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Future space exploration will benefit from a simulation tool that can help mitigate 

the hazards of rocket exhaust impinging on extraterrestrial regolith covered surfaces 

and necessitates improved gas-particle and particle-particle interaction models. 

Developing models, which describe the interaction of rocket exhaust plume with a 

particle bed, requires experimental data on cratering behavior, specifically on the effects 

of gravity, jet and particle properties. 

In order to model cratering of a particle bed by a turbulent subsonic jet, an 

Eulerian framework is employed using locally averaged equations of motion along with 

closure relations describing the solids-phase stress derived from concepts of granular 

kinetic theory. The particle-phase frictional stresses, which occur at high solids volume 

fractions and result from sustained particle-particle contacts, are based on critical state 

theory. A new frictional stress model is developed, which is able to predict the salient 

trends in crater predictions to changes in jet properties and determine the cratering 

mechanisms.  

Next, a parametric study is presented to investigate the effects of particle 

properties on crater growth. Effects of particle size, shape, and density on asymptotic 
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crater depth and crater growth over time are analyzed. An adjustment to the scaling 

function between the asymptotic crater depth and jet and particle properties is 

developed that captures the effects of particle shape. The particle shape is identified to 

be a non-negligible particle property for crater growth.  

Additionally, cratering experiments were performed to investigate the effects of 

cratering in lunar conditions. Variable gravity experiments utilizing particles with different 

intrinsic densities explored the effects of gravity on crater growth and the dominating 

crater mechanisms. Earth-based cratering experiments of lunar regolith simulants 

express the importance of bulk density and the percentage of fine particles on crater 

growth. The crater growth over time and the asymptotic crater depth are explained in 

terms of the characterized properties of lunar regolith simulants. 
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CHAPTER 1 
INTRODUCTION 

Future Terrestrial Space Exploration 

Future exploration of space will necessitate larger rockets with larger rocket 

exhaust plumes. A thick layer of granular material called regolith covers the surfaces of 

the moon, Mars, some asteroids, and Earth. Regolith is made up of dust, soil, and 

broken rocks. The rocket exhaust of the spacecraft will interact with the regolith-covered 

surfaces during landing and takeoff. Depending on the properties of the granular 

material, the rocket exhaust, and the ambient atmosphere environment, the jet 

interaction can have drastically different results including particle liberation, erosion, and 

cratering. The soil that is lofted and accelerated due to jet plume impingement can 

cause significant damage and contaminate co-landing spacecraft and surrounding 

structures. Crater formation can be hazardous to a structure’s stability on the surface. 

During the Apollo mission, the eroded particle spray obscured the astronauts’ view of 

the lunar surface (Metzger et al., 2008). The Martian rovers have experimented with 

several landing techniques including a new model, utilized by the rover Curiosity, that 

has rockets attached to an umbilical structure six feet above the lander in an attempt to 

mitigate the effects of the plume impingement interacting with the Martian surface 

(Sengupta et al., 2009).  

Mitigating the hazards of particle spray and cratering induced by the interaction 

of rocket exhaust plume with the granular-covered surface is paramount to future space 

exploration. It is extremely expensive to do experiments that mimic the real conditions 

on the lunar and Martian surfaces, so to understand the behavior of the particle spray it 

is beneficial to develop a computational framework that can simulate all operating 
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conditions. This software package must be validated with experimental data that 

explores the important physical regimes.  

Conducting full-scale experiments to capture the physics of rocket exhaust 

blowing lunar or Martian soil is difficult. The only feasible way to investigate the physics, 

which will lead to the design of dust and debris impact mitigation measures, is to rely on 

robust computational models. Small-scale experiments can be performed at low gravity 

or low pressure, and larger-scale experiments at ambient conditions to validate such 

physics-based models. These small-scale experiments can be used to calibrate and 

benchmark simulation tools, which can predict the behavior of the large-scale, fully lunar 

or Martian cases. Large-scale experiments can then be performed with relevant 

materials in order to validate the model’s ability to account for material specific 

properties. The interaction of circular jets and dense particle-laden beds is studied by 

the use of turbulent subsonic jets impinging on particle beds (Haehnel et al., 2008; 

Metzger et al., 2009a; Rajaratnam and Beltaos, 1977). 

When a turbulent subsonic jet impinges onto a particle bed in Earth’s 

atmospheric conditions, a crater, or scour hole, is produced. Scour hole growth is a 

widely studied area, as it is important to hydraulic engineering applications and because 

scour can play a crucial role in the stability of a foundation’s structure (Aderibigbe and 

Rajaratnam, 1996; Karim and Ali, 2000; Kobus et al., 1979; Rajaratnam and Beltaos, 

1977).  

Previous Example: Apollo 12 Landing on Lunar Surface (Metzger et al., 2008) 

Due to the low gravity and atmosphere, particles on the lunar surface can be 

easily ejected. Apollo 12 landed about 183 meters away from the Surveyor 3. The 

Surveyor appeared to be sandblasted by the dust and debris cast out by the Apollo 12 
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rocket exhaust during landing. The Surveyor’s optical mirror was damaged by adhered 

particles and pitting. The damage done by the dust and debris plume caused by the 

Apollo 12 rocket exhaust illustrates the importance of effectively protecting equipment 

and architecture from the soil and particulate plume during lunar landings and take offs. 

It is important to note that the rockets for future lunar missions will have much larger 

landers, which will require more engines with higher thrusts. 

Permeability of Lunar Simulant JSC-1A 

Establishing a connection between permeability and other porous media 

characteristics (e.g., particle size distribution and specific surface area) is important for 

understanding gas exchange processes at the lunar surface. These processes, in turn, 

have implications for both lunar surface science and human exploration. If ice once 

occupied regions of the lunar regolith, its long-term diffusion history and ultimate fate 

would be affected by the permeability of regolith (Albert et al., 2000; Albert and Shlutz, 

2002). Likewise, permeability strongly influences 1) the formation of impingement 

craters during spacecraft ascent and descent (Haehnel et al., 2008; Metzger et al., 

2008; Metzger et al., 2009a; Scott and Ko, 1968); 2) the depth of chemical 

contamination due to rocket exhaust; 3) the time frame during which exhaust chemicals 

diffusing out of the regolith can contaminate astronauts and hardware; 4) the ease of 

pneumatic excavation for targeted collection or movement of regolith; and 5) efficiency 

of oxygen production during In Situ Resource Utilization (ISRU) (Nemec and Levec, 

2005). During future manned or robotic missions, understanding these processes in 

detail will help distinguish naturally existing underground ice from water introduced to 

the regolith by the penetration of rocket exhaust. Thus, it is important to quantify the 

range of permeabilities that might be encountered at the lunar surface. Chapter 2 
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reports measurements of the permeability of JSC-1A with bulk density. The bulk density 

range is similar to what was found on the top layers of the lunar regolith (Mitchell et al., 

1974). The results show that the Carmen-Kozeny equation for estimating the 

permeability of soils was adequate for predicting the permeability of JSC-1A. The 

permeability measurements reported in Chapter 2 show that the permeability of JSC-1A 

is similar to what was estimated based on Surveyor 5 data by Choate et al. (1968). 

Multiphase Flow Modeling 

There are two main modeling frameworks for multiphase flow: Discrete Element 

Modeling (DEM) and two-fluid modeling. DEM solves Newton’s laws of motion for every 

particle. In the case of DEM, the properties of individual particles can be changed, but 

simulations are limited to the number of particles that processors can handle, which are 

generally orders of magnitude less than most realistic applications. Two-fluid modeling 

assumes that both the solid and fluid phases are interpenetrating continua, and that 

ensemble averaged continuity and equations of motion are solved for both phases. 

Constitutive relations are introduced for two-fluid modeling in order to close the 

equations of motion for the solids phase. Nonetheless, two-fluid modeling is capable of 

simulating realistically sized domains.  

Dense phase solids flows, which occur with cratering formation, dissipate 

momentum due to friction caused by enduring particle-particle contacts. The two-fluid 

model accounts for friction with a frictional stress in the Newtonian form, constituting a 

normal and shear component. Chapter 3 provides the validation of the two-fluid 

framework for performing cratering simulations. Additionally, Chapter 3 reports the 

effect of the magnitude of the frictional stress and the relative magnitudes of the 

frictional pressure and frictional viscosity in terms of the crater predictions.  
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Effects of Particle Shape on Cratering 

Often, experiments used to validate granular flow models rely on ideal 

investigations, which are conducted with smooth spherical particles and mono-disperse 

or narrow particle size ranges (Béttega et al., 2009; Boemer et al, 1997; Kuang et al., 

2013). However, experiments performed with non-ideal particles, like sand, have also 

been used to validate granular flow models, but the effect of particle shape is either 

ignored (Acosta-Iborra et al., 2011) or dealt with in terms of empirical parameters 

(McKeen and Pugsley, 2003). Studies of particle shape effects on fluidized bed and 

hopper flow have been performed with DEM modeling (Cleary and Sawley, 2002; Hilton 

et al., 2010), which generally incorporates idealized non-spherical particles (i.e. 

cylinders and ellipsoids) and simulation results largely are not compared to 

experimental data.  

Metzger et al. (2009a) and Metzger et al. (2009b) provide some of the few 

reports of the transient crater growth. Metzger et al. (2009a) performed a parametric 

study on the effects of jet properties and report that the crater growth rate at low 

velocities increased with increased jet velocity. The only study that investigated a 

change in the crater growth rate over time for a series of particles with a single property, 

specifically particle size, change is Metzger et al. (2009b), in which they report the 

crater growth for four sieved ranges of sand particles within 200-600 microns. Metzger 

et al. (2009b) found that the long-term transient crater depth and width growth increased 

with decreased particle size.  

This is the first work to investigate the effects of particle shape on cratering. 

While previous studies have ignored the effects of particle shape on scour hole or 

cratering behavior, the effect has been more widely studied on fluidized beds (Hilton et 
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al., 2010; Sau et al., 2010; Zhou et al., 2011). For non-spherical particles in fluidized 

beds, the effect of particle shape on pore size and projected area dominate the 

deviation from theory based on spherical particles (Hilton et al., 2010). The ratio of the 

surface area of the particle to the surface area of a sphere with the same volume, or 

sphericity, 𝜙, is a measure of the particle shape. The sphericity is often multiplied by the 

particle diameter in various models to account for the shape of the particle (Kunii and 

Levenspiel, 1997). Hilton et al. (2010) implemented sphericity dependence in the 

coefficient of drag, which improved the friction factor and pressure drop correlation 

predictions when compared to their DEM results. Particle shape affects the permeability 

of the granular material, which in turn effects the penetration of the jet into the bed 

(Carman, 1937; Niven, 2002). The gas penetration from the jet into the bulk of the 

particle bed is important for the various cratering mechanisms, as the gas pressure on 

the top layers of particles as well as deep into the bed have implications on the relative 

magnitude of forces and therefore the cratering rates and dominating cratering 

mechanisms (Metzger et al., 2009a).  

Friction and drag forces are also important to the crater growth rate and cratering 

mechanisms. Particles erode along the surface due to the fluid-particle drag force and 

the gas shear stress along the surface, while the frictional force between particles 

impedes the particle movement. Also, it was shown in Metzger et al. (2009a) that the 

particles erode off of the inner crater edge and deposit on the outer crater, the surface 

of the bed, or outside of the box containing the particle bed. Particle beds are able to 

form piles, and the steepest angle that the bed can withstand is referred to as the angle 

of failure. If the angle of the pile exceeds the angle of failure, then the sides of the pile 
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fail, material avalanches off of the wall, and the angle reduces to the angle of repose. 

Often, the reported angle of repose is measured somewhere between the actual angle 

of repose and the angle of failure. The outer crater then periodically avalanches when 

the angle exceeds the angle of failure. Metzger et al. (2009a) identified that there is a 

certain amount of particle recirculation, which subsequently has a large impact on the 

crater volumetric growth rate. The rate at which particles avalanche from the outer 

crater into the inner crater results from the difference in angle of the outer crater and the 

angle of repose of the material (Metzger et al., 2009a), which is dominated by the 

friction between particles. Angular, rough, and non-spherical particles have higher 

friction than smooth, spherical particles (Anthony and Marone, 2005; Cho et al., 2006; 

Shinohara et al., 2000).  

While Chapter 4 is the first to investigate the effects of particle shape on 

cratering, it additionally provides crater growth data for spherical particles, which is also 

lacking in the literature.  

Cohesion and Fine Particles 

Previously, the effects of cohesion on crater growth were largely ignored. 

Cohesion is the property of a material to sticking together, as opposed to adhesion in 

which materials stick to other materials. In terms of particles, cohesiveness is the 

stickiness of particles with each other. Particle size and shape, electrostatics, and 

moisture content contribute to the cohesiveness of a particle bed (Rhodes, 2008). 

Mechanical interlocking of particles can increase the effects cohesion as rough surfaced 

particles can become jammed together. With reduced particle size, van der Waals 

forces increase relative to gravity forces, which tend to increase cohesion. Additionally, 

cohesion is increased by water adhered to the surface of particles that can induce 
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capillary forces in the form of liquid bridges between particles. Van der Waals forces are 

a function of particle separation distance and Royer et al. (2009) found for 

approximately 100 micron diameter particles that cohesion forces caused by van der 

Waals and capillary forces are orders of magnitude higher for smooth spherical particles 

than the same particles with nanometer sized defects added to the particles. The 

cohesiveness of the bed tends to increase with decreasing particle size, and fine 

particles describe the particle sizes when cohesion becomes significant. This work 

defines fine particles as particles below approximately 50 microns. Chapter 4 and 5 

investigate the effects of cohesion on crater growth.  

Cratering Mechanisms 

To date, five different cratering mechanisms have been identified that have been 

identified in cratering of particle beds by jets: Viscous Erosion (VE) (Roberts, 1963), 

Bearing Capacity Failure (BCF) (Alexander et al., 1966), Diffused Gas Eruption (DGE) 

(Scott and Ko, 1968), Diffusion-Driven Shearing (DDS) (Metzger et al., 2009a), and 

Diffusive Gas Explosive Erosion (DGEE) (Mehta et al., 2011). The details of all five 

mechanisms can be found elsewhere (Alexander et al., 1966; Mehta et al., 2011; 

Metzger et al., 2009a; Metzger et al., 2010; Roberts, 1963; Scott and Ko, 1968). This 

work mainly discusses the three mechanisms that are expected to be relevant: Viscous 

Erosion (VE), Diffusion Driven Shearing (DDS), and Bearing Capacity Failure (BCF). VE 

(Roberts, 1963) ensues when the shear force of the jet, proportional to the dynamic 

pressure, on the surface overcomes the shear strength of the surface particles, causing 

them to erode into the flow. Shearing that occurs from DDS is caused by gas that 

diffuses through the pore spaces of the granular material and drags the particles 

through the subsurface layers. DDS can be identified by particles shearing tangentially 
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around the crater (Metzger et al., 2009a). When the stagnation pressure of the jet 

exceeds the bearing capacity of the soil, the crater forms as a shallow cup due to BCF, 

and particles move perpendicularly away from the jet impingement region (Alexander et 

al., 1966; Metzger et al., 2009a). The VE and DDS mechanisms can be differentiated by 

how deep shearing occurs into the bed, where VE presents with erosion of only the top 

layers as opposed to a thick band of subsurface particle shearing with DDS (Metzger et 

al., 2010). The following mechanisms are not expected to be relevant to this work, due 

to the circumstances in which they occur under. Mehta et al. (2011) discovered that 

under supersonic pulsed jets, high-pressure gradient to particle gravity forces arise that 

result in explosive erosion, or DGEE. DGE occurs when the jet pressurizes the fluid in 

the pores of the soil in a radially-expanding subsurface region, causing an eruption of 

particles in an annular ring around the jet (Scott and Ko, 1968), but is thought to be a 

secondary cratering mechanism (Metzger et al, 2009a). In Chapter 2 the results of the 

permeability of JSC-1A are described in relation to DGE.  

Metzger et al. (2009a) studied cratering of sand at high and low velocities. At low 

jet velocities, VE dominated cratering, the crater depth was reported to grow 

logarithmically with time, and the crater split into an inner parabolic crater and an outer 

conical crater. However, Metzger et al. (2009a) reported that for their high velocity 

experiments, in which DDS or BCF dominated, craters formed that did not grow 

logarithmically with time, but rather a deep crater formed that quickly reached its 

maximum size. Metzger et al. (2009b) also found that the cratering when BCF 

dominates, and likely similar for DDS, is mostly controlled by the plume parameters (i.e. 

jet extinction length) by performing experiments on loose and compacted beds of JSC-
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Mars-1A (a Martian soil simulant). Additionally, Metzger et al. (2009b) reports that when 

BCF or DDS dominate, the final crater depth reached is independent of bed bulk 

density, but more compressed beds crater slower. Berger et al. (2013) identified 

particle-particle collisions as a significant factor for surface erosion rates far down wind 

of the stagnation region from rocket exhausted impinging on in lunar regolith. In Chapter 

4, two new particle induced cratering mechanisms are identified and discussed.  

Scaling Asymptotic Crater Depth 

The crater depth has often been reported to grow logarithmically with time 

(Kobus et al., 1979; Metzger et al., 2009a; Rajaratnam and Beltaos, 1977; Westrich and 

Kobus, 1973). After growing logarithmically or arctangently with time for many 

generations, the crater will reach or approach an equilibrium or steady-state size, which 

is often referred to as the asymptotic size (Haehnel et al., 2008; Rajaratnam and 

Beltaos, 1977; Sarma, 1967; Westrich and Kobus, 1973). Sarma (1967) discussed the 

crater depth growth behavior and functions to describe the growth over time, most of 

which asymptote. 

Rajaratnam and Beltaos (1977) investigated the growth of scour holes under 

vertically impinging jets impacting beds of sand and polystyrene particles and found that 

the asymptotic depth, Dasym, scales linearly with the erosion parameter, Ec, as shown in 

equation (1-1) below.  

           (1-1) 

where H is the height of the nozzle exit above the bed, m1 is the slope and m2 is the 

intercept. Rajaratnam and Beltaos (1977) propose that m2 is weakly dependent on the 

ratio of the pipe diameter, dpipe, and H.  

  

Dasym

H
= m1Ec + m2
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The erosion parameter that has been used widely, given as equation (1-2) below, 

is proportional to the densimetric Froude number, Fo (Aderibigbe and Rajaratnam, 

1996; Haehnel et al., 2008; Rajaratnam and Beltaos, 1977; Rajaratnam, 1982). 

Rajaratnam and Beltaos (1977) did not account for the dependence of crater depth on 

particle shape. Additionally, it is not clear whether they report the static (jet was turned 

off for the crater measurement) or dynamic (jet remained on during crater 

measurement) asymptotic crater depth.  

          (1-2) 

where v is the jet velocity, Δρ=ρp-ρf is the difference of the intrinsic particle density, ρp, 

and the fluid density, ρf, and dp is the particle diameter. There are many different ways 

of measuring the particle diameter. Rajaratnam and Beltaos (1977) did not explicitly 

express which mean diameter they used for equation (1-2), but it was most likely the 

sieve diameter as Aderibigbe and Rajaratnam (1996) report using the median sieve 

diameter for scaling their experiments. However, the sieve diameter does not account 

for particle shape and can under-report the size of elongated particles.  

Rajaratnam (1982) performed crater, or scour hole, experiments with water jets 

and found the asymptotic crater depth to scale with equation (1-2), but the results of 

their experiments did not scale with Rajaratnam and Beltaos’ (1977) experiments 

(Haehnel et al., 2008). Haehnel et al. (2008) investigated the asymptotic crater depth for 

three different materials and found that it is weakly influenced by the permeability, a 

measure of the resistance of flow through a porous medium, of the bed. Haehnel et al.’s 

(2008) scaling relationship included dependence on the permeability, which may have 

 

Ec =
v

g Δρ
ρ f

⎛

⎝
⎜

⎞

⎠
⎟ dp

dpipe

H
= Fo

dpipe

H
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provided an account for particle shape. They were able to get better agreement 

between the data of Rajaratnam and Beltaos (1977) and Rajaratnam (1982) by 

including the fluid viscosity and granular material’s permeability in their modified scaling 

term. The particle density, size, or shape of the particles tested by Haehnel et al. (2008) 

did not overlap but they were still able to find decent agreement with their scaling 

parameter. Chapters 4 and 5 investigate the effects of particle properties on the 

densimetric Froude number. 

Lunar Soil Simulants 

JSC-1A is a low-titanium lunar mare soil simulant that was sieved and milled 

from volcanic ash to retain a particle size distribution similar to the samples returned 

from the Apollo missions, of particles with diameter 1 mm and lower (Alshibli and 

Hasan, 2009, He, 2010; McKay et al, 1994). Alshibli and Hasan (2009), Zeng et al. 

(2010) and LaMarche et al. (2011) found that many of the geotechnical properties of 

JSC-1A are close to lunar soil. 

Chenobi, also referred to as CHENOB1, is chemically enhanced OB-1 in which 

plasma arc techniques are used to make glass and agglutinates from the anorthosite 

(Battler and Spray, 2009). OB-1 is a Shawmere anorthosite that was crushed to match 

the particle size distribution of lunar highland regolith, specifically Apollo sample 64 500, 

and additionally contains crushed olivine slag mixed to produce a particle size 

distribution of the agglutinate and glass components (Battler and Spray, 2009). To the 

author’s knowledge very little work has yet to be performed on characterizing Chenobi, 

as it is a very new simulant. Particle shape and bulk compressibility are reported 

elsewhere (Rickman et al., 2012; Rickman et al., 2013; Schrader et al, 2010; Rahmatian 

and Metzger, 2012). Schrader et al.’s (2010) guide to lunar simulants provides chemical 
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composition and shape descriptions for JSC-1A, OB-1, and various other lunar 

simulants, as well as recommendations of use for lunar simulants, including JSC-1A 

and Chenobi. Chapter 5 reports crater growth investigations for both Chenobi and JSC-

1A.  

 

 

  



 

28 

CHAPTER 2 
PERMEABILITY OF LUNAR SOIL SIMULANT JSC-1A 

Motivation 

JSC-1A is a lunar soil simulant that attempts to match lunar soil mechanically 

and chemically. Lunar soil simulant is used to study excavation and ISRU methods and 

help design pneumatic conveyers and chemical reactors. Specific knowledge of the 

permeability of JSC-1A as a function of bulk density is necessary for these methods and 

designs to apply to the full range of lunar conditions. 

