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NOMENCLATURE
A Projected area of particle
A, Constant
a Total particie acceleration
ay Horizontal particle acceleration
ay Vertical particle accgleration
B Constant
c Constant
c Speed of sound for air
Cp Coefficient of drag, W
o0
D Drag force on particle
d Particle diame‘er .
e logarithmic constant, 2.718
¥y Horizontal forces on particle
Fy Vertical forces on particle
g Acceleration of gravity
Kn Knudsen number, 1.28 fy M/Reyq
v
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Lift force on particle
Porticle free path

Ug
Mach number, ry

Particle mass

Chamber static pressure

Probable error in L/D
Probable error in Cp

Gas constant for air
Particle radius, 4/2
Reynolds number, 30.2.1(_,3;
Chamber static temperature
Time

Gas flow velocity

Total particle veloecity
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v Pa.?ticle velocity re]..a';;:.lve to gas flow, Up
Ap Dynami.c pressure
v Ratio of specific heats
6y, Boundary sublayer thickness
6!1' Blasius tarbulent boundary layer thickness
" Microns; gas viscosity
1| Ratio of the circumference of a circle to its diameter,
2.14159265+ ’
pm. Freestream gas density

Particle density
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1. INTRODUCTION

Literature reviews disclosed that investigators have studied sand and dust
transport mechanisms with particles either entrained in a mediuml’ 2,3 or at

rest on a particle bed within the medium.h's

However, no literature could be
found reporting studies of particle behavior in high-velocity, low-density gas
streams such as might be found under postulated Martian environmental conditions,
Although extrapolation of EBarth-atmosphere sand/dust storm data has proved to be
useful in predicting ‘the gross behavior of such storms on Mars,6’7 prediction of
the behavior of individual particles, particularly during initiation of a storm,
requires empirical data not found in literature,

Earlier work at McDonnell Douglas demonstrated that threshold velocities
for the initiation of sand and dust storms could be measured under simvlated
Martian atmospheric pressure conditime.8’9 However, no attempt was made then
to observe individual particles or small groups of particles.

This report describes some of the basic phenomena observed during the
study of single particle dynamics uncer postulated Martian surface wind

conditions.

1.1 REVIEW OF SOLID-GAS FLOW. Many theories have been formalized

explaining the mechanics of particle entraimment. The results of thesa studies
differ appreciably from one another as may be seen in Figure 1.

Some investigators are satisfied with the concept of shearing stress being
the only important parameter on which to base their analysis. Sir George AStokes

established his law of motion of a sphere through a homogeneous medium

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY
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Figure 1 — Drag Coefficient for Spherical Bodies
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on this concept.

The possibility of lift f'orces woting on soil particles is seldom considered.
However, early analytical studies by .Iei’frey.'sl0 end experimental studies by
C!‘.epilll tend to confirm the presence of these lift forces, Chepil contends that
the composite lift force acting on & soil bed is actually 85 percent as great
as the drag force and contributes sudstantially to soil transport.

Torobin and Gauvini2 10 nage o thorough literature survey on "The
Fundamental Aspects of Solid-Gas Fiow," They list and discuss the effects of
particle rotation, roughness, and shapé; the accelerated motiocn of a particle
in a fluid; the sphere wake in a steady laminar flow; and fluid turbulence on
the particle drag coefficient.

Schiller and Na.ume.n:"7 corrected the Stokesian law in consideration of the

inertial resistance. Their empirical ~orrection

-3

P [ 0.687]
= — 1 15 R
CD Reg + 0.15 eq

is for Reg < 7TOO.
18

-

Ingebo~ found that regardless of the magnitude of the particle accelerationm,

the drag data on solid spheres and liouid droplets could be correlated by the

relationship
N 27
VD - L
Red

for the P2ynolds number range from 6 to 500.
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A similar study perfoi*med by Langmuir and Blodgettlg found that

cp = 22 [1 + 0.197 Rey%"63

+ 0,0026 Redl * 38]
Red

best fit their data for 1 < Red < 100,
Millikinzo corrected the Stokesian law in consideration of rarefaction.

His "generxl law of fall" is given by
-1
F = 6pyrv [1+ (A2 + Be"CI'/l) l/1-]

Carlson and Hoglundzl, using Millikin's law, determined the effects of

rarefaction also., Their results are given by

ﬂ)‘ 1
o = [
, @11+ xn (3.82 + 1.28 exp "522)
Rud:in(_z,e)."?2 determined the drag coefficient of accelerating glass bteads in

convective flow behind a shock wave, He found that all his data could be

mathematically represented in the form

~ 6000

L,
D 1.7
Red

for 4O < Red < 300. Rudinger believed that electric charges on the particles
caused his data to deviate widely from the steady state drag curve for spheres.
Selber323 conducted an experiment similar to Rudinger and found that CD
varies considerably because of particle roughness. Using very spherical
precision-lapped sapphire balls, his data did not produce the scatter as
exhibited with particles having rougher surfaces.
Volume I of the Final Report on Contract No., NASL-8708 is designated

as NASA CR-66878, "Planetary Enviromment Simulation, Erosion and Dust Coating

Effects."
L
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2. PROBLEM DEFINITION AND APFROACH

2.1 DEFINITION OF PROBLEM. 'The present study is part of an investigation

to study the canises and effects of a Martian sand/dust storm. This study is
Primarily concerned with an experimental determination of the drag coefficient
and lift-to-drag ratios of small particles entrained in a simulated Martian
wind. Additional work was undertaken to gain insight into single particle

entrainment.

