on Mars. An extrapolation taking
mterparticle force into account, more appropriate for martian pressures,
was obtained by Iversen et al. (1976).

To provide better simulations, an open circuit wind tunnel (Martian
Surface Wind Tunnel or MARSWIT) was constructed at NASA-Ames
Research Center (the facility is described in Greeley et al., 1977). Experi-
ments from MARSWIT yielded estimates of wind friction speeds for par-
ticle movement on Mars in which nearly all the important parameters
were physically simulated or otherwise taken into account. Two of the
most important parameters for martian simulations are gravity and the
atmospheric conditions at the surface. For simulations of Mars on Earth
the primary effect of gravity may be accounted for partly by using pro-
portionately lower density particles than those expected on Mars. The
atmosphere is more difficult to simulate. Although MARSWIT is capable
of operating down to about 3 mb pressure, the experiments presented
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by Greeley et al. (1976, 1977) were run not in an atmosphere of martian
composition (primarily COZ)’ but rather in ‘Earth’ air. Extrapolations
were made to the martian atmospheric composition by taking into account
the differences in molecular weight between CO, and ‘Earth’ air. However,
because the dynamics of C02 at low pressures and at the relatively low
Reynold numbers involved with the martian aeolian environment are so
poorly understood, these extrapolations were open to question. Conse-
quently, MARSWIT was modified to enable experiments to be run in a 95
percent CO, atmosphere. The experiments described earlier (Greeley et al.,
1976) were duplicated in the CO, atmosphere to generate a set of threshold
curved for particle motion on Mars. The results of these experiments are
the subject of this report.

Experimental Procedure and Results

The test procedure was as follows: A bed of uniform-sized particles
was placed in the wind tunnel test section and the surface was smoothed.
For each test a 2.5 meter long bed of material was used, as previous tests
showed (Greeley et al., 1977) that a bed of this length would give very
nearly the same results as an infinitely long bed whereas shorter beds
resulted in increased saltation threshold values. The tunnel was located
inside a large vacuum chamber which was evacuated to about 4 mb pressure
using ‘Earth’ air. The tunnel was then started and the wind speed gradually
increased until saltation threshold was reached. The tunne! was stopped
and started several times at each test condition to obtain a number of data
points. Three separate methods were used to determine saltation threshold:
(1) A high resolution closedircuit television system was used to observe
the particle movement directly; (2) a laser-photocel system indicated salta-
tion by the attenuation of the signal due to particles interrupting the laser
beam; and (3) an electrostatic detector measured the current produced by
saltating particles impinging on the detector element. For most experiments
all the systems were used concurrently to detect saltation, with the electro-
static system being more sensitive for small particles and the television and
laser systems more sensitive for the larger particles. Many materials were
tested but ground walnut shells (specific gravity 1.1) were deemed to best
represent martian particles (Greeley et al., 1977) and were used to generate
the data presented here.

The chamber was then filled with €O, to a pressure of about 80 mb
giving a 95 percent CO, and 5 percent air mixture. Threshold tests were
run at various pressures as the chamber pressure was again reduced to 4 mb.
Finally, the chamber was purged with air and pumped to 4 mb for the third
series of tests. Threshold speeds were again taken with air as the working

121



122 Greeley et al.:

2000
1000 |— F
- @ AIR BEFORE CO, RUN
- O AIR AFTER CO, RUN
- O €0,
- ul
]
100 |—
n ob
N 0
o o
€ -
w
5
3 b
3
a -
10—
\ | ] | |
[} 1 2 3 4

AP, mb

Figure 1. Dynamic pressure at the wind tunnel centerline to initiate parti-
cle saltation with 5 percent air and 95 percent C02 mixture for ground
walnut shell particles 212 um in diameter.

fluid, as the chamber was step-filled to atmospheric pressure to obtain
threshold speeds for a range of pressures. With this technique it was
possible to compare a particular bed of material with all conditions nearly
identical except that the working fluid was changed from air to CO, and
back to air. By comparing the initial air data with the final air data a good
estimation of the repeatability of the data could be made. Figures 1 and 2
present typical data sets for a single test bed. Note that the dynamic
pressure (Ap) is nearly constant for both air and 95 percent C02 and with
chamber pressure (Fig. 1); the velocities (Fig. 2) are different due to the
differences in properties of air and C02. This procedure was followed for
each particle size tested over the range of diameters from 23 um to
800 um.