Since permeability is a measure of a porous medium’s resistance to fluid flow 

through its pores, it should only depend on the characteristics of the media, not on the 

fluid properties. However, measuring permeability with gas, rather than liquid, has many 

benefits – the major one being experimental time. In addition, permeability testing in situ 

on planets and celestial bodies with low atmospheres (i.e., Moon, Mars, asteroid, 

Mercury) necessitates using a gas to probe the soil. Hence, the present work utilizes 

gas-phase permeability. 

Background and Theory 

For the unidirectional viscous flow, the pressure drop per unit length of a porous 

bed (dp/dx) is given by Darcy’s Law 

 
u = − K

µ
dp
dx

             (2-1) 

where µ is the fluid viscosity, u is the superficial fluid velocity, and p is the pressure. 

Table 2-1 provides the nomenclature used in this chapter. 
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The viscous permeability, K, has units of area, is material specific and 

independent of fluid properties. For the flow of compressible ideal gases of constant 

mass flux ρu, Darcy’s law is given as 

  
up = − 1

2
K
µ

dp2

dx
            (2-2) 

After integration, equation (2-2) becomes 

  
u1 p1 =

K
µ

p Δp
L

            (2-3) 

where u1 and p1 are the upstream velocity and pressure, respectively, L is the total bed 

length, and  p  is the mean pressure within the porous medium. 

It should be noted that, for the same material, permeability measured with a gas 

is often slightly higher than when measured with a liquid. The enhanced permeability is 

attributed to molecular slip at the capillary wall when measuring the permeability with a 

gas. Darcy’s law is only valid for purely viscous flow through porous media. In the case 

of the gas flow, partially-viscous (slip flow) or free molecular flow can often occur (Bear, 

1988; Carman, 1937; Carman, 1950; Scheidegger, 1974). In partially-viscous or slip 

flow, the pore or capillary diameter approaches the molecular mean free path of the 

gas, increasing the frequency of collisions of molecules with the pore side-walls relative 

to molecule-molecule collisions. In free molecular flow, or Knudsen flow, the pore 

diameter is smaller than the molecular mean free path of the gas, so gas molecules 

collide with the walls more frequently than with each other. First Adzumi (1937), and 

later Klinkenberg (1941), attributed these enhanced permeabilities with a gas to slip 

effects. 



 

30 

The effect of the increased wall flux and permeability of the gas in the slip flow 

regime can be described via analysis of flow through a capillary. Poiseulle’s law for 

viscous flow of gas through a capillary is given as 

  
u1 p1 =

dc
2

32µ
p Δp

Lc

            (2-4) 

where dc is the capillary diameter and Lc is the length of the capillary. The similarity 

between equations (2-3) and (2-4) presents the basis for modeling flow in porous media 

as flow through bundles of capillaries. The enhancement of the permeability due to slip 

effects depends on the capillary diameter, gas density, thermal molecular velocity  v  

and the fraction of gas molecules that undergo diffuse reflection at the capillary walls, f1 

(Carman, 1956). Flow through a capillary with slip effects can be expressed (Carman, 

1956) 

  
u1 p1 = p Δp

Lc

dc
2

32µ
+

dc 2− f1( )
2ρv f1

⎛

⎝
⎜

⎞

⎠
⎟  where 

  
v = 8RT

π M
      (2-5) 

or equivalently 

  

u1 p1

Δp
=

dc
2 p

32µ
+

dc

4Lc

πRT
2M

2− f1

f1

          (2-6) 

The first term on the right hand side of equation (2-6) is the viscous flow term 

while the second term is the molecular slip term (Carman, 1956). The thermal molecular 

velocity  v  is a function of molecular weight M, the universal gas constant R, and the 

absolute temperature T.  

Using the assumption that the porous medium is made up of a bundle of parallel 

capillaries, and by analogy with equation (2-6), equation (2-3) can be modified to 

account for slip as (Adzumi, 1937; Carman, 1956; Klinkenberg, 1941) 
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u1 p1L
Δp

= K
µ

p +C             (2-7) 

For partially-viscous flow through porous media, a straight line, with intercept C 

and slope 
 

K
µ

, results when 
  

u1 p1L
Δp

 is plotted against the mean pressure p  for large p . As 

 p  is reduced, there is a transition from partially-viscous flow towards free molecular 

flow; this transition is associated with a minimum on the plot of 
  

u1 p1L
Δp

 versus  p  

(Carman, 1956).  

For uniform pore size in the bed, the viscous permeability K can be expressed as 

a function of the bed porosity ԑ, the tortuosity of the pores 𝜏, the shape of the capillary 

cross-section (through a shape factor ko), and the particle specific surface So via the 

Carman-Kozeny equation (Carman, 1937; Carman, 1956). 

  

K = 1
τ 2ko

ε 3

So
2 1− ε( )2             (2-8) 

For unconsolidated media that contain random pore shapes and sizes, the 

relationship expressed in equation (2-8) is still valid provided ko and 𝜏 are not 

significantly affected by the varying pore configurations (Carman, 1956). And, in many 

cases, 
  

1
τ 2ko

≈ 0.2  (Mauran et al., 2001; Chapuis and Aubertin, 2003). 

Experimental Hardware and Techniques 

Gas phase permeability measurements were obtained in a Humboldt 

permeameter H-4146 by flowing compressed nitrogen gas through a sample of JSC-1A. 

For various flow rates, the steady-state axial pressure drop was measured across the 
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entire system using a Dwyer series 477A-6 digital manometer with a 0-344.8 kPa range 

and an accuracy of ±0.1% F.S. One pressure tap was placed at the inlet of the system 

while the other was placed at the outlet. No hysteresis in the pressure drop with varying 

flow rate was observed. The flow rate, ranging from 5 to 45 L min-1, was controlled 

using a Sierra MKS 0-50 SLPM mass flow controller with an accuracy of ±2% F.S. and 

was monitored upstream of the permeameter. A porous stone with a 0.154 m diameter 

and width of 0.005 m was fixed to the base of the permeameter using silicone caulk. 

The cylindrical body of the ‘standard’ Humboldt permeameter is made up of two 

sections that do not produce an airtight seal. Hence, in the present work, a single hollow 

metal cylinder 0.154 m inner diameter and 0.170 m long, fixed to the base plate of the 

apparatus, was used instead. Figure 2-1 provides a schematic of the experimental 

apparatus.  

The lunar soil simulant JSC-1A was poured into the apparatus using an ASTM 

standard funnel. The samples were densified inside of the permeameter so that the bulk 

density could be determined without subsequent disturbance. An overburden weight 

was placed on top of the sample, and the table was vibrated. Given this procedure, the 

bed densification should be fairly uniform because the overburden weight was much 

heavier than the soil sample. Nine different bed compactions, with bulk densities 

ranging from 1550 and 2000 kg m-3, were obtained by vibrating the table at variable 

speeds for different times. The beds were densified only in the axial direction. After a 

sample was prepared, another porous stone with a diameter of 0.154 m and width of 

0.003 m was carefully placed on the top of the soil. Pressure drop experiments at 

varying flow rates were first performed with no JSC-1A present in the system in order to 
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determine the background pressure drop. Background values for porous stones and 

fittings were subtracted from the pressure drops measured across the system and the 

bed.  

The JSC-1A was characterized in terms of its particle density and size 

distribution, as well as its specific surface. Particle density was measured using a 

Quantachrome Ultrapyc 1000 Gas Pycnometer (accuracy ±0.03%). The average 

particle specific surface and the particle size distribution were obtained using the laser 

diffraction-based Coulter LS13320. The Coulter LS 13320 calculates the average 

specific surface under the assumption that the particles are spherical. Table 2-2 shows 

the relevant particle properties of JSC-1A. The poured, untapped, bulk density of JSC-

1A is 1550 kg m-3. 

Results and Discussion 

Figure 2-2 presents an example of a permeability measurement at a bed bulk 

density of 1550 kg m-3. When the pressure drop-flow rate data are plotted using the 

relationship given in equation (2-7), the linear region at higher  p  is associated with 

partially-viscous flow. The slope of this linear region is associated with the viscous 

permeability K. For all the bulk densities studied, a linear fit to the partially-viscous flow 

region yields an average norm of residuals on the order of 10-4. As  p  is reduced, there 

is transition towards free molecular flow and the linear region is no longer present.  

The measured viscous flow permeabilities as a function of the bed bulk density 

are shown in Figure 2-3. The permeability decreases as the bulk density increases. The 

permeability of JSC-1A for the range of bulk densities investigated is on the order of   

10-12 m2.  
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This range of permeabilities for JSC-1A is similar to measurements made by 

Sizemore et al. (2008) for a variety of Martian analogs. Sizemore et al. (2008) measured 

the permeability of JSC Mars-1, spherical particles, and soils associated with shallow 

ground ice from the Antarctic Dry Valleys. The lowest porosity for the Martian simulant 

in the Sizemore et al. study was greater than the highest porosity for the JSC-1A 

measured here. When the permeability ranges are compared considering the porosity 

ranges, JSC Mars-1 is less permeable than JSC-1A. This difference in permeability 

between JSC-1A and JSC Mars-1 may be due to the presence of additional terminating 

pores in the JSC Mars-1, so the actual pore space available for gas flow in the Martian 

simulant is reduced. As a reference, Table 2-3 contains permeability values of various 

materials for comparison to the permeability of JSC-1A. When bulk density and porosity 

are provided in the publications, they are also reported in Table 2-3. The permeability of 

JSC-1A is comparable to that of peat (Ball et al., 1997; Bear, 1988), dune sand and soil 

from Linnaeus Terrace (Sizemore et al., 2008). 

The bulk density of the lunar surface regolith varies with geographical location as 

well as soil depth. A variety of bulk density and soil depth experiments on the top 60 cm 

of lunar soil estimate its bulk density between 1500 kg m-3 and 1740 kg m-3 (Mitchell et 

al., 1974). However, based on drive tube data from Station 4 of the Apollo 17 mission, 

the bulk density was shown to be as high as 2290 kg m-3 at a depth of 100 cm below 

the lunar surface (Mitchell et al., 1973). The permeability measurements conducted in 

the present study are consistent with this bulk density range, so they are relevant for 

lunar regolith under realistic packing conditions.  
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The permeability values measured for JSC-1A are also consistent with estimates 

based on Surveyor 5 data (Choate et al., 1968). Using crater diameter, exhaust gas, 

and firing time, Choate et al. (1968) deduced that the permeability of the top 25 cm 

lunar soil, with an assumed porosity in the range of 0.3 to 0.5, would be between 1x10-12 

and 7x10-12 m2. Hence, JSC-1A is also a good simulant for lunar soil in terms of its 

permeability characteristics. 

Unfortunately, there are only a few studies that have investigated the possible 

effects of soil permeability on different lunar events. Scott and Ko (1968) studied the 

flow of rocket engine exhaust into the lunar soil by performing simulations of 

axisymmetric, isothermal transient flow of an ideal gas through a porous medium 

following Darcy’s law ignoring slip flow, inertial flow effects and changes in gas 

dynamics with surface geometry. They did not consider any specific values for the 

rocket exhaust viscosity, firing time, permeability or porosity, as their simulations were 

performed using scaled parameters. Nevertheless, their results describe gas 

penetration into the soil, and the development of pressure gradients in the lateral and 

radial directions. As time progresses, the pressure gradients advance and become 

steeper in the radial direction. Scott and Ko (1968) also studied diffusion of pressure 

gradients when the jet was turned off. Their results identified diffuse gas eruption as one 

mechanism of cratering and describe the distance into the soil the gas will penetrate, as 

well as areas of possible crater formation by locating regions of unstable soil.  

Scott and Ko (1968) relate permeability to the time it takes for pressure gradients 

to develop; these pressure gradients determine the direction of gas flow. For the same 

jet, a lower permeability soil will reach steady state conditions much slower than a more 
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permeable soil. Toroidal cratering occurs when pressure gradients become steep in the 

radial direction, and the pressure becomes high enough away from the center to lift the 

soil. Similarly, a spike of soil under the jet occurs when the jet is turned off, as the 

pressure gradients are steep directly under the jet. Less permeable soil produces less 

toroidal soil erosion and is less likely to produce a spike of soil under the jet after 

shutdown than a more permeable soil. A more permeable soil will lead to contamination 

at a greater depth and radial distance than a less permeable soil. Results of the present 

study on the permeability of JSC-1A could be combined with a simulation like the one 

presented by Scott and Ko (1968) to estimate the depth of contamination in the lunar 

regolith by rocket exhaust, the time scale of the contamination to diffuse out of the soil, 

as well as regions of unstable soil during rocket firing. Results from the present 

experiments also imply that the enhanced flux of gas due to slip at the walls should be 

included in simulations like Scott and Ko’s.  

Recently, Colaprete et al. (2010) presented the results of the LCROSS mission 

showing an abundance of H2O in one of the Moon’s polar craters. Water is present as 

both ice deposits as well as (chemically or physically) adsorbed on regolith grains 

(Colaprete et al., 2010). Lunar soil permeability affects the presence, age, and 

persistence of ice (Andreas, 2007; Carruba and Coradini, 1999; Vasavada et al., 1999). 

The flux of water vapor through the regolith via Knudsen diffusion directly depends on 

soil properties like average pore size, porosity and tortuosity (Salvail and Fanale, 1994). 

Water can also migrate through the lunar soil as adsorbed molecules hoping (desorbing 

and re-adsorbing) from grain to grain and depends on the pore size (Cocks et al., 2002; 

Hodges, 2002; Schorghofer and Taylor, 2007). 
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The diffusivity through JSC-1A can be estimated using an expression like the one 

proposed by Millington and Quark (1964), 
  
K = 1

32
D
Do

dp
2 , where D/Do is the ratio of 

diffusivity of the gas in a porous medium to the diffusivity of the gas in air and 𝑑!! 

is the mean squared pore diameter. Using the permeability measurements reported 

here, more realistic estimates of the flux of water vapor through the regolith pores can 

be made. In addition, information about the pore diameter based on the permeability 

measurements can aid in the estimation of the migration of adsorbed water molecules 

(e.g., slip effects influenced the permeability measurements reported here indicating the 

pore diameter for JSC-1A is on the order of Nitrogen’s mean free path at standard 

temperature and pressure). Finally, the permeability measurements reported here can 

help differentiate between naturally occurring water and water introduced by rocket 

exhaust during takeoff and landing. Soil contaminated by rocket exhaust affects 

sampling results when testing for ice in shadowed craters (Hodges, 2002). In order to 

ensure clean samples, a model similar to Scott and Ko (1968), combined with the soil 

permeability information provided here, can estimate the distance from the landing site 

that is needed to ensure clean samples. 

No study to date has considered the permeability of the lunar soil when analyzing 

the availability of ice on the moon below the regolith surface. Hindmarsh et al. (1998) 

compared sublimation rates of ice through a thick layer of sediment in Beacon Valley, 

Antarctica considering vapor pressure gradients determined by (1) conditions at the ice 

surface and (2) by atmospheric conditions at the sediment surface. The former method 

is similar to that employed by Salvail and Fanale (1994), Vasavada et al. (1999) and 

others. The results of Hindmarsh et al. showed that the latter method (vapor pressure 
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gradients determined by atmospheric conditions at the sediment surface) produced 

sublimation rates three orders of magnitude greater than the former.  

Hindmarsh et al. (1998) considered the increased sublimation rate due to 

Darcian flow and assigned a permeability value of 10-15 m2 for the Beacon Valley soil, 

consistent with the measurements of Sizemore et al. (2008). The permeability value 

used by Hindmarsh et al. is a lower limit where Darcian flow time scales compete with 

diffusion time scales. Since the permeability value used by Hindmarsh et al. is orders of 

magnitude lower than what is reported here for JSC-1A, Darcian flow should not be 

ignored when estimating the deposition of ice (or other contaminants) from rocket 

exhaust, or the sublimation and movement of ice in lunar regolith.  

The permeability measurements for JSC-1A provide a link between particle 

characteristics and permeability that can be applied to other soils. The data reported 

here, as well as the results of other studies (Koponen et al., 1997; Mauran et al., 2001), 

imply that the Carman-Kozeny relationship (equation 2-8) using effective particle 

properties (i.e. specific surface measured with light scatter technique) works well in 

estimating the permeability of soils with a wide particle size distribution and irregular 

particle shapes. Figure 2-4 shows that JSC-1A follows the Carman-Kozeny relationship 

even though the stimulant has an extremely wide range of particle sizes/shapes. 

From the slope of this curve (linear fit with a norm of residuals of 3x10-13) and the 

measured average particle specific surface, the calculated value for 
  

1
τ 2ko

= 0.18, which 

very close to the 0.2 value estimated by Carman (1937). 
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Summary 

The permeability of JSC-1A was measured for a range of bulk densities, and the 

viscous flow permeability was found to be on the order of 10-12 m2. Permeability 

decreases as bulk density is increased. The viscous permeability is linearly proportional 

to ε3/(1-ε)2 and is well described using a Carman-Kozeny type model even though the 

particle size distribution is extremely broad. Hence, these results provide evidence that 

the Carman-Kozeny model could be applicable to other naturally occurring soils if 

effective soil properties are considered.  

To date, Darcian flow through lunar soil has been ignored in assessing the 

sublimation rates of ice under layers of regolith; permeability measurements of JSC-1A 

reported here show that Darcian flow needs to be included in such rate estimates. The 

permeability measurements reported here are also needed to estimate regions of 

contamination by rocket exhaust and areas of unstable soil due to diffuse gas eruption. 

Finally, the methods described here provide a reference for testing the permeability of 

lunar soil in situ. Future exploration of the lunar soil could measure the permeability in 

order to test the porosity/bulk density of the lunar soil at a location.  
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 Table 2-1. Nomenclature and constants used within Chapter 2 
Term Unit Definition 
D m2s-1 Knudsen diffusion coefficient 
dc m Capillary diameter 
Do m2s-1 Diffusion coefficient of gas in air 
d!! m Mean square pore diameter 
f1  Fraction of molecules that undergo diffusion reflection at 

capillary walls 
K m2 Viscous flow permeability 
ko  Shape factor 
L m Length or porous medium/capillary length 
Lc m Length of capillary 
M kg kmol-1 Molecular weight 
p Kg m-1 s-2 (Pa) Pressure  
p1 Kg m-1 s-2 (Pa) Pressure at the inlet of the porous medium/capillary 
p Kg m-1 s-2 (Pa) Mean bed pressure 
Δp Kg m-1 s-2 Pressure drop across the length of bed/capillary 
R kg m2 s-1 kmol-1 K-1 Universal gas constant = 8.315 x 103 J kmol-1 k-1 
So m-1 Particle specific surface 
T K Temperature of the gas 
u m s-1 Superficial fluid velocity 
u1 m s-1 Superficial fluid velocity at the inlet of the porous 

medium/capillary 
Greek symbols 
µ Kg m-1 s-1 (Pa s) Gas viscosity 
ρ kg m-3 Gas density 
ρp kg m-3 Particle density 
ρbulk kg m-3 Bulk density 
ε  Porosity = 1-ρp/ρbulk 
𝜏  Tortuosity = (ave) Length of capillary/length of bed 
v m s-1 Thermal molecular velocity 
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Table 2-2. JSC-1A particle properties 

Particle 
Density 
(kg m-3) 

Specific 
Surface (m-1) 

Arithmetic 
number 
mean 

particle 
diameter 

(µm) 

Median 
number 
particle 

diameter 
(µm) 

Arithmetic 
volume 
mean 

particle 
diameter 

(µm) 

Median 
volume 
number 
particle 

diameter 
(µm) 

2928 1026x102 0.17 0.12 236 137.7 
 
 
 
Table 2-3. Permeability ranges for various porous media 

Material Bulk Density 
(kg m-3) Porosity Permeability 

(x10-12 m2) Reference 

Clean Gravel     1000-100000 Bear (1988) 
Snow 300-400  500-8000 Albert et al. (2000) 

Limestone  
0.422-
0.531 178-704 Rice et al. (1970) 

Sandy Clay   10-100 Moldrup et al. (2001) 
Peat   10-0.1 Bear (1988) 

Sand  
0.381-
0.477 7.6-78 Rice et al. (1970) 

Great Sand 
Dunes 1730-1590 0.331-

0.586 1.33-2.4 Sizemore et al. (2008) 

Lunar Soil  0.3-0.5 1-7 Choate et al. (1968) 

JSC Mars-1 945-795 0.606-
0.669 0.989-4.71 Sizemore et al. (2008) 

JSC-1A 1990-1550 0.322-
0.470 0.981-6.21 This work 

Linnaeus 
Terrace 1860-1580 0.312-

0.415 0.67-2.37 Sizemore et al. (2008) 

Loess 1060-693 0.586-
0.729 0.0727-0.691 Sizemore et al. (2008) 

Beacon Valley 1950-1500 0.276-
0.436 0.0199-2.5 Sizemore et al. (2008) 

Unweathered 
Clay     0.0001-

0.00000001 Bear (1988) 
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Figure 2-1. Apparatus of permeameter system. 
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Figure 2-2. Determination of viscous flow permeability with ρbulk = 1550 kg m-3. 
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Figure 2-3. Permeability of JSC-1A at various bulk densities, ρbulk.  
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Figure 2-4. Determination of the constant in the Carman-Kozeny equation. 
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CHAPTER 3 
MODELING CRATER GROWTH USING THE TWO-FLUID MODEL 

Motivation 

The work of Metzger et al. (2009a) provides measurements of transient cratering 

behavior such as crater depth and width through the cratering experiment. They give a 

rigorous parametric study of the effect of the gas jet properties on the cratering of the 

particle bed, which also offers a benchmark opportunity of a two-fluid model for 

simulating the jet interaction with the particle-laden surface. Metzger et al. (2009a) 

investigated the cratering mechanisms dominating in beds cratered by both high 

velocity jets and low velocity jets. They also identified DDS, BCF, and VE to be possible 

mechanisms that dominate in the experiments they performed.  

The two-fluid (Eulerian-Eulerian) framework is employed to simulate the 

interaction of a turbulent subsonic jet with a particle bed, and is derived by averaging 

the equations of mass and motion for each phase and using constitutive relations to 

close the averaged equations. The two-fluid approach is one of two methods for 

modeling granular materials. The second is Direct Element Modeling (DEM), or the 

Lagrangian approach, in which Newton’s equations of motion are solved for each 

particle throughout the domain. The properties of individual particles can be changed 

easily with DEM, but the number of particles that current processors can simulate limits 

the method. Most published works in DEM typically involve under a million particles. 