2.2 EXPERIMENTAL APPROACH. The objective in this study was to experi-

mentally define the characteristic behavior of particles exposed to simlated
Martian surface wind conditions. Simulation of Martian surface winds for the
purpose of this study entailed generating wind speeds of up to 250 feet/sec in
a static pressure range of 4 to 7 torr. This simulation was performed in the
McDonnell Douglas Martian Environmental Simulator, which has a 9-1/2-inch by
14-1/2-inch test cross section. The wind tunmel produces an air flow with
identifiable flow properties in the test section,
The study of small particle phenomena in low density high velocity air

streams requires the fcllowing capabilities:

. Containment of particles in an identifiable flow,

. Ability to record particle fiight paths.

_+ Sufficient particle path resolution to discern directional
changes.
. A method for introducing particles into the air stream

without imparting energy to the particle.

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY
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2.2.1 FACILITY DESCRIPTION. The wind tunnel is contained within a

9 x 11 x 20-foot high-altitude chamber, (Figure 2). The pumping system is a
six-stage noncondensing type steam ejector which is used t¢ maintain chamber
pressure at values which simulate Mars surface conditions. Concurrently, air
is metered into the stilling chamber where it then enters the tumnel nozzle to
form a uniform and stable velocity profile in the test section., To improve the
air velocity uniformity in the test section, two 20-mesh screens (with 0,016-inch
diameter wires and 0,034-inch wide openings) separated approximately one inch
are utilized in the stilling chamber to decrease the free-stream turbulence
intensity. A typical velocity profile survey made with a traversing pitot-
static probe is shown in Figure 3.

Air used for generating wind in the tunnel is drawn from the McDonnell
Douglas Polysonic Wind Tunnel supply tanks, This air is dried tc a dew point
of =20 to -40O°F. Variation in the combinations of wind velocity and chamber
pressure are achieved by adjusting the metered air flow to the tunnel ané
throttling the chamber exit flow with the butterfly valve in the 30-inch
diameter vacuum line leading to the steam ejector.

The test section for observing particle beBavior is a glass and plexiglass
tunnel 9-1/2 inches high by 1%4-1/2 inches wide by 36 inches long (Figure 4).

Free-stream air velocity in the tunnel is measured with & pitot-static
probe (Figure 5). The differential which exists between the static and dynamic
pressures is measured with a l-torr (1 mm of mercury) range diaphragn-type
electric manometer., Chamber static pressure is monitored with a 100-torr range
unit, Copper~-constantan thermocouples are used to measure temperatures at

critical points in the air stream,

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY
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2.2.2 PHOTOGRAFHY. The degree of accuracy in analyzing the behavior
of a particle in the wind stream is dependent on the displacement versus time
history for the particle. If this history is recorded by a photographic method,
accuracy ie limited by picture resolution. For this reason, several methods
were evaluated on the basis of resolution. One method, holography, wonuld
provide a three-dimensional record of the trajectory during a continuous
exposure. However, in order to obtain a large enough field of view, it would
be necessary to en]arée the laser beam diameter with & lens, which would
decreese its power per unit area. Since a laser which would provide the
necessary power wac not readily available » this technique was not used.

Another method, utilizing readily available equipment, is dark field
photography. Initial investigations were made utilizing closed-circuit
television monitoring and video taping of particle movements in order to
optimize lighting arrangements, select particle sizes, and evaluate anti-
reflection background materials. The video tape system consisted of a Coho
Camera HModel 2000, a Conrac Monitor Model CVAlLT7, and Ampex Recorder Model VR7000,
The camera scan was 525 lines/inch. The first lighting arrangement consisted ‘
of a 150-~-watt Xenon lem duilt into a special ‘light diffusing box which spreads
the beam over approximately a one-foot wide field of view. This provided ample
light to video-tape a fine stream of 100 micron sand particles, but failed to
provide adequate light to track a single particle., In an attempt to view single
particle motion, the Xenon lamp was replaced with two 500-watt mercury vapor
lamps and the particle size was increased to approximately 500 microns. At low
velocity (less than 10 ft/sec) , these particles were just barely visible when

viewed on the television monitor. It was felt that the lighting arrangement

11
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and particle types had been optimized and that the television system did not
waz:rant further investigation at this time.

Next, a Beattie-Coleman Type 14405 Pclaroid Scope Camera and a Polaroid
Model 250 camera were tested using 3000 ASA film. The same lighting was used
as had proved best with the television system. Neither camcra provided
sufficient resolution to track particles smaller than 500 microns.

A Milli can Model DBM4YC 16 mm framing camera was also evaluated with 400
ASA Kodak Lino@;raph Shell-burst film, The camera was rewired for single frame,
variable exposure operation. Lighting was the same as for the previous camera
test. Initial tests indicated the need for better lighting and finer grained
film for higher resolution. From experience gained in previous tests, a lamp
housing was designed and built to collimate a beam of light to illuminate a
long particle pa.h with a minimm of reflected background light. The twc mercury
vapor lamps used in previous tests were replaced by four 1000-watt tungsten
filament quartz envelope lamps for higher intensity. Initially, the lamp
housing was positioned so that the collimated beam was perpendicular to the
centerline (Figure 6a), to eliminate unwanted reflected light from the back wall
of the test section. However, there was insufficient reflected light from the
particles to produce good particle tracks on the film. Therefore, the lamp
housing was repositioned so that the collimated beam was at a 45 degree angle
to the camera (Figure 6b). In this configuration, which is the optimum
vrrangement for conventional photography, a greater amount of reflected light
reached the camera, but excessive refiection from the test section back vall
caused considerable "wash out" (loss of contrast). In addition it became

evident after a number of runs that scratches caused by the abrading airborne

12
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particles plus the accumula.ﬁon of a dust film on the neu.r wall of the plediglass
test section was detrimental to particle resclution. Therefore, tne all-
plexiglass tunnel sectivun was replaced with a glass tunnel section with a black-
painted plexiglass bottom. ‘The nonreflecting transparent back wall permitted
light to pass through it and be aboorbed by a black felt background located
four feet behind the wall. The glass walls were less susceptible to scratches
and accumulation of dust films. Tests with this tunnel ‘showed that the amount
of light reflected by particles smaller than 500 micrcns was still not ample
for high-resolution pictures.