Data Reduction

The critical measurements in the wind tunnel are the differential
pressure (Ap) between the total pressure (pt) and the static pressure (ps) at
the tunnel centerline, and the chamber pressure and temperature. The
tunnel centerline wind velocities can then be calculated from these measure-
ments, as well as the friction velocity (us) for a given bed of materials
taking into account the boundary layer profile and the surface roughness,
as discussed in Iversen et al. (1973, 1976).

Time-averaged boundary layer velocity profiles were determined
from differential pressure measurements between static pressure and a
total head pressure tube that was transversed through the boundary layer.
The tests showed the boundary flow to be essentially steady, two-
dimensional, constant-property (i.e., maintaining a constant chamber pres-
sure), and to have a constant free-stream velocity turbulent flow through
the tunnel. A zero-pressure-gradient flow was achieved by increasing
the top tunnel wall height with increasing downstream distance (thereby
expanding the cross sectional area); the zero-pressure-gradient was verified
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by static pressure measurements at several positions in the tunnel. A
naturally turbulent boundary layer developed for most of the flow condi-
tions; however, at the lower pressures it was necessary to ‘trip’ the boundary
layer by placing small pebbles on the tunnel floor in the entrance section
of the tunnel. The test section was more than 25 boundary-layer thickness-
lengths from the pebbles placed upstream, insuring a fully developed
turbulent core region at low pressures.

The data were reduced taking into account Mach number and slip
flow effects in the velocity determination. Each profile was numericaily
curve fitted by means of a multi-piecewise cubic spline technique.

For the turbulent boundary layer the value of the friction speed uy
is dependent on the value of the momentum thickness Reynolds Number

uf
Reg =~ 03]

where u is the free-stream wind-tunnel speed, » is the kinematic viscosity,
and @ is the momentum-deficit thickness. The momentum-deficit thickness
is defined as the thickness of the layer as measured from the wall of an
external stream (at constant speed u_) containing a momentum flux equal
to the loss of momentum flux due to the presence of the wall. It is con-
venient to define the momentum-deficit thickness 8 in terms of mean
velocity profiles as

5
o=_°/' %(1_%)@ @

where § is the boundary layer height at which the value of velocity u 1s
99 percent that of u,, and y is the vertical height. The momentum thick-
nesses were determined from integrating the resultant curve fit by a
numerical quadrature technique.

An analysis of the zero-pressure-gradient turbulent boundary layer
for low Reynolds numbers has been made by Coles (1962); from this work
the surface shear stress 7, can be determined from the velocity profiles
obtained in the wind tunnel. This is accomplished by assuming that the
velocity obeys the logarithmic law

=l1n£’l+c (3)
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Figure 2. Wind tunnel centerline velocity to initiate particle saltation
threshold with air and 95 percent CO,-air mixture for ground walnut
shells 212 um in diameter.
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Figure 3. The ratio of friction velocity (u,) to wind tunnel centerline
velocity (u,,) as determined by boundary layer surveys and presented as a
function of Reynolds number (Rex) based on the distance from the begin-
ning of the wind tunnel to the test point.

for the wall region (y < 0.2) excluding the viscous sublayer. In this study,
k = 0.418 and C = 545, as determined by Patel (1965). Converting to

log;; gives

L - 55logyg 2L+ 545 @
The ratio u,/u,, is well fit by the empirical equation (600 > Rey > 2000)
Ug _ -1.59
T 0.702 (log; g Ryy) (5)

as shown by Figure 3. In this equation the relationship is presented as a
function of Rex’ the Reynolds number based on the distance from the
beginning of the wind tunnel to the test point. For flows with lower values
of Reg (Rey < 600) the ratio u,/u,, becomes a constant value of approxi-
mately 0.049. This is the maximum value that u,/u can obtain in a
turbulent boundary layer at low Reynolds numbers (White, 1979 and Barr,
1979). For values of Reg less than 425 the boundary layer flow is laminar
and is of no importance in flows of saltating particles.

Using these relationships the data are presented as a function of
particle size versus friction threshold velocity for various pressures (Fig. 4).
These data are valid for particles larger than about 60 um, but some adjust-
ment upward may be necessary for the smaller particles as indicated by the
following analysis:

Tests were conducted to determine if the angle of repose, which is a
function of various interparticle forces, was affected by reducing the
ambient pressure. Results show that smaller sized particles are affected; for
example, particles 20 um in diameter have a much lower angle of repose at
4 mb than at 1 bar, if the tests were run immediately upon reaching the
lower pressure. If, however, the particles were allowed to remain at the
lower pressure for 24 hours before the test was made, the angle of repose
was the same at 1 bar. Evidently, interparticle air acts as a lubricant as it
escapes, causing the particles to flow over one another more readily in a
low-pressure environment. If allowed to remain at low pressure for a
period of time (many hours), the interparticle air slowly outgasses and no
longer affects the angle of repose. Ideally, the smaller test particles should
be allowed to stabilize in the evacuated wind tunnel for a sufficient period
of time for all interparticle gas to escape before saltation threshold tests
commence. This, however, was not possible within the limitations of
MARSWIT. Thus, the data for the particles less than 60 um show lower
thresholds than if the material had been held at low pressure long enough
for all interparticle gas to escape. (For an analysis of the relationship
between angle of repose and the threshold velocity see Bagnold, 1941,
Chapter 7.) Because of this effect the two smaller sizes of particles tested
showed a decrease in dynamic pressure required for saltation with decreas-
ing chamber pressure in contrast to the larger sizes tested. This decrease is
attributed to the lubricating effect of the escaping interparticle gas, and
correcting for this effect by assuming a constant Ap, the final data curve
Figure 5 is presented as the best experimental determination of threshold
friction velocity Usy for particles on Mars. These data are also adjusted for

representative martian temperatures by the method presented by Iversen
etal. (1976).

The particle threshold curves presented here indicate that somewhat
lower wind speeds are required to move particles on Mars than had been
predicted by earlier studies. This is due primarily to a more refined method
of determining the relationship between free stream velocity and friction
velocity as well as a better simulation using CO, as the working fluid.

Discussion and Comparison with Conditions
at the Viking Lander Sites

We have used the results to make a preliminary assessment of the
ability of winds to move sand sized particles at the Viking Lander Sites.
To do this, we first relate friction velocity to winds measured by the lander
meteorology experiment at a height of 1.6 m above the surface and winds
at the top of the planetary boundary layer. Both lander sites are charac-
terized by fairly flat terrain covered with fine grained material, but littered
with numerous rocks (Mutch et al., 1976a, b). A reasonable choice for the
roughness height Z , of these surfaces is about 0.1 to 1 cm (Sutton et al,
1979). Fortuitously, a surface having these values of Z, requires a thres-
hold wind speed at the top of the boundary layer Vgt that is almost identi-
cal to the one needed for a surface containing only sand grains (see Fig. 3
of Pollack et al., 1976a, b). Thus, good estimates of Vg at the lander
sites may be made by multiplying the laboratory threshold friction velo-
cities by the ratio of Vgt/u,. appropriate for a sand only case (~50). This
conversion is indicated by the Case 1 scale of Figure 5. Analysis of the
Viking meteorology results suggest that the ratio, r, of the wind speeds
measured by the Viking Meteorology Instrument to those at the top of
the boundary layer equals about 0.4 (Leovy and Zurek, 1979).

We are now in a position to compare the velocities measured by the
Viking meteorology experiment with threshold values for the optimum
grain size, i.e., the grain size easiest to move (~100 um). During the
early portion of the Viking mission (northern hemisphere summer), the
surface pressures at the landers was about 7.5 mb, while close to the
time of the second global dust storm (southern hemisphere summer)
the pressure had increased to about 9.5 mb (Ryan et al., 1978). Using the
results of Figure 5 and a scale factor of 20 to convert friction velocities to
velocities at the height of the meteorology sensors we estimate that the
measured wind had to exceed about 30 and 25 m s, respectively, for salta-
tion to occur. During the summer season in the northern hemisphere, the
measured wind speed did not exceed 10 m ™ at either lander (Hess ez al.,
1976a, b) and hence saltation should not have occurred, in accord with
lander camera observations (Mutch ez al., 1976a, b). The strongest winds
measured to date were observed at the first lander site shortly after the
onset of the second global dust storm. Sustained wind speeds of 18 m §”
were recorded, with peak gusts of up to 28 m st (Ryan et al, 1978).
Thus, the winds came quite close to reaching threshold conditions. This
prediction is in reasonable accord with lander camera results. Movement
did occur in sand piles placed on top of the lander, where threshold condi-
tions are lower, but no alteration was observed to occur on the surface,
except for a few isolated places (Sagan ez al., 1977 and Jones et al., 1979).
Conceivably, during martian years of somewhat enhanced global dust
storm activity, the saltation threshold is exceeded at the lander sites,
especially Viking Lander 1.
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Figure 4. Friction threshold velocity as a function of particle size as
determined in wind tunnel tests using ground walnut shell and 95 percent
COy-air mixture.
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Figure 5. Particle threshold curves as a function of particle size for
martian surface pressures and higher, and for representative martian
temperatures. Case 1 scale is free stream velocity (above boundary
layer) for winds blowing over a flat surface of erodible grains; Case 2
surface containing cobbles and small boulders.
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