Two-fluid modeling has the disadvantage of needing constitutive relations to close the 

balance equations, but has the advantage of modeling realistically sized domains.  

The granular phase equation of motion has collisional, kinetic, and frictional 

stresses. The collisional and kinetic stresses dominate in dilute solids flows and are 
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caused by inelastic collisions and particles crossing imaginary shear planes, 

respectively. The frictional stress contribution is orders of magnitude higher than the 

collisional and kinetic stress contributions in higher solids volume fraction flows (dense 

phase flows), and the frictional stresses are caused by enduring contacts where 

momentum is dissipated by friction. The frictional model is empirically based and 

contains material specific constants, which should be adjusted for modeling a particular 

material.  

Studies have tested the various frictional models in the past (Benyahia, 2008; 

Passalacqua and Marmo, 2009; Srivastava and Sundaresan, 2003; van Wachem et al., 

2001) and results consistently show the importance of implementing the correct 

frictional stress in order for the model to accurately predict the physical event. The 

results from previous studies also caution against the ad-hoc use of the frictional 

models due to their inherent empiricism (Benyahia, 2008; Passalacqua and Marmo, 

2009; Srivastava and Sundaresan, 2003; van Wachem et al., 2001). The frictional 

stress is modeled as a pressure and a viscosity, which are derived using heuristic 

arguments. 

Others have shown that two-fluid modeling is a viable approach to modeling 

complex systems, as long as the appropriate models are implemented correctly. The 

two-fluid model has been used extensively in the past to model spouting and jet-

fluidized beds, which are jet impinging from below (Boemer et al., 1997; Dan et al., 

2010; Duarte et al., 2009; Gryczka et al., 2009; Hong et al., 1996; Hosseini et al., 2010; 

Peng et al., 2010; Santos et al., 2009; Utikar and Ranade, 2007; van Wachem et al., 

2001). Single-phase models have also been used in the past to study the prediction of 
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flow patterns in horizontal scour holes by modeling a jet impinging into a crater with 

solid walls in the shape of a scour hole (Gunal and Guven, 2006; Karim and Ali, 2000). 

Metzger et al. (2009a) performed a single-phase simulation of a jet impinging inside of a 

well with solid walls in order to investigate the properties of the jet inside of the crater. 

The previously performed scour and crater simulations were single phase and therefore 

did not account for the interaction and interpenetration of the fluid with the particle 

phase. 

This work is the first to model a jet impinging from above that utilizes the two-fluid 

framework. The importance of correctly using the frictional models is shown in this work. 

It is also the first to present the effect of the empirical values used in the frictional model 

on the overall model’s prediction. The results of Metzger et al. (2009a) parametric study 

were used to validate two-fluid modeling as a tool to predict crater formation. This work 

provides a rigorous analysis of the frictional model form used for modeling dense 

particle phase two-fluid modeling. Finally, it presents a frictional model that predicts the 

behavior of sand well, which has not been shown in the past. 

Model Equations 

Governing Equations  

The two-fluid approach models both the fluid and solid phases as interacting and 

interpenetrating continua. The ensemble averaged equations of motion of Anderson and 

Jackson (1967) and Jackson (1997; 1998) are provided in Table 3-2 and were used to 

describe the fluid (gas) and particle phases. Constitutive equations are needed to close 

the averaged solids phase momentum equation (solids phase stress). The collisional 

and kinetic particle phase stresses depend on the magnitude of the particle velocity 

fluctuations. A granular temperature can be introduced, which is similar to the 
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thermodynamic temperature of a gas, and is a measure of the particle velocity 

fluctuations.  

           (3-1) 

A balance of granular energy, , is used to close the solids phase governing 

equations. Granular energy is generated by shear in the particle phase, diffuses along 

gradients of granular energy, dissipates due to inelastic particle-particle collisions and is 

generated or dissipated from interactions of the fluid phase with the particle phase. The 

collisional and kinetic contributions to the solids phase stresses depend on the 

fluctuating velocity. Lun et al. (1984) derived expressions for these relations based on 

dense gas kinetic theory (Chapman and Cowling, 1970) allowing for inelastic particle-

particle collisions. Only the collisional and kinetic contributions of the solids phase 

stress are taken into account for the granular energy balance as frictional stress is 

considered to dissipate to true thermal energy (Johnson and Jackson, 1987). An 

algebraic assumption is employed for the granular energy balance, which assumes that 

the granular energy is conserved locally and neglecting convection and diffusion. The lift 

force was neglected, as it is small compared to the drag and gravitational forces (Kok 

and Renno, 2009; White and Schulz, 1977; Zou et al., 2007). A list of nomenclature 

used in this chapter is provided in Table 3-1. The governing equations and constitutive 

relations are found in Tables 3-1 and 3-2, respectively. 

The granular temperature equation describes the random motion of the particle 

phase due to particle-particle interactions as well as with the fluctuating gas phase. The 

Reynolds Stress Model (RSM) with standard wall functions was used to model the gas 

Θ =
1
3
v 's
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phase turbulence. The RSM used here is of the form described in Cokljat et al. (2006) 

and assumes that the solids phase is dilute. It is assumed, for the case of a jet 

impinging on a dense particle bed, for regions that the turbulence is important the solids 

phase is dilute. For the RSM employed, transport equations (provided in Table 3-4) for 

the Reynolds stresses and turbulence dissipation rate, ϵg, are only solved for the gas 

phase. The term ΠRg in the Reynolds stress transport equation accounts for the 

interaction of the gas phase and solids phase turbulence. The interaction term ΠRg is the 

contribution of the solids drag, the particle-fluid covariance and volume fraction flux is 

simplified by neglecting anisotropy to the form presented in Table 3-4, where Πkg is a 

modified version of the model originally described by Simonin and Viollet (1990) (Cokljat 

et al., 2006). The turbulent energy dissipation rate, ϵg, utilizes the Elghobasi and Abou-

Arab (1983) form of the dissipation term due to the interaction of the solids phase with 

the gas phase, Πϵg, and is presented in Table 3-4 (Cokljat et al., 2006).  

Frictional Stress Model 

At higher solids volume fractions, sustained contacts between particles occur. 

The dissipation of momentum due to these enduring contacts is accounted for by the 

frictional stress, which is considered in Newtonian form and can be expressed in terms 

of a pressure (normal stress) and viscosity (shear stress). The frictional stress is added 

to the kinetic and collisional stress terms (Savage, 1998).  

The frictional stress models are based on critical state theory (Johnson and 

Jackson, 1987; Roscoe et al., 1958; Roscoe, 1970; Schofield and Wroth, 1968; 

Srivastava and Sundaresan, 2003), which is based in soil mechanics and the resulting 

stress equations are empirical. Johnson and Jackson (1987) proposed a form of the 

frictional stress components (normal and shear) based on the critical state assumption, 



 

51 

in which the medium does not dilate or contract while deforming. The frictional pressure 

controls the compressibility of the bed while the viscosity controls how liquid like the bed 

behaves. Johnson et al. (1990) further developed the frictional pressure to the form that 

is widely used to date. The frictional stress of the Johnson et al. model has been used 

extensively in the literature to describe beds made up of spherical particles (Johnson et 

al., 1990; Srivastava and Sundaresan, 2003). Srivastava and Sundaresan (2003) found 

that the critical state assumption holds well for hopper discharge with a frictional model 

based on the Johnson and Jackson (1987) model. 

For increasing solids volume fraction, the frictional stress is zero until a critical 

solids volume fraction, εs,min, is achieved. The frictional stress increases with the solids 

volume fraction, εs, until the maximum random solids packing volume fraction, εs,max, is 

reached. Generally, εs,min is considered to be around 0.5. When εs,min is too high, the 

frictional stress will not include dissipation due to enduring contacts and the bed will act 

too much like a liquid. However, if εs,min is taken at a value too low, the particles cannot 

be assumed to endure these long contacts. A version of the frictional model by Syamlal 

et al. (1993) uses a value of 0.63 to turn on the frictional stress (εs,min=0.63), which 

allows for particle packing near the packing limit and above which the frictional stress is 

so high that further packing is extremely difficult. The frictional stress in their model is 

much lower and has been shown to not work as well as models with εs,min=0.5 

(Benyahia, 2008; Passalacqua and Marmo, 2009).  

The form of Johnson and Jackson (1987) and Johnson et al. (1990) frictional 

pressure model is given in equation (3-2). 
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       (3-2) 

where Fr, n and p are material specific empirical constants. Johnson and Jackson 

(1987) and Johnson et al. (1990) relate the frictional shear stress to the frictional normal 

stress through Coulomb’s law. The first model analyzed in this paper, Equation (3-3) 

below and in Table 3-3, is the frictional stress relationship, based on Coulomb’s law, 

proposed by Schaeffer (1987) and is used to model the frictional viscosity. 

  
µs, fr =

Ps, fr sin(φF )

2 I2 D

           (3-3) 

I2D is the second invariant of the deviatoric stress tensor and 𝜙F  is the internal 

angle of friction. A minimum value (1x10-12) for I2D was applied to avoid singularity in 

calculating the frictional viscosity, which did not affect the results, as the frictional 

viscosity never reached a high enough value to be a result of the limit. The variables Fr, 

n and p can be adjusted separately for Ps,fr and µs,fr. Srivastava and Sundaresan (2003) 

propose a model for the frictional viscosity that contains an ad hoc account for 

fluctuations in the strain rate associated with the formation of shear layers (Savage, 

1998). The frictional viscosity model proposed by Srivastava and Sundaresan (2003) is 

given as,  

  

µs, fr =
Ps, fr sin(φF )

2 I2 D + Θ
ds

2

           (3-4) 

The Johnson et al. (1990) frictional stress model with the frictional viscosity of 

Schaeffer (1987), Equation (3-3), has been shown to predict dense beds of glass beads 
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with too high frictional stress (Benyahia, 2008; Srivastava and Sundaresan, 2003). By 

accounting for the granular temperature as in equation (3-4), the frictional viscosity is 

effectively lowered. Johnson et al. (1990) originally used the Coulomb frictional viscosity 

model, which does not include the I2D term, to validate their chute experiments with 

glass beads. Perhaps the Johnson et al. (1990) frictional stress model predicts a bed 

with too high frictional stress for glass spheres when Equation (3-3) is used since the I2D 

term increases the frictional viscosity. 

Methods 

Experimental Setup of Metzger et al. (2009a) 

The experimental setup is explained in detail in Metzger et al. (2009a) and Figure 

3-1 provides a schematic of the experimental apparatus. The gas traveled down a long 

straight pipe directed into a particle bed. A circular jet was produced by flow expanding 

out of the exit of a pipe. The circular jet straddled an outwardly beveled clear wall, which 

contained the bed of particles. The bed of particles was composed of Jetty Park Beach 

sand that had been sieved to a particle size of 100 to 180 microns, which is mono-

disperse relative to JSC-1A and Chenobi beds described in Chapters 1 and 5. The 

beveled window was placed so that the jet was split and the crater evolution was 

monitored by, and recorded with, video acquisition.  

Simulation Setup 

The differential equations were discretized with the finite volume method and 

second-order implicit time stepping was used. The SIMPLE (Patankar, 1980) pressure-

correction algorithm calculated the flow field. The algebraic form of the granular energy 

balance (neglecting convection and diffusion) was found to be acceptable by comparing 

the results to those predicted by the full partial differential equation balance. 
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Additionally, van Wachem et al. (2001) found the algebraic model to be suitable for 

dense particle beds. The frictional stress models did not contain a maximum limiting 

value.  

The simulation was proven to be independent to various aspects of the mesh (i.e. 

wall placement, mesh size, domain, etc.). The results of the sensitivity analysis showed 

that mesh size of the order 1 mm by 1 mm near the region of interaction between the jet 

and the bed was necessary to resolve all of the gradients for the simulation. When the 

mesh element size is too large in the impingement region, the crater starts to form much 

later and does not happen smoothly; the particle phase jumps between positions. In 

order to reduce the overall number of cells a hanging node adaption was used, which 

splits cell size in half only in desired areas by placing a node half way in between two 

nodes on the edge of a mesh element. Meshes were created using the program Gambit 

v2.4.6. Simulations were carried out with CFD solver Fluent and all frictional models 

were added using the User Defined Function (UDF) capability, where the models were 

written in C and compiled into the solver. Figure 3-2 presents the (a) computational 

mesh and (b) simulation domain for the axisymmetric simulations.  

For all domains, the meshes were separated into two zones, where the region 

that held the particles is referred to as the bed, as illustrated in Figure 3-2. The solids 

volume fraction was initialized to 0.58 in the bed and 1x10-5 everywhere else in order to 

avoid a stiff matrix and to aid in convergence. Cratering predictions were not sensitive to 

the initial value of 1x10-5, which was checked by lowering the value by two orders of 

magnitude. The jet inlet was designated as a velocity-inlet and the gas velocity was set 

to the experimentally published value (Metzger et al., 2009a) in the axial direction, the 
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turbulence conditions were set using turbulence intensity and length scale. The particle 

phase inlet conditions were set to have solids velocity magnitude of 0 and solids volume 

fraction of 1x10-5. Table 3-5 provides all of the values used for the simulations. 

For convergence, the time step was set very low (1x10-7 s) for at the beginning of 

the simulation and slowly increased to 1x10-6 s by 0.1 seconds. All times reported, 

associated with the simulations, are in seconds of real time and from here on will be 

referred to with the unit of seconds, to be concise. The residuals were set to 1x10-5 in 

order to reduce error in converging with a strict tolerance on all variables changing 

between consecutive iterations. Convergence was checked for every time step and the 

number of iterations per time step varied depending on the amount of interaction 

occurring on each time step. Trajectory of the solution changed if the convergence 

criteria were not met even for only a few time steps.  

Model Sensitivity 

Sensitivity to mesh size as well as time step were tested to ensure that accurate 

resolution of gradients were captured. The effect of the wall boundary on the crater 

predictions was investigated by implementing a mesh geometry with walls twice as far 

as the original mesh geometry.  

The effect of the turbulence model on the model prediction was explored by 

comparing simulation predictions employing the k-ϵ model to the RSM. The RSM was 

much less sensitive to time step size and also predicted better resolution of gas phase 

vortical structures. The accuracy of the RSM and k-ϵ model were verified by simulating 

a jet hitting an orthogonally placed wall and compared to benchmark data of Cooper et 

al. (1993) and Craft et al. (1993). The k-ϵ model tends to overestimate the production of 

turbulent kinetic energy (kg) in regions where streamline curvature is high (high strain-
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rate). Both models have problems modeling stagnation regions, where strain-rates are 

often high, but in general the RSM is more accurate than the k-ϵ model. A thorough 

discussion of the turbulence model stagnation region limitations are described in Craft 

et al. (1993). The turbulence models predicted results similar to those of Craft et al. 

(1993). The RSM was used to simulate the low velocity jets (all conditions presented in 

Figure 3-4 to Figure 3-6), but the k-ϵ model was used to simulate the high velocity jets 

(near sonic flow) for cratering mechanism validation.  

Experimental Validation  

Results of the frictional model study were evaluated alongside of the 

experimental measurements of Metzger et al. (2009a) and Metzger (personal 

communication, 2009). One of Metzger et al. (2009a) experiments was used to test all 

frictional stress models, which will be referred to as the base case. Only the lowest and 

highest conditions of the parametric study performed by Metzger et al. (2009a) were 

simulated (e.g. the lowest and highest jet velocity). All experimental conditions 

simulated, unless otherwise noted, are for a 1.02 cm diameter nozzle with height of 7.62 

cm above the bed. The base case utilizes a 37 m/s Argon jet.  

Simulation Predictions 

Once the empirical frictional stress model was set for the base case by 

comparing the crater depth predictions to the experimental data and selecting the best 

model, it was used to predict crater formation for other experimental conditions. The 

results of Metzger et al. (2009a) and Metzger (personal communication, 2009) provided 

a large amount of parametric data to compare with the predictions of the models 

presented here as well as models currently used in the literature (Johnson et al., 1990; 

Ocone et al., 1993; Srivastava and Sundaresan, 2003). The frictional model was not 
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changed when simulating cases other than the base case; only the simulated jet 

operating conditions were changed (e.g. gas velocity, gas species, etc.). 

All simulations were carried out to 1 second. The surface of the bed was tracked 

and the crater depth is represented with a solids volume fraction of 0.02. The predicted 

crater depth was not sensitive to the solids volume fraction value used to track the 

surface of the bed.  

Results and Discussion 

The frictional stress formulation dominates the model’s ability to predict the 

cratering of the particle bed. The effect of the overall magnitude of the frictional stresses 

as well as the relative magnitude of the frictional pressure and frictional viscosity are 

investigated and the results are presented with respect to the cratering phenomena. A 

model is presented, Model A, which accurately predicts the salient features of crater 

growth measured by Metzger et al. (2009a). Additionally, the presented model is 

employed to explore the cratering mechanism for both the low and high jet velocity 

regimes.  

Sensitivity Results 

The investigation of the crater predictions to the size of the domain (the distance 

of the side walls) show that the normal mesh is sufficient and the crater predictions are 

not affected by doubling the distance of the walls. The increased wall distances were 

tested for two separate frictional models to make sure that the crater predictions are not 

affected for a higher frictional stress model. The pipe length is slightly below the length 

necessary for the flow to become fully developed. As long as the mesh was resolved 

enough at the interface of the bed and the gas, the longer pipe did not affect the crater 

prediction.  
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The results of a simulation where the full partial differential equation for the 

granular temperature balance, found in Table 3-2, showed that the algebraic 

assumption for determining the granular temperature is sufficiently accurate. 

Frictional Model Study 

Adjustments to the Johnson and Jackson (1987) and Schaeffer (1987) frictional 

stress models were made in order to investigate and optimize the frictional model's 

predictions of the crater depth and width. The frictional pressure of Johnson et al. 

(1990), Johnson et al. model in Table 3-6, is generally taken as the standard model in 

the literature (Benyahia, 2008; Passalacqua and Marmo, 2009; Srivastava and 

Sundaresan, 2003). Other published frictional models based on the Johnson and 

Jackson (1987) model were also tested (i.e. Ocone et al. (1993) and Srivastava and 

Sundaresan (2003)). Table 3-6 shows the main frictional models.  

Model A, in Table 3-6, has an increased frictional viscosity relative to the 

frictional pressure compared to the Johnson et al. model. The frictional viscosity and the 

frictional pressure in Model B are increased compared to the Johnson et al. model and 

Model A. Model C allows for investigation of the effect of increasing the frictional 

pressure relative to the frictional viscosity with respect to Model A. The Ocone et al. 

model (Ocone et al., 1993) reduces the overall frictional stress by two orders of 

magnitude with respect to the Johnson et al. model. The last model in Table 3-6, the 

Srivastava and Sundaresan (2003) model, accounts for strain rate fluctuations in the 

frictional viscosity.  

Figure 3-3 shows the prediction of the crater depth over time to 1 second for the 

base case by the frictional models in Table 3-6. The Johnson et al. model predicts the 

crater depth to grow too quickly when compared to the measured depth. Since sand is 
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more angular and rough than spherical beads it is not surprising that the frictional model 

requires a higher frictional viscosity than one for smooth spherical beads. Model A is the 

most effective in predicting the crater growth for sand and was produced by increasing 

the frictional viscosity by a factor of 2 relative to the Johnson et al. model. Since Model 

A better predicts the crater growth for sand the model adjustments shown in Table 3-6 

for Model B and Model C are based on Model A as opposed to the Johnson et al. 

model.  

There is little change between the crater predictions of Model A and Model B. 

Simulations were also performed with other frictional models that simultaneously 

increased the frictional stress for Ps,fr and µs,fr further from the magnitude of Model A 

(i.e. Fr= 0.1 and p=5.9; Fr = 1.0 and p=5), and predict a negligible difference in crater 

depth and width over time as compared to Model B. Additionally, a simulation was 

performed with a model that increased the frictional viscosity further relative to the 

frictional pressure with regards to Model A, but the crater prediction is again negligibly 

different than that of Model B. The similar bed prediction of increased frictional models 

indicates that once the frictional stress is of a certain order, or the frictional viscosity is 

relatively large compared to the frictional pressure, the cratering predictions become 

insensitive to increases.  

Decreasing the frictional stress by two orders of magnitude, for the Ocone et al. 

model, causes large changes in the cratering predictions compared to the Johnson et 

al. model. The Ocone et al. model over-predicts the crater depth, as this model 

significantly underestimates the frictional stresses. When the frictional stresses are too 

low, as seen for instance with the Ocone et al. model, the bed behaves too liquid-like 
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and the jet drives deep into the bed followed by the bed sloshing back. The splashing of 

the bed predicted by the Ocone et al. model can be identified in Figure 3-3, where the 

crater depth quickly decreases after reaching a maximum at around 0.5 seconds, which 

corresponded to a jump in the crater width after the crater sloshes. The Ocone et al. 

model’s predicted crater width behaves similar to the depth; the bed splashes to a width 

too wide, over-predicting the crater width, followed by an inward sloshing of the crater 

sidewalls.  

Frictional model with increased Ps,fr only (Model C), Srivastava and Sundaresan 

model and the Johnson et al. model demonstrate increased crater depth growth over 

time compared to Model A. The three former models have reduced frictional viscosity 

with respect to the frictional pressure relative to the latter. The way in which the 

Srivastava and Sundaresan model accounts for fluctuations in the strain rate results in 

predictions of a bed that craters faster than the Johnson et al model. The Srivastava 

and Sundaresan model has the same form of the frictional pressure as the Johnson et 

al. model, but the frictional viscosity, Equation (3-4), is decreased relative to that of the 

Johnson et al. model, Equation (3-3).  

Table 3-7 provides the orders of magnitude of the frictional pressure and 

viscosity present in the bed at 0.5 seconds for the models presented in Table 3-6. 

Additionally, Table 3-7 gives the maximum predicted solids volume fraction found in the 

bed by the various frictional models, which allows for examination the bed 

compressibility and should not be confused with the maximum random packing solids 

volume fraction, εs,max, from the frictional pressure model.  
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Model C predicts the second fastest crater growth, even though the frictional 

viscosity form is the same as Model A. When the frictional pressure is increased, at the 

expense of the frictional viscosity (Model C, Johnson et al. model and Srivastava and 

Sundaresan model), the model predicts a much faster cratering rate – one that exceeds 

the experimental observations. For the case of increased Ps,fr relative to µs,fr, the bed 

flows much like a liquid because the frictional viscosity is too low given the high level of 

pressure in the bed. In addition, for very short times, the bed expands due to the very 

large frictional pressure, which is expressed by the dip in the crater depth in Figure 3-3. 