The lamp housing was repositioned so that the collimwuted beam made a
135 degree angle with the camera (Figure 6c). With this arrangment, the camera
received more scattered than reflected light from the particles and the resulting
resolution was improved for particles smaller than 500 microns. The vest angle
was that at vwhich maximum forward scatteiing occurred without a direct bear
shining into the camera lens. As a result, all subsequent particle track
analysis was done usi.ng this lighting arrangement. |

Although the Millikan 16 mm camera with Shell-burst film and the forward
scattering light system provided reasonably good results, a Nikon 35 mm camera
equipped with Panatomic-X film was tested and found to further erhance particle
resolution. The photographic system ultimately selected for all subsequent
track analyses was the Nikon 35 mm camera using Panatomic-X film, and the forwsrd
scattering light technique consisting of four 1000-watt tungstep Zilament quartz

envelope lights positioned as shown in Figure 6c.

1
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2.2.3 FARTICLE ENTRAINMENT. Before a displacemert versus time flight

history of a pa.rti-cle can be made, "particle entrainment in the wind stream must
be achieved. The introduction of particles into a wind stream must be controlled
so that no energy, other than that which is imparted by the wind stream, can
affect the flight history.

Three types of mechanisms were tested for this purpcse., The first type
of meckanism tested utilized a solenoid-actuated feed system which released
particles Irom the top of the tunnel (Figure 7). .-

The second type of met;hanism tested was an electrostatic particle release
device, Its prime purpose was to see if actual "lift off" occurs from the floor
of the test secticn. This type of mechanism provided a holding force on the
particle and did not impart any movement to the particle when the force was
released. Two closely spaced parallel plates were charged to a pntential of
approximalely 1000 volts DC, The particles were then placed in the narrow gap
between the ends of the plates wheré the electrostatic field provided a holding
ferce. Although the device worked well in ambient air, the much lower dielectric
strength of air at the test pressure of 6 torr resulted in corona discharge. The
use of':hicker insulation between the charged plates to overcome electrical
breskdown reduced the electrostatic field strength and, consequently, the holding
rover of the device, |

In spite of the problems with the electrostatic holding mechanism, some
visual and photographic observations were made of particles released electro-
statically. Visual coverage was enhanced by ﬁse of a telescope. MNo particles
were observed to 1lift off the tunnel floor, but random rolling of particles was
observed. The technijue was eventually abandoned because of the erratic nature

of particle departure from the holding device, and because particles frequently
15
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would not roil even at wind velocities in excess of 250 ft/sec. It is suspected
that stray electrostatic forces on the particles may have been responsible for
the erratic particle behavior, although instrumentation used *o detect stray
voltages in the tunrel floor failed to indicate any such voltages.

The third type of mechanism tested was a piston-cylinder tyi)e device
which pushed particles up through the tunnel floor (Figure 8). Its purpose was
to determine whether particles of sand would "lift off" the test zection floor.
The mechanism was designed sc that a slow continuous stream of sand particles
could be extruded irtc the wind stream. This mechanism proved to be more success-
ful than the electrostatic device and was used for all subsequent "lift off"
experiments.

The solenoid-actuated feed mechanism, described first, was used in experi-
ments for the determination of lift and drag forces on particles dropped into

the wind stream.

2.2.4 COMPUTATIONAL PROCEDURE. Throughout the study of the motion of

entrained particles in a simulated Martian wind stream, the drag coetficient
and 1ift to drag ratio were determined from incompressibie, two-dimensional,
viscous air flow equations. The particle Reynolds number ranged from 2 to 11

for relative Mach numbers not greater than 0.2. The M/Redo'5

values indicate
that the air flow relative to the perticles was in the slip-flow regime, However,
the force-mass-acceleration technique used for determining forces on the
particles, indirectly accounts for rarefaction and other body effects.
The following expr~imental variables are .needed for analysis of the data
in each run:
A. Flow Variables

1. Stream velocity
17
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2. Gas viscosity
3. Gas density
B. Particle Variables
1. Diameter
2. Velocity

3., Acceleration

2.2.4.1 FLOW VARIABLES. At relatively low subsonic velocities where

compressibility effects may be neglected, the free-stream velocity may be

determined from Bernculli's equation*

U = (2AP/D°°)1/2 , (1)

>}

The dynamic pressure, AP, was determined with & Pitot-static probe at tunnel
center-line conditions. The flow density was determined from the perfect gas

law

o = s (2)
®© RT

for known tunnel pressures and temperature., The remaining flow variable,
viscosity, was determined as a function of temperature from Sutherland's

equation

1.5
N TotS
B \To T+S

vhere the reference viscosity (ug)is 0.35x10°®

lbp sec
—S— for reference temperature

#* Symbols are defined in the list of nomenclature earlier in the report.
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To = 4L92°R. The value of S is equal to 110.h°K,

2.2.4,2 PARTICLE VARIABLES. Throughout this study silica sand particles

with an average bulk density of 1.51 gn/cma were used (Figure 9). The particles
were sieved to a 297 - 420 micron diameter range, and the mean diameter (d = 358
microns) was taken to be the representative particle size for use in data reduc-
tion,

The remaining important variables are particle velocity and acceleration.
These parametlers were determined from analysis of streak photographs of the
displacement-versus-time history of the particles. The photographic equipment
is shown in Figure 10. .‘me stroboscopic effect of rotating a shutter disk in
front of the camera lens made it possible to obtain the displacement-versus-time
history of the accelerating particles., The shutter disk produced a constant
exposure time of 2.82 milliseconds, as determined by monitoring the output of
& photoelectric cell on a digital counter.

