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Introduction:  The abundant aeolian dunes observed 
on the surface of Titan (covering ~20% of Titan’s sur-
face [1,2]) make the study of particle flow behavior 
and particle cohesive properties under reduced gravity 
relevant to understanding their formation and composi-
tion.  Several authors have investigated the flow of fine 
powders and their cohesive behavior under reduced 
gravity conditions [3,4,5,6].  These studies indicate 
that under reduced gravity, any powder will exhibit 
enhanced cohesion. 

Our aim is to extend these experimental studies to 
develop a numerical model to calculate angle of repose 
(AOR) under reduced gravity. To the authors’ best 
knowledge, this is the first model to consider the effect 
of gravity on AOR.  Here we present preliminary re-
sults.  

Background and Model Parameters: 
Interparticle Forces and Friction Force.  The in-

terparticle force is attributed to the van der Waals force 
given by: 
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where A is the Hamaker Coefficient (a material prop-
erty), d is the particle diameter and s is the separation 
distance.  A more realistic value for the cohesion force 
is given if d is replaced by the diameter of the asperi-
ties, l [3,7].  Typical values for glass are: A=6.5x10-20 J, 
l=0.2 µm and s=0.4 µm [7]. 

The friction force is simply taken to be: 
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Ff = µs N         (Eq. 2) 
where the coefficient of static friction (COF), µs, is 
taken to be a surface roughness parameter, and N is the 
contact force.  For glass µs=0.9. 

The force of gravity is: 
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where m is the mass of the particle, ρ is its density, and 
g is the gravitational acceleration. 

Static Angle of Repose (SAOR).  Results of the ef-
fect of reduced gravity on SAOR have been studied in 
[5,6].  Data are inconclusive as the magnitude of the 
change in SAOR due to a change in gravity varies by 
the method used to test it.  Furthermore, the type of 
method appears to give different results – either an 
increase in angle or no change with a decrease in grav-
ity. 

Dynamic Angle of Repose (DAOR).  In the most ex-
tensive dataset available, White [8] used a rotating 
drum to study the dynamic angle of repose at different 
gravity levels (defined as actual gravity/Earth gravity, 
g/go).  His results using glass beads (d=1350 µm) and 
Monterey sand (d=400 µm) with densities of 3000 and 
2650 kg/m3 respectively indicate an increasing angle of 
repose with a decrease in gravity.  In other experiments 
using d=530 µm glass beads the opposite behavior has 
also been shown to exist - DAOR decreases with in-
creasing gravity levels [9]. 

Methods & Results:  The AOR model presented 
here is based on a force balance between the force of 
gravity, van der Waals force and a friction force (Fig-
ure 1) for a sphere resting on a sloped surface.  For this 
first iteration, contact electrification forces are ne-
glected as being of lesser importance for static condi-
tions.   

SAOR data under Earth gravity are used to calcu-
late AOR dependance on particle diameter, holding all 
other parameters constant.  DAOR data are used to 
find the AOR dependance on gravity.  No distinction is 
made between these two angles except to note that 
SAOR is a few degrees greater than DAOR [8].  Al-
though experimental data yield a variety of results re-
garding the effect of gravity on SAOR, the largest 
dataset shows an increase in DAOR with decreasing 
gravity [8].  

Static Angle of Repose.  One set of data from [10] 
for glass spheres (density of 2760 kg/m3) is available 
for comparison with our model (Figure 2).  It can be 
seen that the force balance using the coefficient of fric-
tion for glass over-estimates the AOR.  A better fit is 
µs=0.55.  With this value the model and data are in 
agreement down to a diameter size of ~80 µm.  The 
divergence of the proposed model from the experimen-
tal data towards lower particle diameters may be due to 
agglomeration of fine particles, which would lead to a 
higher effective weight and reduction of SAOR.   

Dynamic Angle of Repose: The model is also com-
pared with White’s DAOR data.  It is assumed that the 
only role of the tumbler rotation speed is to increase 
compactness of the sample and perhaps increase the 
AOR by a few degrees.  The data at 1-gravity is used 
as a reference to adjust the COF if necessary until the 
desired angle output matches the data.  The COF is 
increased to 0.58 for the glass spheres and by an addi-
tional factor of ~1.2 for the Monterey sand, to account 
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for its non-spherical shape.  The constant A and asper-
ity l are left unchanged. 

Based on the model parameters and physical argu-
ments, the only variable affected by a change in grav-
ity is particle separation, s.  A hand-fitted median line 
in White’s data is taken as reference at different grav-
ity levels (Figure 3) for the AOR.  Holding the particle 
diameter constant in the AOR model, it is found that in 
order to output the desired increasing AOR as gravity 
is decreased, the parameter s needs to decrease.  But 
the decrease in s is not the same for both particle sizes.   

For g < 0.8go the data for the parameter s can be 
reduced to a linear function of gravity level by plotting 
(Figure 4): 
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       (Eq. 4). 

Discussion and Future Work:  Preliminary results 
from our model have allowed for the study of the ef-
fect of gravity on particle separation and cohesive be-
havior.  Further study into the forces involved at the 
microscopic level need to be performed to understand 
the decrease in separation distance as gravity is de-
creased.  Future work will entail a more detailed study 
of the parameters to better understand the non-linearity 
of the reduced data for gravity levels above 0.8gs. How 
the coefficient of static friction for glass varies for mi-
cro-scales also needs careful consideration. 

Titan dune sediments have been hypothesized to be 
cohesive [11].  Enhanced cohesion at reduced gravity 
may suggest a mechanism for this cohesive behavior.  

How does this cohesive nature affect particle en-
trainment by wind and particle mass flux on extrater-
restrial surfaces?  We will improve current threshold 
models by incorporating the effect of interparticle 
forces and their change under reduced gravity to better 
estimate threshold wind speeds on Titan. 
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Figure 1.  Force balance for proposed model.  

Terms as defined for Eqs. 1, 2 and 3. 

 
Figure 2.  Static angle of repose vs. diameter. 

µs=0.9 (solid line), µs=0.55 (dashed).  Data from [11] 
shown as dots. 

 
Figure 3.  Glass beads data [8] (squares) under re-

duced gravity and the “median” line. 

 
Figure 4. Linear dependance of separation distance, 

s, for gravity levels of 0.8g and below. Glass beads 
(squares) and Monterey sand (dots). 
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