Under the condition of increased Ps,fr relative to µs,fr, the bed behaves similar to the 

model predictions employing the Ocone et al. model, which predicts liquid-like behavior 

because the frictional stresses are too low. As indicated in Figure 3-3, the cratering 

prediction can be greatly affected by adjusting the frictional model magnitude and the 

relative value of the frictional viscosity to the frictional pressure. The predictions of 

Model A’s configuration are in satisfactory agreement with the results presented by 

Metzger et al. (2009a).  

Parametric Study – Measured and Predicted Crater Growth 

Model A was used to predict crater formation to 1 second with conditions 

reported by Metzger et al. (2009a) for various parametric simulations. Figure 3-4 shows 

the predictions of Model A for the case of Argon jets with velocities 37 m/s and 56 m/s. 

The predictions of Model A and experimental results for crater depth as a function of 

gas species are plotted in Figure 3-5. In Figure 3-5 the simulation and experimental 

data are for 56 m/s jets with gas species Argon, Nitrogen and Helium. The effect of pipe 

height on Model A’s predictions of crater depth is presented in Figure 3-6. The 

conditions of the experiment and simulation in Figure 3-6 was a 40 m/s Nitrogen jet with 
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nozzle exit heights of 7.62 cm and 10.16 cm. All experimental data presented in Figures 

3-4 through 3-6 were taken from Metzger et al. (2009a) and personal communication 

with Metzger (2009). The transient crater growth scales with jet Reynolds number. 

Analysis of Metzger et al.’s (2009a) results indicate that the scaling with changing gas is 

proportional to 
  

g ρ p − ρg( )
ρ pus,t

2 , where us,t is the terminal velocity of the particle (accounting 

for sphericity), indicating that the crater growth is proportional to the ratio of the drag to 

the inertia. 

The simulation predictions illustrated in Figures 3-4 through 3-6 were computed 

in an axisymmetric domain. In Figures 3-4 and 3-5, Model A predicts the crater depth to 

1 second well for a variety of gas species and jet velocities. The correlation coefficient 

between the measured and predicted crater depth is between 0.947 and 0.997 for all 

cases in Figures 3-5 to 3-6 with the exception of the 56 m/s jet of Nitrogen, which had a 

correlation coefficient of 0.772. The predicted crater depth by Model A, Figure 3-6, is 

more sensitive to the pipe height than what was found experimentally. However, the 

experimental data does not have error bars, so it is difficult to tell if the predictions are 

within the experimental error. In conclusion, the simulations performed with Model A are 

able to predict the salient features of Metzger et al.’s (2009a) parametric study.  

Long Time Simulation 

Metzger et al. (2009a) describes the balance of competing forces during the sand 

cratering experiments, which led to complex crater formation. Initially one parabolic 

shaped crater forms, which later collapses into a dual crater shape consisting of an 

inner and outer crater. The inner crater maintains the parabolic shape while the outer 
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crater becomes conical, with walls that oscillate between the angle of failure and the 

angle of repose of the sand. The time it takes for the crater to split into two regions 

depends on the properties of the jet. However, for the relevant experiential cases, the 

crater split occurs well after 1 second. Figure 3-7 compares the long time crater depth 

growth of the measured depth of Metzger et al.’s (2009a) base case to the predicted 

depth of Model A. In Figure 3-7, Model A’s predicted crater depth diverges from the 

experimental results at around 4.2 seconds. Experimentally the split of the crater into a 

dual crater occurs at about 3.7 seconds, which is close to when the simulation predicts 

the crater depth to begin to diverge from the experimentally measured depth.  

There are a few possible reasons for the under-predicted depth at later times. 

The simulation does not properly predict the formation of the outer crater, Figure 3-8, 

which could affect the recirculation rate of the solids phase. In Figure 3-8 the column of 

images on the left are experimental snapshots of the crater over time under the base 

case conditions, in the middle and on the right are the predicted solids volume fraction 

contours for corresponding times by Model A and the Ocone et al. model, respectively. 

Another possible explanation is due to the axisymmetric boundary predicts particles 

moving too fast along the boundary, as the jet velocity reduces due to the increased 

distance from the pipe, the effect of the discretized axisymmetric boundary formulation 

along the boundary becomes more pronounced. 

The Ocone et al. model predicts a crater that is too deep at 0.104 seconds and 

demonstrates a collapsing crater by 1 second, after which the simulation was 

terminated. At 1 second the Ocone et al. model is showing compaction near the surface 

of the crater, due to the frictional pressure being too low and allowing the solids phase 
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to compress under the opposing forces of the jet and the splashing solids. Model A 

predicts the crater growth well for both 0.104 and 1 seconds. Close inspection of the top 

of the crater prediction at 3.77 seconds by Model A exhibits a drop in the position of the 

more dilute solids volume fractions to about halfway down the side of the crater, 

compared to above the top of the crater found at 1 second. At 3.77 seconds, the image 

from the experiment shows the outer crater just starting to form. Well-defined inner and 

outer craters are found experimentally at 38.02 seconds. However, at 38.02 seconds, 

Model A predicts a minor formation of an outer crater, where there is a slight angle to 

the top of the crater. Model A does not correctly predict the outer crater size or sidewall 

angles. It is explainable that the two-fluid model with Equation (3-3) would not correctly 

predict the outer crater since the model is only valid for continuously deforming regions 

(Schaeffer, 1987).  

Domain Sensitivity – Effect of Center Wall 

The effect of the viewing window in the center of the flow on the jet in 

experiments, Figure 3-1, must be understood in order to properly validate the model. In 

order to test the effect of a wall in the center of the domain, 2D planar meshes were 

used as opposed to 3D meshes in order to reduce computational time. Reuge et al. 

(2008) found that the 2D planar results were similar to the 3D results when modeling 

fluidized beds. Figure 3-9 (a) and (c) provide the simulation domain and computational 

domains, respectively, for the 2D planar mesh without a wall. The simulation domain of 

2D planar mesh with a wall is depicted in Figure 3-9 (b) and the computational mesh in 

(d). The wall was placed directly along the centerline of the jet, splitting the mesh in half 

with the bed only to one side of the wall. The top of the wall in Figure 3-9 (b) and (d) is 2 

cm above the top of the particle bed.  
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In Figure 3-10 the experimental crater depth measurements for the base case 

(Metzger et al., 2009a) are compared to the predictions by the base case with Model A’s 

in the axisymmetric domain, planar mesh without a wall, and a planar mesh with a wall.  

The 2D planar and axisymmetric meshes similarly predict the crater growth to 1 

second, but the axisymmetric domain predicts a deeper crater than experimental 

measured at 1 second. In the absence of the wall, the 2D planar mesh initially under-

predicts the crater depth and by about 0.5 seconds starts to accurately predict the crater 

depth to 1 second. Reuge et al. (2008) describes possible reasons for the 2D planar 

mesh’s ability to better predict the crater depth than the axisymmetric mesh. 

Comparing the crater prediction of the planar mesh with and without a wall in the 

center of the domain provides interesting physically relevant results about the effect of 

the wall on the crater depth prediction. In the presence of the wall, the planar mesh 

over-predicts the crater depth until about 0.5 seconds, when it started to under-predict 

the crater depth to 1 second. By considering the effect of the wall on the model’s 

prediction, the results are congruent with the experimental results. In other words, the 

simulation with a wall in the center of the domain adjusts the predicted crater growth in 

a way that is closer to the experimental results. The simulation predictions indicate that 

the presence of the wall is minor, but that it slightly increases the initial cratering rate 

and reduces the erosion rate over time.  

Figure 3-11 provides solids volume fraction contour images for Model A’s 

prediction of the crater formation in the presence of a wall for various simulated times. 

The simulation performed on the planar mesh with a wall, initially predicts a drop in the 

crater depth around 0.1 seconds, as expressed in Figure 3-10. Contour plots of the 
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solids volume fraction in Figure 3-11 demonstrate that the initial drop in the crater depth 

along the centerline is due to the erosion of particles when the jet first impinges on the 

bed. In the presence of the wall, the jet is initially deflected by the wall and impinges 

slightly away from the wall, causing erosion of the bed between the wall and the 

impingement region. The pocket of eroding solids splashes against the wall, resulting in 

a temporary increase in the bed depth. As the jet develops over time, it expands 

towards the wall eroding the particles away. The jet then continues to penetrate the bed 

near the wall. In the case of the jet impinging in the presence of a wall, the prediction of 

decreased crater growth rate is expected as the presence of the wall reduces the 

momentum of the jet by dragging along the wall. Simulations were also performed to 

investigate the effect of the wall thickness and the angle of the bevel. Increasing the 

angle of the bevel and the thickness of the wall results in reduced erosion. An analysis 

of the boundary layer thickness of laminar flow over a semi-infinite flat plate (Bird et al., 

2002) indicates that the boundary layers for the jets studied in this work are on the order 

of 0.7 mm and below (reducing with increased jet velocity), 3 cm from the tip of the 

plate. However, this is a rough approximation of the boundary layer thickness as it 

assumed to be laminar and a thin flat plate. Additionally, wall boundary conditions and 

effects of stagnation flow on the turbulence model effected the prediction of the crater 

depth along the wall (Craft et al., 1993). 

Simulations of Turning the Jet Off 

In cratering experiments when the jet is extinguished, after running for various 

lengths of time, a crater remains with walls at the angle of repose. Experiments 

performed with analogues particles in a similar experimental apparatus show that a 

crater remains when the jet is terminated even at approximately 1 second. Proper 
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prediction of the model keeping the crater from filling in has implications that can be 

applied to two-fluid modeling for many applications. For example, for two-fluid modeling 

of hopper discharge, the discharged granular media will form a heap with sides of the 

heap self-supported at the angle of repose.  

The model’s ability to predict the response of the crater to turning the jet off was 

investigated by turning the gas velocity to a very small number and modeling the flow as 

laminar at 1 second. The jet-off simulations were performed in the axisymmetric domain 

implementing Model A. Tracking the surface of the crater with a high enough solids 

volume fraction, i.e. εs=0.58, show that Model A is able to hold the crater at a nearly 

constant size after the extinguishing the jet. The angle of the top portion of the 

remaining crater is slightly less than 20 degrees, which is lower than the approximately 

35 degree angle of repose of the sand shown in Metzger et al. (2009a). The lack of 

Model A to predict the correct angle of the crater indicates that more development is 

needed for the frictional viscosity.  

Cratering Mechanics 

Metzger et al. (2009a) reported results of both high and low velocity cratering 

experiments. The low velocity experiments, like the base case and the parametric study, 

provided quantitative results that were used to validate Model A. Metzger et al. (2009a) 

observed that the cratering mechanisms for the low velocity regime are dominated by 

VE along the edges of the inner crater. They did not report the velocity for the high 

velocity experiments, but in a private communication with Metzger (2009) it was 

described as very close to the speed of sound. The results from the high velocity 

experiments provide qualitative information about the dominating cratering mechanisms 
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for a compressible jet. The cratering mechanisms were explored with Model A’s 

predictions for both the base case, with a 37 m/s Argon jet, and a compressible near 

sonic Nitrogen jet impinging on beds of sand.  

The high velocity study was performed in the axisymmetric domain and 

computation mesh that are both provided in Figure 3-2. The Mach number of the inlet of 

the pipe was set to 0.75 and the resulting Mach number at the exit of the pipe was 0.9. 

The simulation conditions were set to avoid shocks. Regardless, the density-based 

solver was used in order to account for the compressibility of the Nitrogen jet. The k-ϵ 

turbulence model was used to describe the gas phase only for the high velocity 

simulations; the simulations reported previously all utilized the RSM turbulence model. 

The k-ϵ turbulence model did effect the quantitative predictions of the two-fluid model for 

the low velocity base case. Nonetheless, the k-ϵ model was expected to be adequate 

for investigating the cratering mechanism of the high velocity regime as it was assumed 

that the reduced accuracy of the k-ϵ model would only affect the accuracy of the 

predicted erosion rate. There is a correlation between the turbulent shear stress and the 

erosion rate (Haehnel, 2011). However, an accurate prediction of the erosion rate is not 

necessary for identifying the cratering mechanism especially for the case of DDF or 

BCF, as neither is governed by surface erosion. 

Predictions of the mass flux and gas velocity in the domain, Figures 3-12 and 3-

13, provide evidence of the cratering mechanisms. Model A’s simulation of the base 

case shows VE to be the dominating mechanism. There is no bulk shearing in the bed 

(i.e. the shearing occurred in solids volume fractions less than 0.5). In Figure 3-12 (a) 

the solids mass flux (solids volume fraction * solids velocity) vectors overlaid on top of 
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solids volume fraction iso-surfaces for Model A’s prediction of a 37 m/s Argon jet after 

0.5 seconds. The mass flux vectors for Model A’s prediction of a near sonic jet after 

0.067 seconds is presented in Figure 3-12 (b). The dark gray mass flux vectors 

represent lower mass flux magnitude and the light gray mass flux vectors represent 

higher magnitude. In Figure 3-12 (a) there are no mass flux vectors below the solids 

volume fraction iso-surface of 0.5.  

For both Figures 3-12 (a) and (b) the mass flux vectors in the center of the 

shearing region are generally the lightest in color, indicating the mass flux is the highest. 

However, in reality the particles at lower solids volume fractions are actually moving 

with the highest velocity. In Figure 3-12 (a) the movement of solids is in the thin 

shearing layer, which dominates for experiments in the low jet velocity range and is 

consistent with Metzger et al.’s (2009a) description of VE. The mass flux vectors in 

Figure 3-12 (b) express the movement of the solids phase in the bulk, much below 

solids volume fraction of 0.5. The movement of solids beyond the thin shear layer of 

solids volume fractions 0.02 to 0.5 indicates that mechanisms other than VE are 

dominating for the high-velocity regime. For the near sonic case, the DDS mechanism is 

identified due to the trajectory of the mass flux vectors in Figure 3-12 (b). The mass flux 

indicates the solids phase is moving tangentially to the crater, even in the stagnation 

region, indicating the DDS mechanism, and not the BCF mechanism, occurs. 

Figure 3-13 provides gas velocity magnitude iso-surface contours plotted on top 

of solids volume fraction iso-surfaces for Model A’s predictions of (a) 37 m/s Argon jet 

after 0.5 seconds and (b) a near sonic compressible Nitrogen jet. The gas velocity iso-
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surface contours in Figure 3-13 are scaled from 0 to 1 in order to show the gas velocity 

gradients inside of the bed.  

The DDS mechanism occurs when the gas diffuses into the bed faster than the 

solids can move and the gas drags the particles away from the crater (Metzger et al., 

2009a). The limited velocity gradients inside of the bed in Figure 3-13 (a) indicate that 

there is little gas penetration into the bed and the gas erodes the top layers of sand 

without diffusing deep into the bed. Figure 3-13 (b) illustrates deep penetration of the 

gas into the particle bed in the form of high gas velocity magnitudes. Comparing Figure 

3-13 (a) to Figure 3-13 (b) expresses that the gas penetrates much further into the bed 

and the velocity decays much slower for the near sonic case than the base case. In 

Figure 3-13 (a) the gas velocity reduces to 0.05 m/s approximately 11 mm below the 

solids volume fraction 0.5. For the near sonic case in Figure 3-13 (b) the gas velocity 

reduces to only 0.8 m/s by about 11 mm below the solids volume fraction of 0.5 and, not 

shown in the figure, reduces to 0.05 m/s about 58.2 mm below solids volume fraction 

0.5. The contour plots in Figure 3-12 (b) and 13 (b) identify DDS as the dominating 

cratering mechanism for the near sonic jet. Deep shearing in the top of the bed for the 

near sonic jet could explain why an outer crater does not form under DDS conditions. 

Both the near sonic and the base case simulations predict stagnation pressures 

at the center of the crater (stagnation region) that are too low for the BCF mechanism. 

The bearing capacity of sand is on the order of 100,000 Pa. The gas static pressure 

produces a local maximum at the stagnation region, and is approximately 800 Pa and 

9,000 Pa for the base case and near sonic simulations, respectively. However, for less 

permeable soils, like lunar soil, the gas may not permeate through the soil faster than 
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the particles erode so that the static pressure builds up on top of the soil, possibly 

leading to BCF (Metzger et al., 2009a). In summary, the predictions of Model A are 

consistent with the results of Metzger et al.’s (2009a) high (near sonic jet case) and low 

velocity (base case) regimes.  

Summary 

The model proposed here (Model A) is based on the models of Johnson and 

Jackson (1987) and Schaeffer (1987) with frictional viscosity increased relative to 

frictional pressure of Johnson et al. (1990), is able to correctly predict the cratering 

behavior of a sand bed impacted by a turbulent jet. Additionally, this work demonstrates 

that the overall frictional stress magnitude and the relative magnitude of the frictional 

pressure to the frictional viscosity can greatly affect the model’s prediction, which is 

further proof that this model, and all other empirical models, should be used with 

caution. The magnitude of the frictional stresses of Model A, which additionally employs 

increased frictional viscosity relative to the frictional pressure, are well described for 

predicting the cratering behavior of 100-180 micron beach sand.  

To 1 second, this model slightly under-predicts the initial cratering behavior 

reported by the experimental data, but later overshoots and predicts a crater that is too 

deep. For longer times, the model under-predicts the crater depth. The frictional model 

is empirically based and therefore a more theoretically based model would produce 

better quantitative agreement with the measured results, as the current state of the 

model would require further adjustment. 

The simulation predicts a particle bed that behaves much like a liquid when the 

frictional stress model predict too low stresses, the frictional viscosity is too low relative 

to the frictional pressure, or the frictional stress model is completely neglected. The 
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crater prediction is also sensitive to the turbulence model implemented. The RSM 

produces better gas turbulence resolution, which implies choosing the correct 

turbulence model for a specific application is important.  

Experimentally, when the jet is turned off a crater remains with the walls at the 

angle of repose. The two-fluid model is able to hold the crater back as long as the 

frictional stresses, mainly frictional viscosity, are high enough. When the simulations are 

carried out in the axisymmetric domain, as long as a high enough solids volume fraction 

is taken to track the surface of the bed, the proposed model predicts the crater to 

remain after turning off the jet. The effect of the wall on the cratering predictions was 

investigated, and results show the wall initially slightly increases the crater depth 

growth, and then reduces the growth over time. The model predicts the deepest part of 

the crater to be slightly away from the wall, which is observed experimentally. 

Simulations of both the high and low jet velocity regimes are additionally 

presented. Low velocity jet simulations accurately predict the crater growth when the 

proposed model is employed. Additionally, it is able to identify the cratering mechanisms 

for both the high and low velocity regimes. The proposed model predicts VE is the 

dominating cratering mechanism for the low velocity regime. While a simulation of a 

high velocity, near sonic, jet impinging on a bed of sand predicts DDS to be the 

dominating mechanism. 

The two-fluid modeling approach is able to accurately calculate the cratering 

process when the correct models are applied. A validation of the two-fluid model as a 

method of describing complex flows situations is provided here. The two-fluid model 
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with proper frictional stress description is able to predict crater formation for a wide 

range of simulation conditions.  