A typical flight path history of particles dropped from the ceiling mounted
release mechanism into the test section is shown in Figure 11, The total
displacements were resolved into x versus t and y versus t components. REither a
finite difference table or a polynominal curve fit could be used to dei=im. e
the particle velocities and accelerations. Since the difference technique
represents an average velocity and acceleration, and is very sensitive to errors
in displacement measurements, the curve fit technique was used.

For each particle track analyzed, at lcast six data points were used to
fit a least squares curve to determine the motion of the particle. A second
order polynominalA fit implies that a constant force acts upon the particle.

However, possible fluctuating wake phenomena and random body orientation of the

20
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Jize p % Weight
> 358 60
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385 15

Figure 9 — Photomicrograph of 297-420 » Silica Sand
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C/ \
Digital Counter 7

Photo Diode

Figure 10 — Photographic Unit
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non-spherical particles will tend to impose varying forces on the particies,
For these reasons, a third order polyﬁominal was used to determine the approxi-
mate varying forces acting on the entrained particles.

Once the analytical expression for x versus t and y versus t are determined,
the components of velocity and acceleration in an x-y plane may be obtained by
differentiating the appropriate expressions. The mean flight time of the
position data was substituted into the x and y versus t expressions to determine
the instantaneous particle motion parameters.

Most of the data reduction was accomplished on a GE 420 Computer. For each
perticle track, the program calculated L/D, Cp, Rey, an error analysis, and

other pertinent information.

2.2,4.3 UNCERTAINTIES. Using the equations developed in Appendix A,

a probable error analysis (Appendix B) was employed to obtain the propagating
effect of errors in flow and particle parameters on the final answers, To help
minimize these errors, the following restrictions were imposed on each experi-
mental run and the resulting data:
. Tunnel flow parameters were stabilized before sand release
and photography were started.
. Only distinct particle tracks were used.
« No particle track less than 15 diameters away from an
adjacent track was used. .
. To help eliminate wake effects, no particle aft of another
particle in the same curvilinear track was considered.
The position data are conservatively estimated to have a deviation of

less than 1/6!+ inch, including unavoidsable errors in measuring particle

2k
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displacements and inherent errors in the photographic technique. However,
small displacement deviations produce relatively large acceleration errors
vhen double differentiation is performed on the analyticel displacement
expressions. The position data for 1/6!& inch deviation were curve fitted to
determine the uncertainties in particle acceleration and velocity. The uncer-

tainties in the parar .ters needed to determine the particulate forces are

listed below:
Parameter Deviation

d 297 - k2o p
Py 0.01 torr
Ap 0.001 torr
T 2°F
0 &’

__ p 0.0h \pf

ft

U c.ok4 Sec
Uy
= 8 2,
ay sec

.

It is evident that the deviation in particle diameter and acceleration
are the major contributors to the errors in this study. Since the probable
error in Cp and L/D varies from run to run, a complete listing of the probable

errors and other pertinent information is tabulated in Table 1.

2.2.5 PARZICLE FLUX COUNTING MECHANISM. Performance tests were conducted

to determine the accuracy and sensitivity of a particle flux courting mechanism

(Figure 12) developed at McDonnell Douglas, and to determine its response to
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. Table 1 —Data From Tests Using 297420 « Sitice Sonc

Pont | Ps{torr) U~ (fps) Up (fps) R LD P D C F<o)
~\ips plips ed LD Lo Cp
) 5.70 163.90 18.25 7.57 1762 39 1.9200 .20
2 5.44 198.02 17.91 8 99 .0680 14 1.1000 18
3 5.44 198.02 19.48 8.91 L0694 74 1.4706 | 17
4 5.44 198.02 17.77 8.96 0688 | . 1.33 1.365u .24
5 5.44 198.02 12.33 8.62 1497 9.56 4.0400 8
6 5.44 198.02 16.90 9.04 .4051 61 2.0700 20
7 5.44 198.02 21.48 8.81 101 .44 1.6300 18
8 5.44 198.02 15.57 9.06 .0366 .52 1.3600 23
KB 5.44 198.02 20.58 8.86 0711 .56 1.0420 27
10 5.84 185.53 16.35 9.31 -.2018 5.84 3.9359 19
n 5.84 185.53 22.17 8.99 -.0756 1.51 2.4421 21
12 6.01 208.52 32.60 9.96 -.1097 1.26 2.7012 22
13 6.38 132.61 12.10 7.16 ..0929 1.50 3.3877 .22
14 5.53 140.81 21.36 6.22 -1077 1.76 | 2.v07 24
15 5.53 140.81 2712 5.92 .0388 2.99 | 5.2067 21
16 5.58 185.53 24.04 8.98 ..1876 .87 1.7628 24
17 6.01 208.52 25.82 10.34 .4250 1.52 5273 1.42
18 6.27 206.16 27.60 10.73 0829 V.42 2.8020 21
9 6.27 206.16 21.28 10.81 0700 16.59 1.7462 21
20 6.08 101.09 16.40 4.85 ..2450 .55 7.5482 22
21 6.08 101.09 15.48 4.90 ~.2400 ) 3.4973 33
22 6.08 101.09 16.52 4.84 .0336 7.1 3.9763 30
23 5.60 58.76 10.91 2.49 ; .7042 1.08 5.4470 65
24 5.37 81.77 12.16 3.47 .4182 10.73 1.3389 1.26
25 5.37 81.77 15.58 2.52 2153 79 |13.5688 19
26 5.22 125.81 14.51 5.42 .0213 7.80 4.0370 24
27 5.22 125.81 12.37 5.53 1381 3.08 1.5586 AS
28 5.22 125.81 13.9 5.45 12275 90 3.3284 .26
29 6.38 132.61 19.16 6.74 .6654 39 1.6990 .36
30 6.38 132.61 12.19 7.6 |-1.0540 77 ..5641 58
3l 7.84 61.41 9.08 3.79 .9004 [ 1.5 2.6462 79
32 6.44 94.36 15.90 4.66 .3439 .93 3.6396 35
33 6.68 135.15 16.80 7.30 -.0922 3.34 2.4370 35
34 6.68 135.15 17.27 7.27 ..1188 3.40 1.8861 44
35 7.3 179.95 20.28 10.52 0108 | 26.56 1.3468 34
36 7.14 41.01 6.51 2.28 ..182 2,78 |10.31 51
37 7.7 139.06 3. 7.14 -.4684 79 | .4.3957 .38
g 717 139.06 27.16 7.4 -.2337 74 | -8.1979 24
19 707 ) 139.06 23.35 7.66 .3534 1.50 1.4620 53]
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Sensor
Crystal

