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Introduction: Lunar construction and in situ re-
source utililization (ISRU) processes will likely involve
the transport of regolith using conveyor and funnel sys-
tems. To maximize the efficiency of such systems, sys-
tematic characterization of the granular flow properties
of lunar regolith is necessary, especially since the highly
angular grains of lunar regolith [1] are expected to de-
crease flow rates and cause cohesive arches to form in
funnels. Estimates of the amount of regolith that can
flow through a funnel of a given outlet diameter are key
for developing efficient lunar systems. As such, this
study applies the theory of mass flow rates of granular
materials presented in Beverloo et al. [2] to develop pre-
dictive equations for the mass flow rates of the Exolith
Lab lunar highlands simulant (LHS-1) [3] and lunar
mare simulant (LMS-1) [4] out of funnels of various
outlet diameters.

Methods: Mass flow rate data used here, from [5],
was collected by flowing 5 independent samples of 500
+ 5 g of LHS-1 and LMS-1 through polycarbonate fun-
nels (being vibrated by four 3V coin-style vibration mo-
tors) with varying outet diameters (2.5 cm, 3.0 cm, 3.5
cm, 4.0 cm, 4.5 cm, and 5.0 cm, all £ 0.1 cm) into a
container resting on a laboratory balance that is capable
of serial communications. As the simulant flowed out of
the funnels, the scale sends mass data to a laptop run-
ning a Python script that logs cumulative mass and time
elapsed to an ASCII text file at a rate of ~10 Hz. The
cumulative mass and time elapsed data are used to de-
termine a linear flow rate (g/s) as the ratio of final mass
to elapsed time at which the mass on the balance is con-
stant (the end of flow).

The measured mass flow rates of LHS-1 and LMS-
1 were analyzed using the relationship proposed by [2]:
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W = Cpy /g(Do — Kd,y) (1)

Where W is mass flow rate (g/s), p» is bulk density, g is
the acceleration of gravity (cm?s), d; is particle diame-
ter (cm), Do is outlet diameter (cm), and C is an empiri-
cal discharge parameter, and K is an empirical shape pa-
rameter. All values except C and K are known, so these
are optimized in an adaptive Monte Carlo analysis. This
optimization method uses the mass flow rate data as the
calibration targets to minimize the residual sum of
squared errors (SSE) of model predictions to data. Since
it is not possible to solve for both C and K simultane-
ously, a random value of the nonlinear K is taken from

a normal distribution and substituted into Equation 1,
leaving C as the only unknown value, which is calcu-
lated using a least squares linear inversion. The ran-
domly sampled K and C are then substituted into Equa-
tion 1 to create a forward model (prediction) of mass
flow rates, and the results of each forward model are
compared to measured flow rates and error relative to
the data is calculated. This random sampling of K, in-
version for the corresponding C, and forward model er-
ror analysis is repeated 10,000 times for 10 adaptations.
After each adaptation of 10,000 random samples of K
and corresponding C, the search distribution is adjusted
to have its mean be the best fit value of K found so far
(initial value of 1.4 [2]) and the standard deviation
(width of search, initially 100) is shrunk according to:

S; = Sye~%? 2)

Where S; is the adaptation standard deviation, Sg is the
initial standard deviation and a is the current adaptation
(a=0-9, atotal of 10 adaptations), and S; reaches a final
1o precision of 1.11 on the tenth adaptation (a =9). Out-
puts of the adaptive Monte Carlo analysis of mass flow
rates based on [2] include best fit parameter estimates
and 2¢ (95%) confidence intervals.

Results: The adaptive Monte Carlo analysis results
for LHS-1 and LMS-1 are given in Table 1. Figure 1
shows the best fit mass flow rate predictions using best
fit LHS-1 parameter values (A), as well as the 2¢ confi-
dence intervals for K (B) and C (C). Figure 2 shows the
best fit mass flow rate predictions using best fit LMS-1
parameter values (A), as well as the 2c confidence in-
tervals for K (B) and C (C).

Table 1. Beverloo et al. [2] parameter estimates for
LHS-1 and LMS-1 with 2c uncertainties.
LHS-1 LMS-1

K 346323088 21491+ 3482

0.007 0.007
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Figure 1. (A) Mass flow rate predictions and measure-
ments for LHS-1. (B) Randomly sampled LHS-1 K
values, p-values, and 95% confidence interval. (C)
Randomly sampled LHS-1 C values, p-values, and

95% confidence interval.
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Figure 2. (A) Mass flow rate predictions and measure-
ments for LMS-1. (B) Randomly sampled LMS-1 K
values, p-values, and 95% confidence interval. (C)
Randomly sampled LMS-1 C values, p-values, and
95% confidence interval.

Discussion: The best fit value of shape parameter K
[1] for LHS-1 is significanly lower in magnitude than
that of LMS-1, indicating that particle geometry (shape
and size) affects flow characteristics. The average parti-
cle size for LHS-1 is 90 um but ranges from lerss than

0.04 um to 1000 um [3] and the average particle size for
LMS-1 is 90 um but ranges from less than 0.04 pm to
1000 pm [4], so this difference may contribute to differ-
ences in the shape parameter. LHS-1 and LMS-1 are
created using identical percussive crushing methods,
but the differences in mineralogy results in different
particle morphology when crushed, which may explain
the differences observed in K. The 26 confidence inter-
vals on C overlap for LHS-1 and LMS-1, but the best fit
value for LHS-1 is lower than that of LMS-1. The sim-
ilatity in C, the discharge coefficient [2], indicates that
the density and gravity contributuions to flow are simi-
lar for these simulants, despite LHS-1 having lower bulk
density than less dense than LMS-1 (1.39 g/cm? [6] and
1.65 g/cm? [4], respectively). The differences in K and
similarity of C indicate that bulk density is a less signif-
icant factor in determining flow rates of mineralogi-
cally-accurate lunar regolith highlands and mare rego-
lith simulants, whereas particle shape and size are dom-
inant controlling factors.

The estimated values of K and C for LHS-1 and
LMS-1 are very different from the standard values for K
(1.4) and C (35) given in [2], and these suggested all-
purpose values give results that underpredict mass flow
rates for LMS-1 (Figure 2B) but give a suitable fit for
LHS-1 (Figure 1A). Differences in best fit values found
in this study compared to those recommended by [2] are
attributed to the relatively wide particle size distrubu-
tions and small particle size of LHS-1 and LMS-1, as
Equation 1 was developed for a seeds and other particles
of uniform size larger than 0.5 mm [1, 7]. Building on
the work of [2], Mankoc et al. [7] develop equations for
mass flow rate that can accommodate particle diameters
less than 0.5 mm, which are also being investigated to
better inform on system requirements for lunar regolith
transport and storage.

Conclusion: Special consideration must be given to
designing regolith transport and processing systems, as
the non-uniform particle size distribution, irregular
shape, and mineralogic composition of lunar regolith
and its simulants directly alter the characteristics of the
granular flow, as shown here by mineralogically-accu-
rate lunar highlands (LHS-1) and mare (LMS-1) simu-
lants.
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