Reducing the magnitude of the frictional stress or adjusting the relative 

magnitude of the frictional viscosity to frictional pressure can result in great changes to 

the model predictions. This work presents a new form of the frictional stress for sand 

that lowers the frictional viscosity relative to the frictional pressure. 
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Table 3-1. Nomenclature used in this chapter 
Term  Unit Description 
CD - Drag Coefficient 
ds [L] Particle Diameter 
e - Coefficient of Restitution 
Fr [MT-2L-1] Empirical Material Parameter for Frictional Pressure 
𝑔 [LT-2] Gravity 
go - Radial Distribution Function 
I2D [T-2] Second Invariant of the Strain Rate Tensor 
kg [L2T-2] Turbulent Kinetic Energy  
L [L] Length 
M [M] Mass 
n, p - Exponent in frictional stress model 
P [MT-2L-1] Gas Pressure 
Ps,col [MT-2L-1] Solids Collisional Pressure 
Ps,fr [MT-2L-1] Solids Frictional Pressure 
Ps,kin [MT-2L-1] Solids Kinetic Pressure 
Rep - Particle Reynolds Number 

 
Rg  [L2T-2] Gas Phase Reynolds Stress  
t [T] Time 
𝑣!" [LT-1] Drift Velocity 
Greek Symbols 

 
 

β [MT-1L-3] Interphase momentum transfer coefficient  
γs [MT-3L-1] Collision dissipation of Granular Temperature 
εg - 

- 
- 

Gas volume fraction 
εs - Solids volume fraction 
εs,min - Solids volume fraction when frictional stress is activated 
εs,max - Max packing solid volume fraction 
ϵg [L2T-3] Turbulent gas dissipation rate 
Θ [L2T-2] Granular Temperature 
Κs [MT-1L-1] Diffusivity of Granular Temperature 
λs [MT-1L-1] Bulk Granular Viscosity 
µs [MT-1L-1] Solids Viscosity 
µs,col [MT-1L-1] Solids Collisional Viscosity 
µs,kin [MT-1L-1] Solids Kinetic Viscosity 
µs,fr [MT-1L-1] Solids Frictional Viscosity 
µt,g [MT-1L-1] Turbulent Gas Viscosity 
𝑣!, 𝑣! [LT-1] Mean Velocity Vector 

 𝑣!′ [LT-1] Fluctuating Solids Velocity 
ρs, ρg [ML-3] Density  
𝜏!, 𝜏! [MT-2L-1] Stress Tensor  
ϕF [Deg] Angle of Internal Friction 
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Table 3-2. Governing Equations  
Governing Equations 

Continuity Fluid 
Phase  

Continuity Solids 
Phase   

Momentum 
Equation 
Gas-Phase 

  

ρgε g

∂vg



∂t
+ vg


⋅∇vg

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
= ε g∇⋅τ g − ε g∇P − β vg


− vs

( ) + ε gρg g


−ε gρg∇⋅Rg

 

  

Momentum 
Equation 
Solid-Phase   

Granular 
Fluctuating 
Energy Balance  

 

   

3
2

∂
∂t

ε sρsΘ( ) +∇⋅ ε sρs vs


Θ( )⎡

⎣
⎢

⎤

⎦
⎥ = τ s,col +τ s,kin + Ps,col + Ps,kin( ) I( ) +

∇⋅ κ s∇Θ( )−γ s − 3βΘ
  

 
  

 

∂εg
∂t

+∇⋅ εg vs
( ) = 0

 

∂ε s
∂t

+∇⋅ ε s vs
( ) = 0

 
ρsε s

∂vs


∂t
+ vs

⋅∇vs
⎡

⎣
⎢

⎤

⎦
⎥ = −ε s∇P +∇⋅τ s −∇Ps + β vg


− vs
( ) + ε sρs g
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Table 3-3. Constitutive Equations 
Constitutive Relations  

Gas Phase 
Stress Tensor 

   
τ g = µg ∇vg


+ ∇vg

( )T⎛
⎝⎜

⎞
⎠⎟ −

2
3
∇⋅vg

( ) I⎡

⎣
⎢

⎤

⎦
⎥

  

Solids Phase 
Stress Tensor 

  

Solid Phase 
Pressure 
(Johnson and 
Jackson, 1987) 

  

Solids Collisional 
Pressure 
(Lun et al., 1984) 

  

Solids Kinetic 
Pressure 
(Lun et al., 1984) 

  

Solids Frictional 
Pressure 
(Johnson and 
Jackson, 1987) 

  

Solids Phase 
Viscosity 
(Johnson and 
Jackson, 1987) 

  

Solids Collisional 
Viscosity 
(Gidaspow, 1994)   

 

Solids Kinetic 
Viscosity 
(Gidaspow, 1994)   

 
 
 
 
 
 

 
τ s = µs ∇vs


+ ∇vs
( )T( ) + λs −

2
3
µs

⎛
⎝⎜

⎞
⎠⎟ ∇ ⋅vs

( ) I

Ps = Ps,col + Ps,kin + Ps, fr

Ps,col = 2g0ρsε s
2Θ 1+ e( )

Ps,kin = ρsε sΘ

Ps, fr =

0 ε s ≤ ε s,min

Fr
ε s − ε s,min( )n
ε s,max − ε s( )p

ε s > ε s,min

⎧

⎨
⎪⎪

⎩
⎪
⎪

µs = µs,col + µs,kin + µs, fr

µs,col =
4
5
ε s
2ρsdsg0 1+ e( ) Θ

π

µs,kin =
10ρsds Θπ
96 1+ e( )g0

1+ 4
5
g0ε s 1+ e( )⎡

⎣⎢
⎤
⎦⎥

2
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Table 3-3. Continued 
Constitutive Equations  

Solids 
Frictional Viscosity 
equation (3-3) 
(Schaeffer, 1987)  

   
µs, fr =

Ps, fr sin φF( )
2 I2 D   

Solids 
Frictional Viscosity 
equation (3-4) 
(Srivastava and 
 Sundaresan, 
2003)  

   

µs, fr =
Ps, fr sin φF( )
2 I2 D + Θ

ds
2

 

Second invariant 
of the deviator of 
the strain rate 
tensor   

I2 D = 1
6

∂us

∂x
−
∂vs

∂y
⎛
⎝⎜

⎞
⎠⎟

2

+
∂vs

∂y2

⎛
⎝⎜

⎞
⎠⎟

2

+
∂us

∂x
⎛
⎝⎜

⎞
⎠⎟

2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
+ 1

4
∂us

∂y
+
∂vs

∂x
⎛
⎝⎜

⎞
⎠⎟

2

  

Solids Bulk 
Viscosity 
(Lun et al., 1984)   

Radial Distribution 
Function 
(Sinclair and 
Jackson, 1989) 
 

  

Collisional 
Dissipation 
of 𝛩 
(Lun et al., 1984) 

  

Drag Coefficient 
(Wen and Yu, 
1966; Rowe, 1961)   

 

   

  

λs =
4
3
ε s
2ρsdsg0 1+ e( ) Θ

π

g0 = 1− ε s
ε s.max

⎛
⎝⎜

⎞
⎠⎟

1/3⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

−1

γ s = 12 1− e
2( ) g0ρsε s

2

ds π
Θ3/2

 
β = 3

4
CD

1− ε s( )ε sρg | vg

− vs |
 

ds
1− ε s( )−2.65

CD =

24
Re p 1− ε s( ) 1+ 0.15 1− ε s( )Re p( )0.687⎡

⎣⎢
⎤
⎦⎥ if 1− ε s( )Re p <1000

0.44 if 1− ε s( )Re p ≥1000

⎧

⎨
⎪⎪

⎩
⎪
⎪

 
Re p =

dsρg | vg
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|
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Table 3-4. Turbulence Equations (Fluid Phase) 
Turbulence Equations (fluid phase)  

Gas phase Reynolds 

Stress (   
v 'g
 

v 'g
 

 for 
RSM model) 

   
Rg = v 'g

 
v 'g
 

 

Boussinesq Hypothesis 

(   
v 'g
 

v 'g
 

 for k-ϵ model, 
used only for high 
velocity simulation) 

   
v 'g
 

v 'g
 

= 2
3

kg I −
µt ,g

ρg

∇vg


+ ∇vg

( )T⎛
⎝⎜

⎞
⎠⎟

 

Turbulent Kinetic 
Energy, kg, Equation 
(High-velocity 
simulation only) 
(Elghobashi and Abou-
Arab, 1983) 

    

∂
∂t

ε gρgkg( ) +∇⋅ ε gρg vg


kg( ) = ∇⋅ ε g

µt ,g

σ k

∇kg

⎛

⎝
⎜

⎞

⎠
⎟ +

ε gµt ,gS 2 − ε gρgg + ε gΠk ,g   

Mean rate of strain 
tensor, S 

   
S = 1

2
∇vg


+ ∇vg

( )T⎛
⎝⎜

⎞
⎠⎟ : ∇vg


+ ∇vg

( )T⎛
⎝⎜

⎞
⎠⎟   

Turbulent Dissipation 
Rate, ϵg, equation (high-
velocity simulation only) 
(Elghobashi and Abou-
Arab, 1983) 

    

∂
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ε gρgg( ) +∇⋅ ε gρg vg
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Turbulent viscosity  

  

Covariance of gas and 
particle phase velocities 

 
(Simonin and Viollet, 
1990) 

, with   

Ratio of characteristic 
time scales 
(Simonin and Viollet, 
1990) 
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Table 3-4. Continued 
Turbulence Equations (fluid phase) 

Lagrangian integral time 
scale calculated along 
particle trajectories 
(Simonin and Viollet, 
1990) 

  , with 

   and  ,  
θ is the angle between the mean particle velocity and the 
mean relative velocity 

Particle relaxation time 
due to inertial effects 
acting on particle phase 
(Simonin and Viollet, 
1990) 

  

Characteristic turbulent 
time scale 
(Simonin and Viollet, 
1990) 

   
τ t ,g =

3
2

Cµ

kg

g   

Drift velocity 
(Simonin and Viollet, 
1990) , with   

Dt ,sg =
1
3

ksgτ t ,sg
  

Characteristic turbulent 
length scale 
(Simonin and Viollet, 
1990) 

  

Influence of solids 
phase on kg 
(Cokljat et al., 2000; 
Simonin and Viollet, 
1990) 

  

Influence of solids 
phase on ϵg 
(Simonin and Viollet, 
1990) 
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2

 
ξ =

| vg
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σ sgε s
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σ sgεg
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2
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− vs
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Table 3-4. Continued 
Turbulence Equations (fluid phase) 

Modeling constants 

  

Gas phase Reynolds 
stress transport equation 
(RSM model) 
(Cokljat et al., 2006) 

    

∂
∂t

ε gρg Rg( ) +∇⋅ ε gρg vg


Rg( ) = −ε gρg Rg ⋅∇vg


+ Rg ⋅∇vg

( )T⎛
⎝⎜

⎞
⎠⎟
+

ε g∇⋅ µg∇Rg( )− ε gρg∇⋅ v 'g
 

v 'g
 

v 'g
 

+

ε g p ∇v 'g
 

+ ∇v 'g
 ( )T⎛

⎝⎜
⎞
⎠⎟ − ε gρgg +ΠR,g

  

Interaction of gas and 
solids phase turbulence 
(Cokljat et al., 2006)    

ΠR,g =
2
3
Πk ,g I

  

Turbulent diffusive 
transport closure 
(Lien and Leschziner, 
1994) 

   
∇⋅ ε gρg v 'g

 
v 'g
 

v 'g
 

⎡
⎣

⎤
⎦ = ∇⋅

µt ,g

0.82
∇Rg

⎛

⎝
⎜

⎞

⎠
⎟

  

Linear pressure-strain 
model 
(Launder, 1975)    

p ∇v 'g
 

+ ∇v 'g
 ( )T⎛

⎝⎜
⎞
⎠⎟ = ρg φT ,1 +φT ,2 +φT ,W( )

 

Slow pressure strain 

term,   φT ,1  
(Gibson and Launder, 
1978) 

   
φT ,1 = 1.8

g
kg

−Rg +
2
3

k I⎡

⎣
⎢

⎤

⎦
⎥
 

Rapid pressure strain 

term,   φT ,2  
(Gibson and Launder, 
1978; Launder, 1989) 

   
φT ,2 = 0.6 Rg ⋅∇vg


+ Rg ⋅∇vg

( )T⎛
⎝⎜

⎞
⎠⎟
+∇⋅ vg


Rg( ) + 2

3
Pw −Cw( ) I

⎡

⎣
⎢

⎤

⎦
⎥
 

where w is component normal to wall 

Production near wall, Pw 
(Gibson and Launder, 
1978; Launder, 1989)   

Pw = − v 'g ,w v 'g ,w

∂vg ,w

∂xw   

 
 
 

 

C1 = 1.44,      C2 = 1.92,     Cµ = 0.09
C3 = 1.2,     Cv = 0.5

σ k = 1.0,     σ  = 1.3,     σ sg = 0.75
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Table 3-4. Continued 
Turbulence Equations (fluid phase)  

Convection near wall, Cw 
(Gibson and Launder, 
1978; Launder, 1989)   

Cw = ∂
∂xw

vg ,w v 'g ,w v 'g ,w( )
  

Rapid pressure strain 
term normal to wall, 

   
φT ,2,w

 

 
(Gibson and Launder, 
1978) 

   
φT ,2,w

 
= φT ,2 ⋅nw



 

Rapid pressure strain 

term,   φT ,W  
(Gibson and Launder, 
1978) 
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 where dw is the distance to the wall and   
cl =

Cµ
3/4

0.4187   

Dissipation tensor 

   
g =

2
3
g I

  

Turbulent dissipation 
rate ϵg equation (RSM 
model) 
(Elghobashi and Abou-
Arab, 1983) 
     

∂
∂t

ε gρgg( ) +∇⋅ ε gρg vg


g( ) = ∇⋅ ε g

µt ,g
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∇g
⎛

⎝
⎜
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⎠
⎟ −

ε gρg

g
kg

C1Rg :∇vg


+C2g( ) + ε gρgΠ,g
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Table 3-5. Simulation Parameters 

Property Value 

Particle density 2650 (kg/m3) 

Particle diameter 140 μm 

Particle-particle coefficient of restitution 0.9 

Particle-wall coefficient of restitution 0.9 

Angle of internal friction 28o 

Max packing solids volume fraction, εs,max 0.63 

 Min solids volume fraction, εs,min  0.5 

Initial solids volume fraction 0.58 
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Table 3-6. Summary of Frictional Models (n=2 for all models) 

 μs,fr Ps,fr 

 Fr p Fr p 

Increased μs,fr relative 
to Ps,fr (Model A) 

0.1 5 0.05 5 

Johnson et al.1 0.05 5 0.05 5 

Ocone et al.2 0.05 3 0.05 3 

Increased Frictional 
Stress (Model B) 

0.2 5.5 0.1 5.5 

Increased Ps,fr relative 
to μs,fr (Model C) 

0.1 5 0.5 5 

Srivastava and 
Sundaresan3 

0.05 5 0.05 5 

 

1. Johnson et al. (1990) 
2. Ocone et al. (1993) 
3. Srivastava and Sundaresan (2003) 
 

  

I2D +
Θ

ds
2
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 Table 3-7. Predicted Frictional Viscosity and Pressure Associated with Different 
Frictional Models 

Frictional Model Max εs in the  
bed at t=0.5 s 

Magnitude of µs,fr 
at t=0.5 s (Pa*s) 

Magnitude of Ps,fr 
at t=0.5 s (Pa) 

Model A 0.591 O(100-107) O(10-103) 

Johnson et al. 0.588 O(10-1-106) O(10-103) 

Ocone et al. 0.619 O(10-1-102) O(100-102) 

Model B 0.587 O(100-108) O(10-104) 

Model C 0.570 O(10-1-104) O(10-103) 

Srivastava and 
 Sundaresan 

0.588 O(10-1-105) O(10-103) 
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Figure 3-1. Schematic of experimental setup. 
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Figure 3-2. Axisymmetric formulation computational mesh and simulation domain. 

Unless otherwise noted, A=15.2 cm, Hp=7.62 cm, 1/2Dp=0.51 cm. (a) 
Computational mesh and (b) Simulation domain. 
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Figure 3-3. Predicted crater depth with varying frictional models for a 37 m/s Argon jet. 
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Figure 3-4. Crater depth predictions with varying Argon jet velocities (Model A). 

 
Figure 3-5. Crater depth prediction with varying gas type (Model A).  
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Figure 3-6. Crater depth prediction with varying nozzle height (Model A). 

 
Figure 3-7. Long time crater depth prediction with 37 m/s Argon jet (Model A). 
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Figure 3-8. Experimental crater images and corresponding simulations at different 

times. 
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Figure 3-9. Simulation domain and computational mesh. Two-dimensional planar (a) 

Simulation domain and (b) Computational mesh. Two-dimensional planar with 
a wall placed at the center (c) Simulation domain and (d) Computational 
mesh.  
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Figure 3-10. Crater depth prediction with varying simulation domain (Model A).  
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Figure 3-11. Contour plots of solids volume fraction from planar mesh with thin wall 

simulation for various times. The dotted line indicates the bed height at t=0s. 
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Figure 3-12. Solid phase mass flux (m/s) vectors and solids volume fraction iso-surfaces 

predicted by Model A. (a) Argon jet with velocity 37 m/s after 0.5 seconds, 
and (b) A near sonic nitrogen jet after 0.067 seconds. 
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Figure 3-12. Continued 
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Figure 3-13. Gas velocity (m/s) iso-surface contours plotted and volume fraction iso-

surfaces predicted by Model A. (a) Argon jet with velocity 37 m/s after 0.5 
seconds, and (b) A near sonic nitrogen jet after 0.067 seconds. 
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Figure 3-13. Continued 
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CHAPTER 4 
EFFECT OF PARTICLE PROPERTIES ON CRATER DYNAMICS 

 Motivation 

Software packages are necessary for future (terrestrial) space exploration and for 

better understanding crater or scour hole formation. Two-fluid modeling is the most 

realistic method for modeling these large-scale phenomena. While two-fluid models are 

based on spheres, much of the data currently available is for non-ideal particles. 

Cratering and scour hole experiments provide a unique opportunity for validating 

multiphase granular flow models. 

Currently, there is a lack of transient crater growth data for ideal particles, which 

are beneficial for validating the current constitutive equations. The present state of the 

literature demonstrates results based on a variety of particles, most of which are various 

types of sand, with scaling parameters built and tested on either a single particle type or 

on a few particles with multiple changes made to the properties at once (Kobus et al., 

1979; Rajaratnam and Beltaos, 1977; Haehnel et al., 2008). The results also provide the 

equilibrium or long term crater growth, which can be difficult to use for validating 

numerical models as it can take much longer to simulate physical events than they 

would take in real time. 

Background 

Rajaratnam and Beltaos (1977) found that the asymptotic depth, Dasym, scales 

linearly with the erosion parameter, Ec, as shown in equation (4-1) below.  

           (4-1) 

where H is the height of the pipe above the bed, m1 is the slope and m2 is the intercept.  

  

Dasym

H
= m1Ec + m2
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The erosion parameter is proportional to the densimetric Froude number, Fo 

(Rajaratnam and Beltaos, 1977). Rajaratnam and Beltaos (1977) did not account for the 

dependence of particle shape on crater depth. Additionally, as mentioned in Chapter 1, 

it is not clear whether they report the static or dynamic asymptotic crater depth.  

          (4-2) 

where v is the jet velocity, ρp the intrinsic particle density, ρf the fluid density, and dp is 

the particle diameter. There are many different ways of measuring the particle diameter. 

Rajaratnam and Beltaos (1977) likely used the sieve diameter. However, the sieve 

diameter under-reports the size of elongated particles. Sarma (1967) discussed the 

crater depth growth behavior and functions to describe the growth over time, most of 

which asymptote. 

The crater and scour hole data that has been published in the past either reports 

the asymptotic crater size (Haehnel et al., 2008; Rajaratnam and Beltaos, 1977; 

Rajaratnam, 1982) or the long-term transient (on the order of 100 seconds) crater 

growth (Metzger et al., 2009a; Metzger et al., 2009b). However, the short-term crater 

growth data are useful for validating physical models, as multiphase flow codes can be 

computationally expensive and take much longer in actual time to simulate long periods 

of time. For example, Kuang et al. (2013) performed DEM simulations of cratering of 

large spherical particles, the experiments of which are presented in this chapter, carried 

out to approximately 0.4 seconds. Additionally, Chapter 3 validates a cratering model for 

sand by simulating crater growth to 1 second using the two-fluid framework.  

 

Ec =
v

g Δρ
ρ f

⎛

⎝
⎜

⎞

⎠
⎟ dp

dpipe

H
= Fo

dpipe

H
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The understanding of scour hole and crater formation is based on work mostly 

conducted with non-ideal particles (i.e. sand and soil), and the literature is currently 

lacking results with smooth spherical particles. Chapter 4 aims to fill the void by 

presenting an investigation that branches from ideal to non-ideal particle property cases 

by first comparing the crater growth rates for smooth-spherical particles with different 

densities or sizes. Then, the results of spherical particles are analyzed against those 

with non-spherical particles with varying surface treatments while holding the particle 

size and density constant. The effects of particle shape are studied using particles with 

the same density and size but different particle shapes (e.g. crushed glass to spherical 

glass or steel spheres and steel cylinders).  

To date, no study has specifically accounted for the effect of particle shape on 

the cratering rate or the asymptotic crater depth. Although the effects of particle shape 

have been ignored, this study shows that they are significant. Here, the particle size 

distribution effects, which has also largely been disregarded, are briefly explored and 

show that segregation effects during cratering can affect the transient crater growth 

rates. The experimental results provided here offer a plethora of benchmark data for 

various numerical models. Initial, short-term crater growth, to within 1 second, is 

presented in addition to transient crater growth behavior over long time frames. 

Additionally, a modified form of the densimetric Froude number to accounts for particle 

shape is presented. This work is the first to provide a compressive parametric 

investigation of the effects of particles’ properties on scour hole/crater development. 

Finally, it is the first to explore the effects of, and develop scaling relationships that 

account for, particle shape. 
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Materials and Methods 

The imaging system was composed of an 18 mm double Gauss focusable lens 

mounted on an Edmund Optics EO-0418 high dynamic range camera with a rolling 

shutter and frame rate of 48.02 frames per second. The camera has a pixel size of 

10x10 microns, an area of 768x576 pixels, and pixel depth of 8 bits. The video was 

captured and recorded by the ids-ueye demo program and the recoded video was then 

analyzed using a program that was written for MATLAB, which allows the user to record 

the crater growth information frame by frame.  

A schematic of the apparatus used to perform cratering experiments is presented 

in Figure 4-1 and is similar to the one used by Metzger et al. (2009a). The particle bed 

was contained in a box with one wall replaced by a clear polycarbonate window. The 

top of the window was beveled away (with a sharp tip angle of approximately 43 

degrees) from the particle bed. The width of the tip of the bevel was found to be less 

than 0.05 mm. The jet was delivered into the bed by a pipe that was connected to a 

compressed tank of breathing air. The exit of the pipe straddled the beveled edge so 

that the center of the pipe was in the plane of the bevel tip. The thought was that half of 

the jet impinged on the particle bed and the crater evolution was monitored through the 

window. The effect of the window on the jet and the cratering was assumed to be 

minimal, which is difficult to test as without the window it was not possible to monitor the 

crater formation in situ.  

The gas flows from a compressed air tank through a pressure regulator then an 

Alicat M500SLPM-D flow meter with a range of 0-500 SLPM and accuracy of ±1% F.S. 

The pressure regulator was used to achieve the desired flow rate. The pipe maintained 

a length of approximately 1.73 m of straight pipe before the nozzle exit. The gas exited 
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the pipe (0.7747 cm inner diameter) to form a jet. The height of the pipe exit above the 

tip of the beveled window was always 2 cm and 5 cm above the top of the particle bed. 

The particles were poured into the box and were not compacted. The top of the particle 

bed was leveled by carefully dragging a thin rectangular plate across the top of the 

particles. Sensitivities to the method of filling the box and leveling the surface were 

tested and results showed negligible dependence on how the surface of the particle bed 

was prepared for non-cohesive materials. For cohesive materials, the strength of the 

material increases with consolidation, so care was taken to similarly level the surface for 

cohesive materials.  

All experiments were performed with jets of gas produced from compressed 

breathing air, in Earth’s atmosphere and gravity, and in standard temperature and 

pressure. Various gas velocities were implemented for each particle type. The range of 

velocities employed for a particle bed overlapped with velocities used on particles beds 

for which results were compared. The jet was steady and the velocities implemented 

never exceeded 0.3 times the speed of sound for air (340 m/s) so that density changes 

in the jet could be neglected (Pritchard, 2011). All experiments were performed with 

turbulent jets with Reynolds number ranging from approximately 5000 to 44000 (jet 

velocities 10.71 to 93.74 m/s). 