Housing‘\ ' impact

~= —Silicone Rubber
impact Isolator

Figure 12 — Parsticle Counting Device
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directional effects when exposed to simulated Martian environmental conditions.
The particle counting mechanism utilizes a barium titanate sensing element.
Preliminary studies indicated that the device is sufficiently sensitive to
respond to the impact of a 100-micron diameter glass bead dropped from a height
of two centimeters.

Whean a particle strikes the impact plate, a current pulse proportional to
the particle movientum is generated in the barium titanate crystal. The pulse is
amplified and sent into a threshold detector which differentiates between a true
pulse and noise in the system. It was found that at a particular level of imput
momentum and amplification, thz system gave 8 reasonably accurate count.

However, when the amplifier gain was increased to distinguish particles of low
momentum, mechanical resonance in the sensing element gave a false count when

the sensor was struck by particles of higher momentum. Attempts to damp this
res~mence ssverely decreased the sensitivity of the system to the point where
overall performsnce fajled to meet expectations. It was felt that this system
could not be relied upon to give an accurate particle count over a large
momentum range and that the additional development effort which would be required
to perfect the device was not justified at this time. Hence, the main effort

of the overall program was directed toward the study of particle ber~vior, as

described in the rest of the report,
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3. DISCUSSION AND RESULTS

Experiments were performed on 297-420 micron particles to determine the forces
imposed on these particles when subjected to an air flow that simulates hypothet-
ical Mariian surface pressure and wind velocity. Studies were conducted on

particles entrained in the free-stream flow and on particles lying on a flat plate.

3.1 ENTRAINED PARTICLES. A free-flight technique -as used to determine the

drag and possible lift acting on a sirgle entrained particle. The results are
given in Figures 14 and 15, Particles were released intc the free-stream flow
_from a solencid-operated release mechanism in the tunnel ceiling. The dispenser
was approximately 1.3 feet upstream of the test section where the particles wvere
photographed.,

The drag and 1ift on a particle will depend to some extent on the velocity
lag of the particle with respect to the gas velocity. Gilbert, Davis and Altman®
have demonstrated that a 297-420 ,, particle has a significant velocity lag. The
particle velocities in this study, which are in close agreement with their predic-
tions, are between 8 and 16 percent of the gas velocity. See Figure 13,

To evaluate the significance of the drag data in Flgure 14, it is necessary
to understand the behavior of the flow with fluild-particle interaction. Although
the data have a mean probable error of 24 percent, other naturally occurring
phenomena may possibly be responsible for the scatter,

A‘oove Reg s 0.1 the ability to describe the flow field arcund a sphere
either theoretically or empirically, decreases rapidly. The fluid flow around
rough rounded particles (Figure 9), only approximates the fluid flow around
spherical particles, The degree of particle roughness or irregularity probably
Las the most serious over-all effect on the flow field around a body. Body
roughness directly affects the following interdependent characteristics: particle
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rotation and orientation in the flow, particle wake, and relative fluid turbulence.
Fressure and viscous forces will act on an irregularly shaped body in such a
manner as to orient the particle to present the least aerodynamic resistance,
Depending upon particle shape, this "streamlining"” tendency can generate dynamic
instability and possible particle rotation. The findings of Luchander25 indicate
that, below a critical Reynolds number, rotational effecis have litile influernce
on the drag coefficient of a single sphere rotating on an axis parallel to the
flow. In the present study particle image resolution was insufficient to deter-
mine the orientation of the spin axis relative to the flow or even whether
rotation occurred. However, in the gas flow around irregular bodies, it is
possible that particle tumbling could substantially distort the symmetry of the
particle wake and affect the relative gas turbulence.

When inertial and rotational effects prevent the fluid streamlines from
closing behind a body, the streamlines -url up and form vortex rings. As the
Reynolds number increases, the vortex rings grow in size and strength and eventually
become unstable, New rings will form as the unstable ones detach from the body, sc
that the asymmetrical wake flow becomes periodic. Nisi and Porter26 have clearly
shown that this phenomenon occurs at Reynolds numbers as low as 8.1. The great
degree of scatter in the experinental drag (Figure 14) for Reynolds numbers from
8 to 10 may be attributed to this phenomenon. Lunnon27 remarked that there should
be a periodic increase and decrease in the drag coefficient corresponding to the
alternate growth and slipping away of the vortex rings.