Figure 4-2 is a map of the particles instituted here and allows for understanding 

the overlap in particle properties. In Figure 4-2, particles are arranged by shape, size 

and intrinsic density. There are two main standard particle size ranges, 0.25-0.3 mm 

and 1 mm, which were used to study the effect of particle density and shape. Particle 

shape effects were investigated in two ways. First, uniform, well-defined, smooth 
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cylinder and cubic particles were studied. Next, irregularly shaped (frit) particles were 

used, which exhibit more realistic shapes to those found in nature and industry (i.e. 

crushed glass, olivine, and aluminum oxide). Plastic particles were composed of either 

polystyrene or Poly-Amid Nylon (PAN). All soda lime (S.L.) glass was used for all glass 

particles. Unless otherwise stated, experiments with steel particles were performed with 

stainless steel (abbreviated S. Steel in Table 4-1). The stainless steel shot was 

produced from cut wire conditioned into to spherical shapes. The results of 1 mm 

diameter stainless steel shot were compared to true spherical 1 mm carbon steel shot 

and showed no difference in cratering. 

The relevant particle and bulk material properties were measured and are 

provided in Table 4-1. The intrinsic particle density, ρp, was measured using the water 

displacement method. The angle of repose, θ, was measured using the angle of piles 

that remain after a hopper discharge type experiment. A rectangular cuboid container 

was filled with material and particles were slowly poured out through a small slit in the 

bottom. A shelf was fixed in the center of the container to provide an additional pile for 

angle measurement. The angle of repose was recorded for the two piles at each bottom 

corner of the container as well as on each side of the pile on the shelf. The shelf was 12 

cm long and centered 13.5 cm above the bottom opening. The container was 

approximately 10 cm wide, 30 cm tall and 30 cm long. The width of the slit opening was 

adjustable and typically was a few centimeters wide, but could be opened to a 

maximum of 11 cm. The slit was set to a size that allows a slow pour of particles. All 

particle characterization measurements and cratering experiments were performed 

multiple times and the average and standard deviation are reported.  
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In addition to the angle of repose and intrinsic density Table 4-1 reports the mean 

sieve, dsi, mean equivalent sphere volume, dv, and mean erosion, dE, diameters in 

addition to the sphericity. The erosion diameter a new particle diameter defined here. It 

is the average of the distance the longest dimension a particle will align in shear flow 

with the orthogonal. For example, the erosion diameter for a cylinder is the average of 

the cylinder’s diameter and length. The sphericity, volume and erosion diameters for the 

regularly shaped non-spherical (cylindrical and cubic) particles were calculated based 

on the geometries of the particles. For the irregularly shaped particles the RapidVue 

particle shape and size analyzer measured the sphericity and the Feret’s width and 

length while the Coulter LS13320 technique measured the equivalent volume light 

scatter diameters. For irregularly shaped particles, the average of the Feret’s width and 

length are approximately equal to the erosion diameter. For the plastic cylindrical 

particles with 0.38 mm diameter (D) and 0.38 mm length (L), the sphericity was 

measured with the RapidVue technique and the results compared well to the calculated 

results, 0.878 and 0.874, respectively.  

The spherical, cylindrical and cubic particles have well defined shapes with 

smooth surfaces. Crushed glass, aluminum oxide and olivine are irregularly shaped, 

angular, particles with rough surfaces. Figure 4-3 provides microscope images for 0.25 

mm diameter glass spheres, aluminum oxide, olivine, and crushed glass.  

One set of experiments was performed on large glass spheres with mean particle 

diameter of 2.3 mm. Three jet velocities were studied 35.36 m/s, 67.18 m/s, and 93.74 

m/s. The particles are translucent and light shined through a few layers of particles 

making it difficult to for the surface-tracking program to detect the surface of the crater. 
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Therefore, videos were analyzed by hand. The first 10 consecutive frames were 

analyzed, and then ever fifth frame was analyzed until 2.5 seconds of cratering was 

recorded.  

Results and Discussions 

Cratering Large Glass Spheres 

For 2.3 mm diameter glass spheres the crater quickly reaches a plateaued size 

under all jet velocities. The depth and width of the plateau that the crater reaches 

increased with increased jet velocity, as described in Figure 4-4 (a) and (b), 

respectively. The crater depth is more sensitive to increased jet velocity than the crater 

width. Figure 4-4 expresses the sensitivity of 2.3 mm diameter glass spheres to 

increased jet velocity. Initially, the crater depth and width grow the largest, which quickly 

reduces to a steady crater size. The crater width has a much more dramatic change in 

initial crater size to steady crater size (Figure 4-4 (b)) than the depth (Figure 4-4 (a)). 

Immediately after the splash, particles from the top of the bed near the crater relax 

downwards and suspended particles fall reducing the width and depth of the bed. The 

difference between the early over growth and the steady size of the crater increases 

with increased jet velocities. Possibly due to an initially higher stagnation pressure, with 

increased velocity, impacting the bed acts as a higher initial force, pushing particles 

away from the impingement region.  

After the jet impacts the bed, the particles are displaced from their original 

positions in forming a crater. Initially, the particles move in both radial and lateral 

directions, with particles moving no more than a certain number of degrees above the 

initial bed height. Some particles are eroded at angles allowing them to exist in the air 

above the bed. For jet velocity 93.74 m/s the highest ejection angle is about 30 degrees, 
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for jet velocity 67.18 m/s and 35.36 m/s the ejection angle is about 25 degrees. As 

these lofted particles fall back into the bed they contribute to a reduction in the crater 

depth and width in Figure 4-4. 

When the jet initially impacts the bed there is movement of particles away from 

the stagnation region of the jet. Depending on the jet velocity, the interaction of the jet 

with the bed can either cause particle movement several particle layers from the 

stagnation region (high jet velocity) or only translate the surface particles (low jet 

velocity). The increasing volume of particles felt by the initial impact of the jet with 

increased jet velocity is expressed in Figure 4-5. Figure 4-5 shows the crater evolution 

in the first 0.0417 seconds under jets with increasing velocity. Figure 4-5 (a) correlates 

to jet velocity 35.36 m/s and only the very top particles in the first layer are displaced 

from their original positions throughout the 0.0417 seconds. However, with increased jet 

velocities a larger number of particles in deeper layers are affected by the initial 

impingement of the jet. Figure 4-5 (b) and (c) are the initial crater development for jet 

velocities 67.18 m/s and 93.74 m/s, respectively. In Figure 4-5 (b), the displacement of 

particles 4 to 5 particle layers vertically, which increases to approximately 10 particles 

deep by the next frame. The highest jet velocity affects the largest volume of particles 

when it initially impacts the bed. The 93.74 m/s jet initially displaced particles around 8 

to 10 particle layers down and 20 particles wide, increasing to roughly 13 particles deep 

and by t=0.0417 s. Therefore, with increased jet velocity the depth and width of 

translated particle in the effected region increases.  

The long chains of particles affected by the higher velocity jets are not sustained 

for long times. As the crater reaches a steady size, the thickness of the layer reduces. 
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After reaching a steady size, shearing of particles along the crater wall for the two 

higher jet velocities occurs, which increases in thickness as the jet velocity increases. 

The lowest velocity jet does not show a shearing region of particles as the crater 

reached a steady size. For the 67.18 m/s jet, the shearing layer is about 2 particles thick 

and for the 93.74 m/s jet the (steady) shearing layer is about 3 to 5 particles thick. Red 

arrows in Figure 4-6 identify the general trajectories of particles in various regions of the 

bed, impacted by a 93.74 m/s jet, after reaching a steady size crater. The lengths of the 

lines are indicative of the relative velocity of the particles. The particles shear along the 

surface of the crater with particles moving slower deeper into the bed. The general 

movement of particles is up and along the crater edge, towards the top of the crater. 

Particles move inwards around the stationary heap of particles collecting at the top edge 

of the crater as they near the exit. Some particles do not have enough energy to move 

around the heap, and subsequently they collide and temporarily become part of the 

heap. Other particles are able to move through or around the heap, and after reaching 

the peak of their journey fall back into the crater. The trajectories and concentration of 

recirculating particles result in numerous particle-particle collisions. Particles are also 

seen exiting the edge of the crater at various lateral positions up the crater wall. 

Particles moving up the wall are knocked from the edge of the crater by colliding with 

particles falling near the crater edge.  

Particles near the top edges of the crater demonstrate little movement. The 

movement of subsurface particles (>2 particle layers deep) occurs when a particle 

collides or rolls past an adjacent particle, indicating the movement is due to particle-

particle forces such as friction. Hence, it is theorized here that the shearing of the glass 
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spheres along the outer edge of the crater is so great that it induces subsurface 

shearing of the particles due to particle-particle forces. This is a newly identified 

cratering mechanism, as fluid-particle forces do not propagate the movement within the 

bed. While the trajectories of the particles around the sides of the crater are consistent 

with that of DDS, the subsurface particle movements are not consistent with fluid driven 

flow. The particles move when contacted by adjacent particles, as opposed to fluid 

driven shearing in which the shear force of the drag on the particle results in steady flow 

of particles along the edge of the crater. The progression of red and orange dashed 

arrows in Figure 4-6 demonstrates the subsurface particle based shearing mechanism. 

The red dashed arrow represents the trajectory of a particle moving through the bed. 

After contacting the stationary particle, centered below the origin of the orange dashed 

arrow, the stationary particle traverses the trajectory of the orange dashed arrow 

indicating that the particle-particle contact induced the second particle’s movement. 

Also, Metzger et al. (2009a) showed for sand that when DDS dominates, particles 

continue shearing to the top of the crater edge and up towards the bottom of the crater 

for particles directly below the crater. This new cratering mechanism is only expected to 

dominate for very coarse particles. It is not clear under what conditions this mechanism 

will dominate, but the results indicate that the particles would need to have high inertia 

in order to displace particles inside of the bed.  

Particles that erode out of the crater can either deposit on top of the bed or 

recirculate inside of the bed. A pile of particles forms as particles escape the crater and 

deposit on the edge of the crater surface. For the 35.36 m/s jet the height of the mound 

near the crater edge increases by about two particles, and approximately four particles 
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for both the 67.18 m/s and 93.74 m/s. After the crater reaches a steady size, numerous 

particles recirculate inside of the crater, which experience a significant amount of 

collisions. In Figure 4-6 the top layer of the recirculating particles can be identified as a 

band of slightly blurred particles, while the particles moving very fast inside of the crater 

are identifiable as light gray streaks. The particles that seem to hang at the top of the 

crater are easier to see in Figure 4-6 since their velocities are lower, which is likely due 

to more frequent collisions dissipating momentum of the particles. A qualitative 

comparison of the density of gray streaks moving inside of the crater shows that 

increased jet velocity correlates to an increased density of colliding particles. The 

particles colliding inside of the crater are addressed and identified here, for the first 

time, as a new particle-particle based mechanism as they can enhance or attenuate 

erosion by ejecting particles from the surface as well as dissipating momentum of 

particles from inelastic collisions. These collision-based results are consistent with the 

observations of Berger et al. (2013). To ensure that the wall does not affect the 

entrained particle induced collision behavior, a set of experiments was performed in the 

center of the bed, far from the walls. The jet was directed straight down into the center 

of the bed and particles were observed jumping around inside of the crater and a layer 

of slower moving particles was hanging on top, confirming the collisions are not a result 

of the wall.  

The angles of both the left and right wall of the steady sized crater were 

measured for each velocity and found to be between approximately 50 and 70 degrees. 

The angle of the crater does not correlate to the angle of repose, which was measured 

to be approximately 20 degrees and given in Table 4-1, indicating that the gas traction 
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and layers of shearing particles dominate in the entire range of the crater size, as the 

walls are supported at such high angles. An increase in the angle of the crater walls 

from approximately 50 to 65 degrees with jet velocity increase from 35.36 m/s to 67.18 

m/s, respectively, is found. However, there is not a significant change in the crater angle 

between the two higher jet velocities. 

Once the jet is turned off particles move to stable positions, somewhat filling in 

the crater. Particles shearing along the side of the crater roll to the bottom after the jet is 

turned off. Additionally, particles that are suspended above the crater as well as those 

entrained inside of the crater settle. The crater depth decreased from the steady jet-on 

crater size for all velocities. There is a small change in the crater depth after 

extinguishing the jet for the 35.36 m/s jet as the crater reduced to approximately 0.75 

cm. Conversely, a larger change is found for 67.18 m/s and 93.74 m/s jets in which the 

final crater depth is approximately 1 mm and 1.1 mm, respectively. There is a marked 

increase in the width of the crater after the jet is terminated compared to the steady jet 

on width. The jet off width is similar to the peak width experienced initially by the crater. 

As the jet is extinguished the sidewalls of the crater relax, filling the crater, resulting in 

an increase of the crater width.  

Effect of Particle Size and Density on Crater Growth 

Figure 4-7 compares the long-term (a) and short-term (b) crater depth growth for 

spherical glass particles of various particle diameters with jet velocity 20.90 m/s. For 1 

mm and 0.5 mm glass spheres the crater reaches a steady state size quickly, skipping 

the logarithmic growth phase. The particles with diameters 0.181 mm and 0.25 mm 

have similar crater depth growths over time for jet velocity 20.90 m/s, but with increased 
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velocity the craters grow consistent to what are shown for other particles; the smaller 

particle initially grows at a slower rate, but overcomes the growth of the larger particle.  

Generally, the crater grows deeper over time, or produces a deeper asymptotic 

crater, as the particle size is decreased. Glass spheres with diameter 0.046 mm (46 

microns) produces a crater that grows slightly deeper over time than the glass spheres 

with diameter 0.181 mm, even though the ratio of the particle diameters is greater than 

any other subsequent size tested.  

However, in Figure 4-7 (b) the larger particle diameters exhibit larger initial crater 

growth than the smaller particles. The length of time that the initial crater growth rate for 

a larger particle is greater than the next smaller size increases as the particle size 

decreases. Specifically, the depth of the 0.5 mm diameter spheres overcame that of the 

1 mm spheres at approximately 0.25 seconds, while the 0.046 mm particles overcame 

the depth of the 0.18 particle bed after approximately 46 seconds. At higher velocities 

the time at which the smaller particle crater depth growth rate overcame that of the 

larger particles increased. For example, with a jet velocity of 31.05 m/s the 0.25 mm 

diameter particles initially the crater grows slower and deeper than the 0.5 mm diameter 

particles after around 1.5 seconds, as opposed to 0.85 seconds for a 20.90 m/s jet. 

Plastic cylinders with the same aspect ratio and different equivalent volume diameters 

produces crater growth similar to the results displayed for spheres in Figure 4-7. 

The increased number of particles that can occupy the same volume as the 

particle size is decreased explains the increased initial crater growth rate, in Figure 4-7 

(b), with increased particle size. At 0.1 second, the depth of the crater for a specific 

particle size is measured in number of particles. For 1 mm diameter glass spheres, the 
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depth is approximately 0.8 cm or 8 particles, for 0.5 mm glass spheres, the crater depth 

is about 0.6 cm or 12 particles, and the crater depth for particle size 0.181 mm is 0.5 cm 

or 28 particles. In summary, while the crater is initially deeper for the larger particles, the 

number of particles that are eroded is much less than for smaller particle beds. 

The crater depth is generally a good indicator of general crater growth. However, 

sometimes the crater depth can grow inconsistently to the overall crater. In Figure 4-7 

(a) the crater depth for the 0.181 mm and 0.25 mm diameter particles are similar, while 

the crater depth for 0.046 mm diameter spheres grows slightly faster. In Figure 4-8 the 

crater width (a) and volume (b) over time is presented for glass spheres with diameters 

of 0.25 mm, 0.181 mm and 0.046 mm. Comparing the crater width and volume for 0.181 

mm and 0.25 mm diameter spheres reveals the crater growth trend that is typically 

found; the crater depth and width increases simultaneously. For 0.25 mm and 0.181 mm 

diameter particles the crater depth is only slightly different for the time measured, but 

the difference in the crater width, and therefore volume, over time is significant. The 

crater width and volume for the 0.046 mm diameter glass spheres in Figure 4-8 (a) is 

smaller than for the larger particles. The decreased crater width and volume correlates 

to an increased angle of repose for the 0.046 mm beads, which is discussed in below. 

For the smaller sized spheres, the crater depth growth is less affected by size than the 

larger particle diameters. For 0.046 mm glass spheres, the effects of surface forces, 

such as cohesion resulting from van der Waals forces and liquid bridges, are expected 

to be significant. Cohesive effects are likely the reason for 0.046 mm spheres crater 

depth to grow only slightly faster than the 0.181 mm spheres and for the reduced crater 

width and volume as compared to the larger diameter spheres. Figures 4-7 and 4-8 
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show that, for cohesive materials, the long term cratering behavior of the crater depth 

cannot be scaled in the same manner as the width and volume.  

The sidewalls of the experimental box need to be far enough away from the 

impingement region to not affect the crater growth and tests were performed to 

determine the critical sidewall position. By performing experiments with reduced box 

sizes, it was determined that the walls affect the crater growth when the outer crater 

edge reaches the sidewall. The crater size measurements are made with respect to the 

original bed height, so the edge of outer crater extends beyond the crater width; the 

difference between the two positions is determined by the angle of repose. The outer 

crater width growth increases with decreasing particle size, for non-cohesive particles, 

and increased jet velocity. For example, in Figure 4-8 (a) the 0.181 mm glass sphere 

experiment was stopped before the other particles in order to avoid effects from the 

experimental sidewall.  

Figure 4-9 describes the crater depth over time for three different beds 

composed of particles with different intrinsic densities and mean diameters of 0.24-0.3 

mm for both long (a) and short-term (b) crater growth. Particle size of polystyrene and 

steel are slightly higher than glass, but from Figure 4-7 (a) it is clear that the crater 

depth growth for particles in this size range is marginally affected by the particle size. 

Increased particle density, Figure 4-9, decreases the crater depth for both long and 

short-term growth.  

The effect of particle density on crater growth for 1 mm diameter particles is 

shown in Figure 4-10 and presents a similar effect to that exhibited in Figure 4-9 (a). 
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The short-term crater depth grows similarly to that of 0.25 to 0.3 mm beads, Figure 4-9 

(b), in which the increased density particles cratered to a smaller size.  

Comparing Figures 4-9 and 4-10 exemplifies a clear difference in the growth 

functions for the crater depth. The crater depth growth over time for glass spheres with 

diameter 0.25 mm in Figure 4-9 (a) continued growing in a logarithmic fashion, but in 

Figure 4-10 the 1 mm glass spheres quickly formed a deep steady-state sized crater. 

The experiments are characterized into two groups. The first is referred to as type A, 

which quickly reach their limiting, or asymptotic depth. Examples of type A experiments 

are the glass or steel particles in Figure 4-10. Experiments that do not reach their 

asymptotic crater depth within the duration of the experiment, comparable to glass and 

polystyrene spheres in Figure 4-9, are classified as type B. Investigating the trajectories 

of 1 mm diameter polystyrene and steel particles during cratering show initial 

subsurface movement similar to 2.3 mm diameter glass spheres, Figure 4-5, indicating 

initially DDS or BCF occur. Near when the polystyrene crater reaches its asymptotic 

depth, only the VE cratering mechanism occurs as individual particles are identified 

eroding surface of the crater, but no subsurface shearing is observed. Similar 

observations of steel 1 mm spheres at later times are of surface layer particles eroding 

over each other into the flow. The lack of subsurface movement of particles indicates 

that the cratering mechanism is VE. All 1 mm spheres experience significant collisions 

inside of the crater after the initial crater growth phase and the number of collisions 

increases with increased velocity. In Figure 4-10, even after 100 seconds, the crater 

depth of 1 mm polystyrene spheres is marginally increasing, while 1 mm steel and glass 
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quickly reached steady crater sizes. The asymptotic depth is reached faster with 

increased particle size, and to a lesser extent with increased intrinsic density.  

 Effect of Particle Shape on Crater Growth 

In Figure 4-11 the effect of particle shape is expressed for steel particles with 

equivalent sphere volume diameter – diameter of a sphere with the same volume as the 

particle – of approximately 1 mm. The crater depth over time for steel spheres with 

diameter 1 mm is compared to steel cylinders with diameter 1 mm and length 1 mm, 

aspect ratio of 1 (AR=L/D=1), and steel cylinders with diameter of 0.5 mm and length 4 

mm, aspect ratio of 8 (AR=8). In Figure 4-11 (a), the steel spheres steady state, or 

equilibrium, crater size is smaller than that of steel cylinders with AR=1, but is greater 

than the steady crater size for cylinders with AR=8. Initially, Figure 4-11 (b), the steel 

spheres and cylinders with AR=1 have the same crater growth rate to about 0.5 

seconds. The steel cylinders with AR=8 have the same initial growth, but quickly diverge 

after approximately 0.1 seconds. 

The crater depth over time for plastic spheres, cylinders and cubes with 

equivalent volume sphere diameter of approximately 1 mm are compared in Figure 4-

12. The cubic particles have a larger steady state crater size than the cylindrical 

particles, followed by the spherical particles. Under lower velocity jets, non-spherical 

particles exhibit more similar steady state crater depths. The effect of particle shape 

becomes more pronounced with increased jet velocity. 

Fluctuations in the crater depth occur as particles avalanche from the outer crater 

into the inner crater. These avalanches can carry a lot of material causing very large 

fluctuations, as is seen for 0.3 mm diameter polystyrene and 0.046 mm glass spheres. 

In other cases, these fluctuations are small and could not be differentiated from the 
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noise in the crater depth. For short times the initial crater growth increases with 

decreased particle density, as in Figure 4-9 (b). The size of these fluctuations directly 

correlates to the mean and standard deviation of the angle of repose the material. A 

large standard deviation of the measured angle of repose indicates a large disparity 

between the angle of failure and angle of repose of the material. The macroscopic 

fluctuations in the crater depth are averaged out for the previous plots.  

Figure 4-13 shows the crater depth over time for a single experiment of 0.3 mm 

polystyrene spheres under a 20.90 m/s jet. Inlayed in Figure 4-13 are four images that 

represent a single avalanche from the experiment and correlate to the numbered stars 

on the crater depth over time data points. The crater depth peaks at star 1 and from the 

inlayed frame it is clear that the crater is deep, and that the left outer crater wall is steep 

(which indicates it is about to fail). Moments later, star 2, illustrates the left crater wall 

fails resulting in material avalanching into the bottom of the crater. Next, star 3, the left 

sidewall continues to avalanche, as the left wall relaxes to the angle of repose, into the 

crater further reducing the crater depth. The bottom of the crater depth peak, 

corresponding to star 4, expresses the shallowest the crater became for the fluctuation.  

The crater growth approximately between time 20 and 35 seconds does not 

show macroscale fluctuations, and grows slower than the period directly before and 

after an avalanche. After an avalanche, directly after star 4, the crater depth grows at an 

accelerated rate. It is theorized here that the crater grows at an increased rate after, as 

the avalanched material is less compact. Around 35 seconds, there is a drastic increase 

in the crater growth rate leading to star 1. The marked acceleration in growth rate that 

occurs before material avalanches off of the sidewall is theorized here to be due to 
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increased outer crater angle resulting in increased momentum at the tip of the jet. As 

the crater sidewall angle increases, the area for the radially expanding jet decreases, 

which in turn increases the momentum directed to the bottom of the jet. For low intrinsic 

density materials, the increased momentum to the jet tip is enough to cause accelerated 

crater growth. Metzger et al. (2009a) showed with a single-phase CFD simulation that 

the jet does not interact with the outer crater when the angle is below 40 degrees. Here, 

the outer crater angle before failing is approximately 55 degrees, star 1 in Figure 4-13, 

and therefore the interaction of the jet with the outer crater can no longer be neglected. 

For all particles, the angle of the outer crater is the same as the measured angle of 

repose, which is consistent with the findings of Metzger et al. (2009a) for sand. 

Figure 4-14 illustrates the long (a) and short (b) term crater depth growth for 

glass spheres, crushed glass, olivine, and aluminum oxide with mean sieve diameters 

between 0.25 and 0.3 mm. The crushed glass grows to a deeper crater than glass 

spheres, for the same particle size over long times. The particle densities of aluminum 

oxide and olivine are higher than glass, so it is consistent that the crater depth growth 

for aluminum oxide and olivine are less than that of the crushed glass. Interestingly, the 

olivine and aluminum oxide produce slightly deeper craters than glass spheres at long 

times, indicating that the effects of particle shape dominate intrinsic density over the 

studied for long-term crater growth. Crushed glass has higher friction than glass 

spheres, as expressed by the increased angle of repose, and the increased resistance 

to movement of particles under the jet was expected to slow crater depth growth. 

However, quite the opposite is found. 
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The initial crater growth rates, Figure 4-14 (b), for crushed glass and glass 

spheres are similar. For short time frames, the crater growth of olivine is slightly less 

than that of crushed glass, which is consistent with previous results presented here. 

However, the larger intrinsic density of aluminum oxide results in reduced initial 

cratering rate compared to crushed glass and olivine. In Figure 4-14 (b) the short-term 

growth rate of glass spheres and crushed glass deviate after approximately 0.8 

seconds, cratered under at 20.90 m/s jet. The crater depth growth rate of the glass 

spheres slows, relative to the rate of crushed glass, when the outer crater for 0.25 mm 

glass spheres formed, after about 0.8 to 0.9 seconds. Conversely, the crushed glass 

forms an outer crater after approximately 1.5 to 1.9 seconds. The crater depth growth 

rate reduces when the outer crater forms as particles at the top of the crater fall into the 

crater and recirculation begins along the outer crater. The crushed glass depth growth 

rate at long times is slightly higher than for glass spheres, expressing that even long 

after the outer crater forms crushed glass craters at a faster rate. This indicates that the 

difference in crater depth at long-times is not due solely to the difference in the time it 

takes for the outer crater to form.  

The outer crater angles for non-spherical particles, with the exception of steel 

cylinders with AR=8, are below 40 degrees, the angle that Metzger et al. (2009a) 

showed not to interact with the jet. Therefore, the increased crater depth growth for non-

spherical particles does not occur from increased momentum at the jet tip. Similarly, the 

jet velocity reduces with distance away from the nozzle. The crater depth of spherical 

particles is less than that of non-spherical particles, with the exception of steel cylinders 

AR=8, resulting in higher jet velocities at the bottom of the crater for spherical particles. 
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The higher local jet velocity for the spherical particles indicate increased erosion of 

spherical particles would be expected resulting in an increased growth rate at long 

times. However, this is not the case. Non-spherical particles often have slightly lower 

permeabilities caused by decreased pore size, which would result in higher surface 

pressure and reduced diffused gas velocity in the pore spaces. If differences in 

permeability, resulting from non-spherical particles, account for the disparities in growth 

rates, then permeability effects should dominate in the early crater growth, when 

velocity and pressure gradients are highest. However, the results show the same early 

crater growth rates when only the particle shape is changed. The crater depth results 

presented here seem to oppose intuitive effects of friction, as it was expected that 

increased friction would reduce crater depth along with overall crater size. However, 

increased friction of the particles is experienced beyond directly under the jet nozzle. 

Friction also must be considered in the recirculation as particles must roll or slide down 

the outer crater to fall back into the inner crater. Therefore, it is argued here that the 

reduced recirculation rate, caused by increased friction, allows the non-spherical 

particles to crater deeper over time than the spherical particles.  

The growth of the crater width and volume growth over time for glass spheres, 

crushed glass, olivine and aluminum oxide is much more in line with what is expected 

intuitively. The olivine and aluminum oxide produces craters with similar outer width and 

crater volumes over long times. Glass spheres eroded the largest volume and widest 

crater over time, and the crushed glass eroded a slightly lower crater volume and outer 

width, followed by the olivine and aluminum oxide. The outer crater width is determined 
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by the depth of the crater and the outer crater angle and hence, by the angle of repose 

and the angle of failure of the granular material.  

The theory of the recirculation of particles along the outer crater explaining the 

crater depth growth effect is verified for 0.25 mm diameter glass spheres and crushed 

glass. Particles were tracked at various horizontal and vertical positions as they moved 

along the outer crater. Figure 4-15 illustrates the tracked particle trajectories in the outer 

crater for (a) glass spheres and (b) crushed glass over a period of 0.54 seconds. The 

positions of the particles are provided with lines, and the markers represent the 

particles’ position every approximately 0.15 seconds. The trajectories are overlaid on 

top of the image of the crater correlating to the first frame. The crater images for 

crushed glass and glass spheres are to scale and with respect to the same camera 

position. 

Figure 4-15 expresses two results: the glass spheres shear down the outer crater 

in bulk, and crushed glass have moderately stationary particles on the surface and in 

the bulk of the outer crater. The glass spheres on the top layer of particles in the outer 

crater in Figure 4-15 (a) all move with similar rates, but slightly faster closer to the inner 

crater. Particles below the top surface are found to move at lower velocities than the 

particles at the top surface, as they are shearing down the crater wall. The group of 

tracked particles near the top of the outer crater show that the shearing layer is 

approximately 3 particles thick, and the group of tracked particles near the bottom 

shows the shearing layer is more than 6 particles thick. Conversely, for crushed glass 

the particle trajectories generally show that there is very little movement of particles, 

even at the surface of the outer crater. The dark gray line in Figure 4-15 (a) and (b) 
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designates the region of crater that is shearing in bulk. The group of particles near the 

edge of the outer crater displays more continuous particle movement in the small 

shearing region between the inner and outer crater. The difference in distance moved 

by the crushed glass and glass sphere particles in the region near the inner crater 

demonstrates that glass spheres are moving faster than the crushed glass particles. For 

the case of crushed glass, a shearing layer a few particles thick does occur when the 

outer crater avalanches. However, the avalanches occur periodically and the shearing 

layer is thinner than that of glass spheres.  

It is not clear why, but there seems to be more instances of particle collisions in 

the crushed glass case that lead to individual particles quickly moving down the outer 

crater than for glass spheres. While these particles move with velocities much higher 

than the top shearing layer in the glass spheres instance, they are sporadic and occur 

at low frequency. The glass spheres have a much larger volume of particles moving with 

generally higher velocities into the inner crater than the crushed glass case. The theory 

of reduced recirculation rate is also expected for increased cohesion. Figure 4-15 

demonstrates the theory proposed here that non-spherical particles crater to a larger 

depth due to increased friction leading to decreased recirculation rate in the outer crater 

than for spheres.  

From the results presented here on high aspect ratio cylinders, Figure 4-11, the 

proposed theory must be expanded to account for much higher friction. It is expected 

that friction has varied effects on crater depth, as increased friction will cause a deeper 

crater until the friction (or cohesion) inhibits the erosion of particles under the jet, which 

could explain the crater growth results shown for glass spheres with diameter 0.046 mm 
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and steel cylinders with AR=8. Note should be made that the decreased crater depth 

growth found with AR=8 steel cylinders could be due to much increased friction (larger 

contact area), particle packing effects, or by changes in the fluid-particle induced 

erosion (i.e. drag) with such elongated particles.  

Crater depth and width increase with decreased particle size, except for 0.046 

mm glass spheres, which show a slight increase in crater depth and a narrower crater 

than for larger particles. The friction between the smaller particles may not increase, but 

cohesive forces (i.e. van der Waals) relative to the gravity force are much higher and 

likely inhibit recirculation similarly to the increased friction of non-spherical particles. The 

angle of repose, Table 4-1, of 0.046 mm diameter glass spheres is found to be steeper 

than for 0.181 and 0.25 mm diameter glass spheres. The narrower crater is due to the 

increased angle of repose of the 0.046 mm glass spheres, Figure 4-8 (a), which would 

indicate reduced recirculation and therefore should result in a deeper crater. Together, 

the effect of particle size and reduced recirculation, due to cohesion, should result in a 

much larger increase in crater depth. However, the 0.046 mm glass spheres have only a 

slightly deeper crater than 0.181 mm glass spheres (Figure 4-7). It is argued that only a 

slight increase in crater depth is found due to cohesive forces inhibiting the erosion of 

particles under the jet balanced by reduced recirculation along the outer crated and 

decreased particle size effects.  

Figure 4-16 compares the long (a) and short-term (b) crater depth growth over 

time for 1 mm diameter glass spheres, 0.5 mm diameter glass spheres, and a 50-50 mix 

(mix 50) by mass of 0.5 mm and 1 mm diameter glass spheres. The long-term crater 

depth growth for mix 50 is more similar to the larger diameter spheres. Conversely, at 
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early times the crater depth growth (Figure 4-16 (b)) is more similar for mix 50 and the 

smaller diameter spheres.  

An image of the crater edge of mix 50 taken after the jet was extinguished, in 

Figure 4-17, illustrates the segregation that occurs during cratering. Along the edge of 

the crater the top layers are dominated by the larger particles. Neither particle size 

seems to dominate the subsurface space a few layers down, indicating that at later 

times the smaller particles segregate out leaving the larger particles to dominate the 

crater growth behavior.  

Scaling Asymptotic Crater Depth 

The erosion parameter proposed by Rajaratnam and Beltaos (1977), equation (4-

2), does not account for the particle shape. The results presented here show that the 

particle shape significantly impacts the asymptotic crater depth. Some methods of 

measuring the particle diameter take into account the particles’ shape more than others. 

For example, sieve diameter is a measure of the smallest dimension that can fit through 

a sieve hole, while the equivalent surface area diameter can account for the difference 

in surface area with a non-spherical particle. An adjusted form of the densimetric 

Froude number, Fo𝜙, to account for the particle shape is proposed here and given in 

equation (4-3). 
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Nonetheless, there are multiple methods for measuring or reporting the particle 

diameter, dp. Various types of diameters are tested here in both equations (4-2) and (4-
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3) and the goodness of fit, which is reported by the correlation coefficient, r, compared 

in terms of scaling the asymptotic crater depths.  

As the pipe height and diameter are kept constant, all scaled results are provided 

in terms of the asymptotic depth and the densimetric Froude number. Figure 4-18 (a) 

provides the measured asymptotic crater depth for type A experiments compared to the 

original densimetric Froude number of Rajaratnam and Beltaos (1977) in which the 

diameter was the mean sieve diameter. Further, Figure 4-18 (a) compares the original 

from to the modified form to take into account the particle shape by multiplying the 

mean sieve particle diameter by the sphericity. The original densimetric Froude number, 

equation (4-2), with the mean sieve diameter does a poor job of scaling the asymptotic 

crater depth, and by simply accounting for particle shape using the sphericity does not 

improve the relationship. The sieve diameter under reports the size of elongated 

particles, which also have reduced  𝜙, and, therefore, when accounting for particle shape 

along with the sieve diameter only reduced the accuracy of the scaling method. 

Figure 4-18 (b) illustrates the scaling of asymptotic crater depth with modified 

densimetric Froude number proposed here, Fo𝜙 in equation (4-3), to describe the 

particle shape effect with the sphericity of the particles along with the erosion diameter.  

Comparing Figure 4-18 (a) to (b), the circular points represent measurements of 

spherical particles. The position of the spherical points do not change from Figure 4-18 

(a) to (b) since the diameter of a sphere is not affected by the method of measurement 

and the sphericity is one. The erosion diameter proved to have the highest correlation 

coefficient of all diameters studied, with and without the sphericity term: projected area 

diameter, projected perimeter diameter, equivalent surface volume diameter (the 
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diameter of a sphere with the same ratio of surface area to volume as the particle), and 

equivalent surface area diameter (the diameter of a sphere with the same surface area 

as the particle). The optimal description of particle size in the densimetric Froude 

number was found by comparing the correlation coefficient between the experimentally 

determined asymptotic depths and the densimetric Froude number for each diameter 

with and without accounting for the sphericity. The Froude number with the erosion 

diameter including the sphericity, equation (4-3), produced the best scaling with the 

highest correlation coefficient, r=0.98. When the densimetric Froude number is 

described using the original method of the mean sieve diameter, equation (4-2), 

produces a scaling with r of 0.88, but accounting for the particle shape, equation (4-3), 

reduced r to 0.83. The sieve diameter produces the worst correlation coefficient for both 

equations (4-2) and (4-3) than any other diameter tested. Using the median sieve 

diameter in equations (4-1) and (4-3) resulted in a slight decrease in the correlation 

coefficient. The densimetric Froude number calculated with the mean equivalent sphere 

volume diameter, both with and without accounting for the particle sphericity, resulted in 

r of 0.93. In summary, the final modified form of the densimetric Froude number to 

account for particle shape is found in equation (4-4) below. 
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Sarma (1967) discusses multiple possibilities of crater growth functions, one of 

which is an arctangent (arctan) fit and is provided in equation (4-5). Sarma found that 

equation (4-5) fit crater depth data well for two-dimensional submerged jets, and the 

function is extended for use with circular vertically impinging jets and is used to fit all 
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experiments performed here. Both type A (quickly produced asymptotic depth) and type 

B experiments (asymptotic depth was not reached within experiment) are well fit by 

equation (4-5). 

  
         (4-5) 

Where Dc is the crater depth, t is the time, and a1, b1 and c1 are fitting 

parameters. In the limit of t goes to infinity, Dc goes to 0.5*π*a1. The asymptotic crater 

depth for type A experiments, for example glass spheres with 1 mm diameter in Figure 

4-7, compared well with the asymptotic depth predicted from 0.5*π*a1 in equation (4-5).  

Sarma (1967) found that the fitting constants a1, b1 and c1 could be related to 

experimental parameters (e.g. jet velocity, Froude number, particle terminal velocity, 

nozzle height) for two-dimensional submerged jets. The analysis performed here on a1, 

b1 and c1 does not show the same correlation to experimental parameters.  

Metzger et al. (2009a) provides a logarithmic fitting function that fits the crater 

growth for short times well, which is given in equation (4-6).  

           (4-6) 

where a2 and b2 are fitting parameters. 

Figure 4-19 (a) and (b) compare Metzger et al.’s (2009a) logarithmic fit, equation 

(4-6), to the arctan fit, equation (4-5), for both type A and type B experiments, 

respectively. Crater depth growth of 1.0 mm glass spheres under a 31.05 m/s, in Figure 

4-19 (a), illustrates that for type A experiments, equation (4-5) fits the crater depth 

growth well. The logarithmic fit is a poor fit for type A experiments, and is not able to 

predict the asymptotic depth, as logarithmic functions do not asymptote. Both equations 

(4-5) and (4-6) are extrapolated to the crater depth growth of aluminum oxide with jet 

  
Dc = a1 tan−1 b1 t c1( )( )

  Dc = a2 * ln b2 * t +1( )
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velocity 20.90 m/s in Figure 4-19 (b). Equations (4-5) and (4-6) are fitted to 

approximately the first 90 seconds of experiment, since most experiments are carried 

out to 90 seconds. The fits are then used to predict the crater depth along the entire 

length of the experiment. As Figure 4-19 (b) shows, the arctan fit, equation (4-5), does a 

much better job than the logarithmic fit, equation (4-6), at predicting the long term crater 

growth. Equation (4-5) predicts the long-term growth of type B experiments even though 

it was only fit to the first 90 seconds of crater growth. Indicating enough crater 

development is needed after the elbow in the depth growth over time for equation (4-5) 

to predict the asymptotic crater depth for type B experiments. Metzger et al. (2009a) 

and Metzger et al. (2010) report that the logarithmic fit is only appropriate for the initial 

crater growth period, so it is expected that the logarithmic fit would not be able to predict 

the crater growth long term. The crater growth for short times is inlayed in Figures 4-19 

(a) and (b) and expresses that very early in the experiment, equation (4-6) does a 

marginally better job fitting the crater growth than the arctan fit for type B experiments, 

but not type A experiments.  

Figure 4-20 compares measured and predicted asymptotic depth taken from the 

arctan fitting function for type A experiments and the predicted asymptotic depth for the 

type B experiments scaled by the densimetric Froude number modified to account for 

particle shape, equation (4-4), using the erosion diameter. The arctan fitting function, 

equation (4-5), correlates well to the measured crater depth. The predicted asymptotic 

crater depths for type B experiments agree with the measured asymptotic crater depth 

scaling of the densimetric Froude number from equation (4-4).  
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There are two sets of outlier data points in Figure 4-20. The first is the asymptotic 

crater depth of 2.3 mm glass spheres, and are indicated with a plus, +, in the figure. The 

cohesive 0.046 mm glass spheres contribute to the second and the asymptotic depth is 

indicated by x on the predicted asymptotic crater depth in Figure 4-20. For the case of 

2.3 mm glass spheres, with increasing velocity the divergence from the scaling 

increases. The cratering mechanism for 2.3 mm glass spheres under higher velocity jets 

results in subsurface shearing and is not dominated by VE. Glass spheres 2.3 mm are 

the only particle studied here to experience the deep subsurface shearing after the 

crater reached its asymptotic size, and hence should not be expected to scale with 

experiments dominated by VE.  

The outlier data points on the top right section of Figure 4-20 are the predicted 

asymptotic crater depths, by equation (4-5), for glass spheres with diameter of 0.046 

mm. The experiments for 0.046 mm glass extrapolated with equation (4-5) contain 

enough crater depth growth to assume that the predicted asymptotic depth is good. The 

outlier data points of the 0.046 mm glass spheres indicate that the scaling of the 

asymptotic crater depth with densimetric Froude number must be adjusted to account 

for cohesion. Based on the results presented here for cohesive particles a correction to 

equation (4-4) should be in the form of equation (4-7).  

          (4-7) 

where σ1 and σ2 are constants that relate to the cohesiveness of the material. Decent 

correction is made to the scaling for glass spheres with diameter of 0.046 mm with 

σ1=4.88 and σ2=8.1. However, more cohesive materials need to be investigated in order 
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to verify the form of equation (4-7) and to gain understanding of the dependence of σ1 

and σ2 on the cohesive material properties.  

Summary 

This work presents a rigorous study of the effects of various particle properties 

on both asymptotic and transient crater growth. The long-term transient and initial crater 

growth do not always coincide, as is demonstrated for increased particle diameter. The 

long-term crater growth is dominated by recirculation rate and particle properties such 

as density, size and shape. The long-term transient crater growth increases with 

decreased particle density and size. All experiments can be extrapolated with an 

arctangent crater growth equation, which can then be used to estimate the asymptotic 

crater depth. However, this function must be used with enough crater development in 

order to avoid under-predicting the crater depth at later times. This work is the first to 

discover that particle shape has a significant effect on crater growth. Non-spherical 

particles tend to decrease the crater width and volume but increase the crater depth 

over time. Initially the effects of particle shape on crater growth are minimal, but when 

the outer crater forms the shape effects dominate the crater development over small 

differences in particle size and density. Additionally, the method of describing the 

particle diameter is important for scaling the asymptotic crater depth in order to account 

for the particle shape. This work defines a modified version of the densimetric Froude 

number that accounts for particle shape. Further, as particle size reduces to sizes below 

100 microns, cohesion is an important material property and this work shows that the 

effects must be included for scaling predictions to be accurate. Increased friction, to a 

point, actually can increase the crater depth for long-term crater growth due to 

decreased flow of particles down the outer crater. For the case of high friction or 
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cohesion, it is argued that reduced erosion under the jet causes decreased crater depth 

growth. Also, a rigorous study of various particle types shows that the outer crater angle 

is consistently the same as the angle of repose of the material.  

VE is identified to dominate under most of the operating conditions presented 

here. Two new particle-based cratering mechanisms are also identified. Deep 

subsurface shearing caused by particle-particle interactions are found for large, 2.3 mm, 

glass spheres. Particle-particle force, such as friction, induced shearing mechanism is 

also found for smaller particles, which results in reduced cratering rates for spherical 

particles as increased shearing along the outer crater increases recirculation inside of 

the crater. Furthermore, collisions in the crater are identified to occur at significant rates. 