Surface roughness causes an early transitioﬁ in the boundary layer on a
body.28 The resulting turbulent flow in the particle wake along with any

initial free-stream turbulence will act to increase the relative turbulence
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intensity in a solid-gas flow system. Torobin and Gauvin16 have studied the
effects of turbulence on the drag coefficients of accelerating spheres. For a-
low free-stream turbulence intensity, they were able to attain relative turbulent
intensities of the order of 40 percent for a solid-gas flow. Their drag data
indicate a ..iaracteristic sharp drop in the momentum transfer at sufficiently
high turbulence intensities. For each intensity level, the drag coefficient
varied@ from 1 to 0.1 for Reynolds numbers from approximately 600 to 3000.

Other factors can influence the magnitude of forces acting on freely
moving vodies. Rarcefaction effects must be considered when the :_an free path
of the gas molecules is comparable to the dimensions of the particle boundary
layer. Vhenever the value of M/Redo'5 is greater an 0.01, the relative flow
is considered to be rarefied. The data in this -ort were btained in the slip
flow regime, M ed0-5 ~ 0.04, Based on the resul:; of Miilikan's oil drop
experimentation,l7 the net effect cf rarefacticu is to decreaze¢ the momentum
transfer.

Bugliarello's studie529 of accelerating spheres indicate that the drag
coefficient is dependent upon the acceleration modulus 3-9—. Torobin and Ga.uvinl6
concluded that "an increase in wake turbulencé resulting from Reynolds number
increase or from the occurrence of surface roughness seems to diminish the
acceleration effects." Since the acceleration modulus is essentially zero and
the relative turbulence intensity is probably high in our wind tunnel, it is
felt that acceleration effects are negligible in our work.

Most investigators neglect 1lift forces when studying accelerating particles
entrained in a gas flow. 1In this study an attempt was made to determine if this

assurption is valid. The accuracy in determining the small y-component of
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acceleration was seriously. hnmpered by an unavoidable 2¢ .ft/secz deviation due
to timitations of particle track rccording and measurement. FError analysis
indicates that the resulting probable error in lift is too high to permit
accurate determination of L/D values. The L/D data in Figure 19 fluctuate
about 0.2 with an essentially equal number of positive and negative values.
Studies Dy Macc01130 and others31 have also found that negative 1ift can occur
and is strongly dependent upon the type of flow and the degree of asymmetry

in the wake structure.

3.2 FLAT PLATE. Several experiments were conducted to determine the
process »f particle entriinment (pick up) from a flat surface. The analytical
problen is complicated by the complexity of the fluid-particle interaction in
the flc;w structure beneath the boundary layer. Consequsntly, no analytical
treatment was attempted and only the observable phenomena wilil bz reported.

Initially, a few silica sand particl.s (297-420 microns) were distributed
on the tunnel floor and exposed to a 200 ft/sec gas flow. No movement was
directly observable in the viscous sublayer of the relatively thick boundary
layer. However, vwhen particles were released from the ceiling to sirmlate
saltation, the particles impinging on the layer of sand on the tunnel floor
produced enough turtulence and collisions to start a chain-reaction erosion
process of the layer of sand on the tunnel floor.

Next, a fiat plate with its upper surface polished to a 30 micro-inch
finish and its leading edge beveled, was installed on the tunnel centerline
to provide a supporting surface with only a thin boundary layer relative to
the particle diameter (Figure 16). The piston-cylinder injectors, 1 inch apart

and located 0,015-inch aft of the sharp leading edge, were used to slowly inject

-

3h

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY
EASTERN DIVISION




PLANETARY ENVIRONMENT SIMULATION MDC EQ038

37 OCTOBER 1969

Marsian Sand and Dust Storm Simulation and Evaluation VOLUME 1!
&£ i
0
o)
O =
B
(o] 4
b k4
3’6 ¢ =
(o) 3
&
3
- o
N
%o ¢ £
> "
a
O D 24 2
c RSN i N . ‘6
(0) Z’_ &.‘ 2 o
-} " —
o " o -
‘.:; 3 2 5
o ES & T,
e * ¢
Qo -
oS @
0¥ od )
a
od o " <
£
]
)
h v
0 3
o) i
p ()
o) (o)
o)
™ o~ - o - o~ nN
| ) {
L/
35

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY
RASYERN DIVISION



PLANETARY ENVIRONMENT SiMULATION - MDC Lansk

. R . . 31 OCTOBER 1569
Martian Sand and Dust Storm Simulation and Evaluation VOLUME 1i

——Splitter Plate

Top Release
(Solenoid Release)

~

Glass Test Section——

Bottom Release
(Piston-Cylinder Iniector)—/

< @’%

Aluminum Tunnel

AN

Figure 16 — Release Mechonisms With Splitter Plate
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approximately 50 particleé {297-420 microns) from each Eylinder onto the upper
surface of the flat plate, Particle reaction to the air stream was intermittent
as the pile formed, The particle piles probably caused local turbulence and
thus precluded the possibility of studying tae observed phenomena as indicative
of isolated particles.

Next, a iew particles were randomly distributed on the plate to determine
the free-stream velocity necessary for movement of an isolated particle. During
the usual observation time, no observable movement occurred for velocities less
then appraximately 170 ft/sec. Depending possibly upon particle shape, inter-
mnittent and continuous movements were found to occur for free-stream velocitie
from 170 to 230 ft/sec, Some particles would move downstream for approximately
2 inches while other particles would roll continuously off the plate. However,
no particles were observed to achieve entrainment. In this velocity range it
is hypothesized that microscopic eddies are of sufficient strength to penetrate
the viscous sublayer.and induce movement of the surface layer of grains. As
can be seen in Figure 17, a turbulent eddy in a high velocity stream would have
a greater chance of penetrating the lamina-~ sublayer and, consequently, reaching
the surface than it would at & lower velocity. At the lower velocities, it
is believed that the strength of a turbulent eddy is greatly dissipated in the
thick sublayer and is insufficien® to generate a critical surface disturbance
neue;sary for particle movement.

For free-stream velocities near 230 ft/sec, particles achieving entrainment
vere observed (Figure 18). Photographic analysis in conjunction with visual
observations of the sand particle behavior on the flat plate showed three basic
types of response: (1) no movement, (2) movemeat along the surface in straight

lines parallel to the direction of flow (it is assumed that these particles
37

MCDONNELL DOUGILAS ASTRONAUTICS COMPANY
EASTERN DIVISION



MOC 0GR
11 OCTOBER 1965

PLANETARY ENVIRONMENT SIMULATION
Martian Sand and l_)ust Storm Simuiation and Evaluation VOLUME 11

0.8

0.6
V- - 198 Ft Sec /

F|ow. Pg 5.4: Torr
T~ - 80°F

-

| =
\i 0.4 ] oy Blasius Turbulent —
> / Boundary Layer
0.2 // d Lominar Subl~yer
358¢ Silica Sand f
Particle
RN SN e S ——

—— e mee Ghe) GE=e ==

| Qa
L T e T e

V.

0.8 /

Vo = 471 Ft/Sec o
P G
= 7 Blasivs Turbulent

0.6 Flow‘_PS= 114 Torr
T~ - 80° F / Boundary L ayer

Flat Plate

- (\lﬂ./

0.4

/ /—- 5 Lominar Subluyer

————1-’———-1-———

0.2

——-v-d

————

’/—*358 u Silica Sond

Particle
0 v—— ympey - S
LI A A 0 ) it Plate
0 2 4 6 8 10 12
x — (in.)

Figure 17 - Flat Plate Boundary Layers
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Figure 18 - Isolated Particle Entrainment from o Flat Plate in

230 Ft/Sec Free Stream \*low ot P = 6 Torr
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rolled), end (3) particle entrainment.

* The particles that "rolled" presented an interesting phenomena. It was a
characteristic of these particles to continve down the plate with short,
convulsive movements. The particles stopped and started several times, This
could be explained by local turbulences in the boundary layer.

The particles that achieved entra.inmént did se¢ by preliminary particle
interaction. That is, entrainment was preceded by a "roll"™ or a collision. No
particle was observed to "lift-off™ by the action of the gas flow alone.
Collisions were of two types: (1) a "rolling" particle hitting a stationary
particle and (2) a previously entrained particle hitting a stationary particle.
Both types ceused particle entrainment; however, it was not readily discernible
vwhich of the colliding particles was entrained, The rolling particles achieved
entrainment after having rolled between 1 and 4 inches. It is ‘t;elieved that
their irregular shapes induced a "bouncg" vhich initiated entrainment.

After the isolated perticle ovseci-vations were made, a 1/i-inch deep bed
of sand particles ranging from 297 to 420 microns in diameter Qas placad on the
flat plate and exposed to a simulated Martian wind.

No observable movement occurred for free-stream velocities less than
180 ft/sec. Intermittent and continuous movement occrrred from 180 to 245 ft/sec,
and saltation over 245 ft/sec. Several photographs are presented in Figure 19.
As can be seen, the saltation intensity fluctuated with time. This may have been
the result of local flow variations or bed streamlining during the exposure,
After several minvtes, the f).s was terminated and the bed inspected. Erosion
to the leading edge and a "smoothing" of the bed sirface was observed. No

attempt, however, was made to determire the amount of erosion.-
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NOTE
Figure 19 ~ Saltation on o Flat Plote in o 247 Ft/Sec Free Stream Flow at Pg = 5 Torr
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t - 0 Corresponds to Incipient Saltation.

NOTE
Figure 19 - Saltation on o Flat Plate in a 247 Ft/Sec Free Stream Flow at P = 5 Torr. (Continued)
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Upon completion of the above, the bed was exposed to a second gas flow and

the same particle movements observed (iuring the first exposure (Ref. Figure 19)

was observed for approximately the same free-stream velocities. See Figure 20,

Additional erosion to the leading ~dge and bed surface was also observed.

3.3

CONCLUDING REMARKS. Observatic..s made during the study of silica

sand particles ranging from 297-420 microns in diameter are summarized below:

(1)

(2)

(3)

(k)

{5)

(6)

(1)
(8)

(9)

(10)

The particle velocity is approximately 8 to 16 percent of the gas
velocity,

Instantaneous lift to drag ratios of entrained particles varied
from +1 to -1 wi*h an average L/D value of +0.02,

Drag coefficients for particles with Reynolds numbers from 4 to 10
are generally lower than Stokesian values.

No movement occurs for isolated particles on a: flat plate exposed
to gas flows ranging from O to 170 ft/sec.

Intermittent and continuous "rolling" occurs for isolated particles
on a flat plate exposed to gas flows ranging from 170 to 230 ft/sec.
Entrainment and convulsive "rolling" occurs for isolated particles
on a flat plate exposed to gas flows over 230 ft/szc.

Eatrainment is a saltation process,

No movement occurs for a bed of particles on a flat plate exposed
to gas flows ranging from O to 180 ft/sec.

Intermittent movement occurs for a bed of particles on a flat plate
exposed to gas flows ranging from 180 to 245 ft/sec.

Saltaticn occurs for a bed of particles on a fiat plate exposed to

gas flows over 245 ft/sec,
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C. t = 105 Sec
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O. t =110 Sec
t = 0 Corresponds to Incipient Saitation.

.
-

NOTE
Figure 20 — Saltation on Flat Plate in a 248 Ft/Sec Free Stream Flow at Ps = 6 Torr. (Convinued)
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Thas study % .5 only touched upon the behavior cf perticles under a
N simlated Mariiin wind, M™uch work is left to be done on particle drag

coefficients; Lift-to-drag ratios, momentum trensfer, and entrainment.
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4. RECOMMENDATIONS

It is recc mended that the work described in this report be continued,

Specifically, the following investigations are recommended:

bl

-

2.

Determine the effect of particle size, demnsity. and free-
stream velocity on the momentum transfer of spherical
particles in simulaied Martian surface wind conditions.
The forces acting on an entrained particle depends signif-
icantly upon the particle velocity relative to the fre: -
stream flow. Recent in-house experiments indicate that
irregularly shaped 500 p particles achieve only 10 ~ 15
percent of the 430 ft/sec free-stream flow. This velocity
lag vwhich i3 a function of particle size is paramount in
the determination of particle forces. Since most particles
in naturally occurring sand/dust storms are non-spherical,
it is important to determine the effects of particle
irregularity on the momentum transfer.

Investigate possible electrostatic effects involved in a
seltation process in a simulated Martian sand/dust storm
activity.
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APPENDIX A

DERIVATION OF EQUATIONS

A direct application of Newton's second law of motion, commonly referred
to as the forcc-mass-acceleration method, willi be utilized in analyzing the
body forces acting upon a particle mass. Newton's second law states that "the
rate of chunge of particle momentum is equal to the net force acting on a
particle and is in the direction of the net applied force."” Newton's lav, as

stated mathematically in rectangular coordinates is

n

Fy may (12}

Fy may (1)

]

Other than body forces, such &s weight, a particle in a viscous fiuid
encounters predominately pressu—- cnd viscous forces. In this report, the net
>
upwa. 1 forces are termed '1ift", L, and the net horizontal forces in the

direction of motion are termed “"irag", D.
Since the horizontal displacement of a particle ertrained ia a gas (low

results from the aerodynamic resistance of the particle, Equation (la} inay
be written in terms cf the defined forces as

D = m&x (2)
and, sir'larly, Equation (1b) may be exuvressed as

L = m(y +8) (3)
Combining Equations (2) and (3) results in the 1ift to drag ratic of a particle
ag a function of the components of acceleration
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= ML l}
LD 1"———5’: _ (%)

Dimensicnal analysis of some of the parameters governing particle drag
leads to a grouping known as the drag coefficient (Cp).

D
“ ° 1 p_Ug A (5)

Further analysis indicates that Cp is dependent upon the Reynolds number

-

(Reg = m‘),anduaehnmber(n = ER;).
u ~n

For computational ease, Equations (2) and (5) can be combined, thus
L Poaa,
2 (6)

TR

for spherical particles of uniform density. To insure proper understanding
of the flow relative to the particles, the particle flow regime may be deter-

mined by the value M/Rey”*>, The limits of the various regimes are as follows:

Range Regime
M 3 Free Molecular Flow
Reg .
2 __M a c1s .
10 < 0.5 S 10 Slip Flow Regime
P.ed s/
1
100 <« R—-‘%—; <3 Redo's Transition Regime
ed °
_"U"SM s 10"a Continuum Regime
Re; *
a
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APPENDIX B

ERROR_ANALYSIS

In crder to assess the validity of the experimental results, an error
analysis33 vas performed on L/D and oa Cp in Appendix A. The probable
error in L/D can be written

< 2 2 2
p(L/D) = *(‘B_;i[ﬂ) g,; +(-a—(l'm) 5:, + (B L )&a

Pay

(1)

L4

where

am) 2
Pay &y &+

3L/} _g+ay _L/D

day & ax

Substituting the above into Equation (1), we have
2 2 2 1 /a
L 2 L/D - 3 L 2
P(L/D) = ’(Eﬂ*‘_‘y—) 58 +(§%-;y-)aay + -(-s)ae,‘
fat 4 Y el Y 08y Y
(2 * ay) ! (8 : %‘) ) (‘T-;)

Since g is constan%, 8¢ = O and we have for the probable percent error in L/D

1/2

or

1/2

P(L/D) = L/D

PLp) _foay \' fon
e (““y) (*'x)
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Similarly, ine probable percent er.or in CD is

?(CD) (691)\ (%‘2 Bd y Bp_ , 8U_
+{—) +[ = —=
= |60 2) )G
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ABSTRACT

An experimental investigation has been conducted to study the behavior of
sand particles under simulated Martian wind conditions. “rag coefficients and
lift to drag ratios were determined for particles in the 297 to k20-micron size
range in air at a pressure of approximately 9 millibars, and at wind velocities
up to 220 ft/second. Techniques were developed to inject particles into the
wind stream under controlled conditions, to photographically record the particles
trejectories, and to compute the particle accelerations and force coelficients,
A particle flux detector wae also evaluated but would require further develop-
ment to be completely satisfactory,

An analysis of the tracks of freely falling particl-.s in the wind tunnel
revealed: (1) drag coefficients less than predicted by Stokes law (Reynold
Number Range ! to 10), (2) particle velocity/gas velocity ratios ranging from
8 to 16 (sand particles between 297 and 420 microns in size), (3) lift/drag
ratios ranging from +1 to -1 with no apparent pattcrn, (i) the saltation

process seemed to be a néceuary forerunne: of the entrainment process.
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