Collisions can, for example, enhance or attenuate erosion rates by scattering particles 

from the surface or dissipation of momentum due to inelastic collisions, respectively.  
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Table 4-1. Bulk and Intrinsic Properties of Particles  

Particle Type 
dsi 

(µm) dv (µm) dE (µm) 𝜙 θ 
ρp 

(g/cm3) ρb (g/cm3) 
Aluminum oxide 
(Al2O3) 

279 ± 1 361 ± 5 330 0.782 35.2 ± 0.8 3.9 ± 0.06 1.784 ± 0.0009 

Olivine 278 ± 2 378 ± 15 240 0.817 35.5 ± 0.7 3.4 ± 0.09 1.604 ± 0.004 

Polystyrene sphere 
0.150-0.360 mm 

303 ± 4 303 ± 4 303 ± 4 1 32.2 ± 5.5 1.06 ± 0.04 0.600 ± 0.0008 

Polystyrene sphere 
0.65 mm 

646 ± 3 646 ± 3 646 ± 3 1 23.3 ± 0.9 1.05 ± 0.03 0.615 ± 0.0003 

Polystyrene sphere     
1 mm 

1052 ± 1 1052 ± 1 1052 ± 1 1 25.4 ± 1.2 1.05 ± 0.02 0.604 ± 0.001 

PAN cube                  
1 mm x 1 mm x 1 mm 

1090 ± 3 1240 1000 0.806 37.7 ± 1.3 1.1± 0.04 0.653 ± 0.003 

PAN cylinder            
1 mm D x 1mm L 

1091 ± 1 1140 1000 0.874 34.8 ± 1.7 1.1± 0.04 0.630 ± 0.001 

PAN cylinder        
0.38 mm D x 0.38 
mm L 

503 ± 6 430 380 0.874 33.6 ± 1.6 1.1± 0.03 0.588 ± 0.001 

Carbon Steel Sphere 
0.25 mm 

295 ± 1 295 ± 1 295 ± 1 1 25.5 ± 1.9 7.8 ± 0.04 4.430 ± 0.002 

S. Steel Shot 
(spherical) 1 mm 1090 ± 1 1090 ± 1 1090 ± 1 1 28 ± 0.9 7.8 ± 0.04 4.698 ± 0.006 

S. Steel Cylinder    
0.5 mm D x 4 mm L 

612 ± 1 1140 2250 0.617 38 ± 10 7.7 ± 0.03 3.376 ± 0.04 

S. Steel Cylinder       
1 mm D x 1 mm L 

1093 ± 5 1140 1000 0.874 32 ± 2.8 7.7 ± 0.03 4.489 ± 0.005 

S.L. Glass Spheres 
2.3 mm 

2270 ± 6 2270 ± 6 2270 ± 6 1 19.7 ± 1.0 2.5 ± 0.03 1.613 ± 0.001 

S.L. Glass spheres     
1 mm 

1022 ± 1 1022 ± 1 1022 ± 1 1 19.9 ± 1.3 2.5 ± 0.06 1.489 ± 0.003 

S.L. Glass spheres 
0.4-0.6 mm 

533 ± 1 533 ± 1 533 ± 1 1 21.5 ± 1.3 2.4 ± 0.08 1.500 ± 0.006 

S.L. Glass spheres 
0.212-0.300 mm 

250 250 270 1 24.6 ± 0.8 2.5 ± 0.02 1.454 ± 0.0007 

S.L. Glass spheres 
0.150-0.212 mm 

181 181 181 1 24.1 ± 0.4 2.6± 0.03 1.442 ± 0.001 

S.L. Glass spheres 
0.038-0.054 mm 

46 46 46 1 35.5 ± 6.0 2.5 ± 0.04 1.385 ± 0.005 

S.L. Crushed glass       
0.212-0.300 mm 

252 ± 1 366 ± 9 298 0.77 35.3 ± 0.9 2.5 ± 0.09 1.135 ± 0.003 

 

  



 

132 

 
Figure 4-1. Schematic of Experimental Apparatus. 
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Figure 4-2. Map of particles arranged by particle shape, size and intrinsic density. 

 

 
Figure 4-3. Microscope images of 0.25-0.3 mm particles. (a) Glass spheres, (b) 

Crushed glass, (c) Aluminum oxide, and (d) olivine.  



 

134 

 

 
Figure 4-4. Transient crater depth and width for 2.3 mm glass spheres by jets with 

velocities 35.36, 67.18, and 93.74 m/s. (a) Depth and (b) Width. 
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Figure 4-5. Crater evolution for 2.3 mm glass spheres under jets with varied velocity. (a) 

35.36, (b) 67.18, and (c) 93.74 m/s. 
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Figure 4-6. General trajectories of 2.3 mm glass spheres cratered by a 93.74 m/s jet.  
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Figure 4-7. Crater depth evolution for glass spheres with various particle diameters and 

jet velocity 20.90 m/s. (a) Long time frames and (b) Short time frames. 
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Figure 4-8. Crater width and volume over time for glass spheres with various diameters 

and jet velocity 20.90 m/s. (a) Width and (b) Volume. 
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Figure 4-9. Crater depth evolution for small spherical particles with varied intrinsic 

density and jet velocity 20.90 m/s. (a) Long time frames and (b) Short time 
frames. 

 



 

140 

 

 
Figure 4-10. Crater depth evolution for large spherical particles with varied intrinsic 

density and jet velocity 31.05 m/s. (a) Long time frames and (b) Short time 
frames. 
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Figure 4-11. Crater depth evolution for stainless steel particles with equivalent sphere 

volume diameter of approximately 1 mm with spherical and cylindrical 
particles and jet velocity 67.18 m/s. The aspect ratio (AR) is defined as the 
length/diameter. (a) Long time frames and (b) Short time frames. 
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Figure 4-12. Crater depth over long time frames for plastic particles with equivalent 

volume diameter of approximately 1 mm with spherical, cylindrical and cubic 
particles and jet velocities of 31.05 m/s. 
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Figure 4-13. Crater evolution of 0.3 mm diameter polystyrene spheres by a 20.90 m/s 

jet.  
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Figure 4-14. Crater depth evolution of non-spherical particles and spherical glass beads 

with mean sieve diameters between 0.25-0.3 mm and intrinsic densities 
between 2.5 to 3.9 g/cm3 by a 20.90 m/s jet. (a) Long time frames and (b) 
Short time frames. 
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Figure 4-15. Trajectory of particles moving along the outer crater for spherical and non-

spherical beds. (a) Glass spheres and (b) Crushed glass.  
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Figure 4-16. Crater depth evolution for glass spheres with diameters of 1.0 mm, 0.5 mm 

and a 50% by wt. mixture of 1 mm and 0.5 mm with jet velocity 20.90 m/s. (a) 
Long time frames and (b) Short time frames. 
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Figure 4-17. Image of crater for 50% wt. mix of 1 mm and 0.5 mm glass spheres after 

the jet was turned off.  
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Figure 4-18. The asymptotic crater depth scaled to the original and modified densimetric 

Froude numbers. (a) Of the original form (dp=dsi) and revised to incorporate 
particle shape (dp=  𝜙dsi), and (b) Modified to incorporate particle shape with 
new definition of particle diameter (dp=  𝜙dE).  
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Figure 4-19. Fitting of crater depth data. (a) Under asymptotic conditions and (b) Prior to 

asymptotic conditions. 
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Figure 4-20. Comparison of measured and predicted asymptotic depth from the 

arctangent fit scaled by the modified densimetric Froude number that 
accounts for particle shape.  
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CHAPTER 5 
CRATERING UNDER LUNAR CONDITIONS 

Motivation 

It is essential that multiphase modeling tools be validated against erosion and 

cratering experiments under low gravity, vacuum, and terrestrial conditions if they are to 

be used for predicting the rocket exhaust interaction on terrain with various possibilities 

of gravity and atmospheric pressures. Recently, Metzger et al. (2009a) performed 

terrestrial cratering experiments with subsonic jets impacting a sand bed. Chapter 3 

used Metzger et al.’s (2009a) findings to validate a continuum based cratering model, in 

which the effects of jet velocity, pipe diameter and height, and gas type were 

investigated.  

Kuang et al. (2013) modeled the experiments in Chapter 4 performed with large 

spherical particles in a CFD-DEM framework. Investigating the reaction of lunar soil 

simulants, like JSC-1A and Chenobi, to an impinging gas jet provides important data 

that can be used for validating physical models with relevant materials and for 

information useful for estimating the reaction of lunar soil to a rocket exhaust plume.  

Background 

The crater depth and width over time are useful measurements for validating 

multiphase flow models. Environment and jet conditions as well as particle and bulk 

material properties such as permeability, particle size, density and shape affect the 

response of the granular material when impacted by a jet (Haehnel et al., 2008; 

LaMarche et al., 2012; Metzger et al., 2009a; Metzger et al., 2009b; Rajaratnam and 

Beltaos, 1977). Increased friction of non-spherical particles in the bed actually increases 

the crater depth growth and decreases the width growth due to reduced recirculation of 
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particles along the outer crater. Metzger et al. (2009b) demonstrated an increase in the 

crater depth with decreasing particle size. Metzger et al. (2009b) and Immer and 

Metzger (2010) showed that the crater growth increases with decreased gravity. 

Metzger et al. (2009a) performed a parametric study investigating the effect of jet 

properties on crater growth of sand beds and described the dependence in detail.  

Over time, the crater approaches, or reaches, an equilibrium or steady state size, 

which is often referred to as the asymptotic size (Rajaratnam and Beltaos, 1977; Sarma, 

1967). Rajaratnam and Beltaos (1977) found that the asymptotic crater depth, Dasym, 

scales linearly with the erosion parameter, Ec, as shown in equation (5-1). 

           (5-1) 

where H is the height of the nozzle above the bed, and m1 and m2 are the slope and 

intercept, respectively. The erosion parameter proposed by Rajaratnam and Beltaos 

(1977) and used by many others (Aderibigbe and Rajaratnam, 1996; Haehnel et al., 

2008; Rajaratnam, 1982), is based on the densimetric Froude number, Fo, and is 

provided in equation (5-2) below.  

         (5-2)   

where v is the jet velocity, g is the acceleration of gravity, dpipe is the pipe, or nozzle, 

inner diameter, dp is the particle diameter, and Δρ is the difference in the fluid density, 

ρf, and the particle intrinsic density, ρp. Rajaratnam and Beltaos used the mean sieve 

diameter, dp=dsi, for particle diameter. Chapter 4 illustrates that the effect of particle 

shape must be considered in the densimetric Froude number in order to account for 
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particle asphericity. Additionally, Chapter 4 shows that multiplying the diameter by the 

sphericity of the particle and using the erosion diameter, dE, as a measure of the particle 

size, equation (5-3), produces the highest correlation between the asymptotic crater 

depth and adjusted erosion number. 
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       (5-3) 

where 𝜙 is the sphericity. For the irregularly shaped particles described here, the 

erosion diameter is taken as the average of the Feret’s width and length.  

Metzger et al. (2009a) identified that when VE is the dominating mechanism the 

crater forms a dual crater shape composed of an inner parabolic crater and an outer 

conical crater. They found that the inner crater size is relatively constant with time, but 

the outer crater continues to grow until a steady size is reached. When VE is the 

dominating mechanism, particles are ejected from the crater by eroding along and off 

the lip of the inner crater. Particles then deposit on the outer crater, on the top of the 

bed, or outside of the cratering box. As particles land on the outer crater the angle 

increases until failure, causing an avalanche of particles flowing from the outer crater to 

the inner crater. The outer crater stabilizes when it relaxes to the angle of repose of the 

granular material. The particles that are not ejected completely from the crater 

recirculate between the outer and inner crater as the outer crater walls oscillate 

between the angle of repose and angle of failure of the granular material (Haehnel et 

al., 2008; Metzger et al., 2009a). So far it has only been shown under certain 

circumstances that particles do not exhibit the dual crater shape behavior: when the 

cohesive forces are high (LaMarche et al., 2012), or when the crater growth is 
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dominated by a cratering mechanism other than VE (Metzger et al., 2009a; Metzger et 

al., 2009b). Metzger et al. (2009a) provides a detailed description of previous work done 

on vertical subsonic jet impingement on particle beds. 

Metzger et al. (2009a) identified that the avalanching of the outer crater into the 

inner crater to cause macroscopic fluctuations on the crater depth over time. In Chapter 

4, it is shown that the sizes of these fluctuations vary with the particle properties. For 

experiments with small polystyrene spheres, there is a sharp increase in the crater 

depth growth directly before a fluctuation in crater depth. The increased crater growth 

rate is attributed to the increased angle of the outer crater reducing the radial expansion 

of the jet resulting in increased momentum to the tip of the jet. 

This work presents two types of cratering experiments: spherical particles in 

simulated variable gravity environments and lunar soil simulants in an Earth-based 

setting. For ease in comparison with numerical models, variable gravity experiments 

were performed on spherical particles with relatively narrow particle size distributions. 

To date, most granular flow theories are derived based on an assumption of spherical 

particles.  

The variable gravity experiments described in this work were designed to probe 

the various cratering mechanisms. The first set of experiments was performed on a low 

specific gravity material as it was anticipated with this lower specific gravity material, at 

higher jet velocities and reduced gravity conditions, deep shearing would be induced 

within the material and the BCF or DDS mechanisms would dominate. As the particle 

density is increased, the jet velocity is decreased, or the gravitational acceleration is 

increased, the effect of the BCF and DDS mechanisms are expected to decrease and 
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the VE mechanism will begin to dominate. Hence, the second set of experiments was 

performed on a higher specific gravity material.  

Here, a rigorous examination the effects of particle size distribution, content of 

fine particles, and particle shape of the lunar soil simulants, JSC-1A and Chenobi, on 

cratering is provided. The cratering behavior of JSC-1A is compared to a sieved fraction 

of JSC-1A and spherical glass particles that approximately match the particle size 

distribution of the sieved fraction of JSC-1A, as well as a narrow size distribution of 

glass spheres with mean diameter that coincides with the mean diameter of sieved 

JSC-1A. Due to the cost of performing experiments with realistic lunar conditions and 

increased modeling complexities (i.e. vacuum, supersonic jet, lunar gravity), lunar 

regolith cratering experiments were performed in Earth’s gravity, in standard 

atmosphere and with nitrogen and air jets.  

By reducing the complexity of the experimental conditions, the results presented 

here can be used to validate physical models. This work provides the first variable 

gravity, jet-induced cratering experiments to operate under conditions that attempted to 

span the VE, BCF, and DDS mechanisms. Additionally, these experiments are the first 

to measure jet velocity, gas pressure and temperature during the cratering process and 

use spherical particles with narrow particle size distributions. This is also the first work 

to compare the cratering growth rate of multiple lunar soil simulants and to investigate 

the effects of lunar simulant particle size distribution and shape. Finally, it is the first to 

comprehensively test and report qualitative and quantitative results of the cratering of 

particle beds in variable gravity and beds of lunar soil simulants.  
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Experimental Methods 

HOOSH Based Experiments 

The Handheld Observation Of Scour Holes (HOOSH) is a fully enclosed 

subsonic cratering apparatus, adjusted from the form used in past to measure ambient 

temperature, pressure and jet velocity for variable gravity cratering experiments (Immer 

and Metzger, 2010; Metzger et al., 2009b). The apparatus consisted of a polycarbonate 

box that contained the experiment, including a well, which was partially filled with 

particles. A centrifugal fan re-circulated the air inside of the HOOSH. The fan pulled the 

air from the main experimental section and pushed it through a flow meter into a pipe 

containing a flow straightener. The pipe was situated directly above a sharp, outwardly 

beveled edge. Thus, the air was split in half by the edge, and the jet caused a crater to 

form in the particle bed. The front of the apparatus was transparent so that the half-

crater development could be observed and recorded. The inner diameter of the pipe 

was 0.9525 cm. The crater observation area that contained the particles is 12.4 cm 

deep, 13.5 cm long and 26.7 cm wide. Figure 5-1 is a diagram of the HOOSH 

experimental apparatus. 

Experiments were performed at lunar gravity (1/6-gee) and 2 times Earth’s 

gravity (2-gee) in the NASA’s Facilitated Access to the Space environment for 

Technology (FAST) flight in which variable gravity is simulated. The pressure of the air 

on the plane was about 12 psia and the temperature varied between 20 and 27 degrees 

C. Experiments were performed in the HOOSH at sea level to test the cratering of the 

particle beds in Earth’s gravity (1-gee). The pressure of the air for the Earth gravity 

experiments was about 14.76 psia and the temperature was between 25 and 29 

degrees C. The density and viscosity of air at conditions for the experiments were used 
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to calculate the Reynolds numbers (Re) of the jet. The ground-based experiments were 

compared to experiments done on the flight by matching the jets' Reynolds number.  

The particle size ranges of the two sets of variable gravity experiments were 

chosen so that the arithmetic mean diameters would approximately coincide with the 

arithmetic mean volume diameter of JSC-1A. Unfortunately, the surface forces of the 

two particles types are different, and may have had marginal effects on the cratering of 

lower density material in low gravity. A bed of spherical polystyrene particles was used 

for the first flight and a bed of spherical glass particles for the second. Both particle 

beds had a particle size range of 150 to 360 microns. The system was equipped with an 

Alicat M-500SLPM-D flow meter with accuracy within ±1% F.S. and range of 0-500 

Standard Liters Per Minute (SLPM), and could also measure the temperature and 

pressure of the flow. A centrifugal fan pushed the air through the flow meter to a pipe 

that released the gas as a jet directed vertically downward towards the granular 

material. Changing the voltage delivered to the fan controlled the flow rate of the jet, 

which had a range of 12.7 to 68.6 SLPM (jet velocities 2.87 m/s to 16 m/s). The 

atmosphere inside of the flight was slightly reduced compared to sea-level, so the jet 

Reynolds number was used to compare the crater growth between experiments 

performed in the HOOSH at variable gravities.  

The Allied Vision Technologies (ATV) Prosilica CV 1280 monochrome camera 

with resolution 1280x1024 pixels and 8 frames per second was pointed directly at the 

viewing window and recorded the crater development over time. Flashlights were used 

to illuminate the top surface of the particle bed. The crater surface was identified by the 

contrast of the illuminated top of the bed with the dark sidewalls. The eye could 
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generally see the surface of the crater and it was manually tracked. For the sake of 

time, only 1 of every 5 frames was analyzed and the entire crater was mapped. The 

video camera captures 8 frames per second thus the analysis contains data for the 

crater every 0.625 sec. Each constant gravity section of the NASA-FAST flight was 

taken as a separate period of cratering, therefore each video of a cratering event lasted 

about 25 sec.  

Lunar Regolith Experiments 

Cratering experiments were performed in an experimental setup described by 

Metzger et al. (2009a) and Chapter 4. The experiments were performed in a setup 

similar to that of the HOOSH. A schematic of the experimental apparatus used is 

presented in Figure 5-2. Gas was released from a pressurized bottle of breathing air 

and the pressure of the released gas was regulated to control the flow rate. After exiting 

the pressure regulator, the gas flowed through the Alicat 0-500 SLPM flow meter, then 

through a straight section of pipe approximately 1.73 m long, which was directed 

downward at the bed of material and had an inner diameter of 0.7747 cm. The pipe exit 

was situated so that a clear window, with an outwardly beveled edge, would bisect the 

developed jet. The idea was that jet would be split and that half of the jet would expand 

on either side of the window, allowing for subsurface crater development to be 

monitored in real time and recorded by a video camera. A MATLAB surface-tracking 

program was used to analyze the crater growth. The camera used for this study was an 

Edmond Optics high dynamic range camera (EO-0418) with a frame rate of 48.02 

frames per second and a pixel size of 10x10 microns, pixel area of 768x576 and pixel 

depth of 8 bits. A plate was placed on top of the bed to block the flow of the jet while the 
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pressure was regulated to achieve the desired flow rate, then the plate was quickly 

removed.  

Experiments were performed on lunar soil simulants Chenobi and JSC-1A. The 

lunar regolith and lunar regolith simulants have a large number of fine particles, which 

have a direct effect on the mechanical properties of the material (LaMarche et al., 

2012). By removing the fine particles, the effect of particle shape can be investigated. 

Experiments were performed on JSC-1A in its naturally sieved state as well as a sieved 

fraction from 150-425 microns, referred to as sieved JSC-1A. Glass spheres-wide 

distribution is a mixture of spheres to approximate the particle size distribution of sieved 

JSC-1A. Standard sieve fractions of soda lime glass spheres from Mo-Sci Corporation 

between 150 and 425 microns were mixed together in order to attain the desired 

distribution. A narrow particle size distribution of 212-300 micron glass spheres (glass 

spheres-narrow distribution) is compared to the sieved JSC-1A, as the mean diameters 

are approximately equal. Table 5-1 provides the arithmetic mean particle size, angle of 

repose, and intrinsic density for the various materials used in this manuscript. The angle 

of repose was measured using the same method described in the previous chapter. A 

rectangular container was filled with material and then a small adjustable sized slit in the 

bottom of the container was opened to allow a slow pour of material. After the container 

emptied, the angle of repose was measured from of the piles that remained in the 

container. The particle intrinsic density was measured using the water displacement 

method or with the Quantachrome Ultrapyc 1000 Gas Pycnometer. 

Chenobi has a wide particle size distribution. A set of experiments was 

performed on Chenobi with the full particle size distribution, but the large particles 
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caused local bulk density variations and made it difficult to perform experiments with 

repeatable results. Particles larger than 2.36 mm were removed from the Chenobi using 

a standard sieve. The distribution containing particles less than 2.36 mm is referred to 

as Chenobi, and the full particle size distribution as ChenobiC. Figure 5-3 compares the 

equivalent volume scatter sphere diameter particle size distributions of Chenobi and 

JSC-1A as measured by the Coulter LS 13320 with (a) the frequency distribution, fv, and 

(b) cumulative undersize fraction, Fv. Microscope pictures of JSC-1A, Chenobi, and 

glass spheres-wide distribution are provided in Figure 5-4. The images in Figure 5-4 

provide a picture of the angularity and roughness of various particles.  

JSC-1A Bulk Density Cratering Experiments 

Experiments with JSC-1A with variable bulk density beds were performed in a 

setup similar to that in Figure 5-2. Only a different flow meter, camera and slightly larger 

box were used. The flow rate was measured with a sierra TopTrak 820S-H 0-500 SLPM 

flow meter with ±1.5% F.S. accuracy. The ATV Prosilica CV 1280 with 8 frames per 

second was used to record the crater growth over time. A plate was placed on top of the 

bed to block the flow of the jet while the pressure was regulated to achieve the desired 

flow rate. Then, a solenoid valve after the regulator was closed, stopping the flow. Next, 

the plate was removed and the solenoid valve rapidly opened. This method of turning 

the jet on is slightly different than was described in the previous section, as the effect of 

the moving plate is removed. However, the flow rate was problematic to control with the 

use of the solenoid valve, making it difficult to repeat experiments with the same flow 

rate. The JSC-1A was poured into the cratering box with a funnel. For compacted beds 

of JSC-1A, a large overburden weight was placed on top of the bed, which was much 

heavier than the bed of material, and the bed was vibrated. The JSC-1A self-compacts 
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so some variability in the bulk density was attained just from pouring the material. The 

bulk density of the JSC-1A was found inside of the cratering experiment by measuring 

the volume and mass.  

Results and Discussion 

HOOSH Variable Gravity Experiments 

The results found here for spherical particles are similar to those found by 

Metzger et al. (2009b) for JSC-Mars-1A crater growth in variable gravity. Figure 5-5 

provides the crater depth growth over time for glass beads in Earth gravity, 2-gee and 

lunar gravity with jet Reynolds number in the range of 3200 to 3800. The crater growth 

rate decreases with increased gravity. Additionally, the time to reach asymptotic depth 

reduces with increased gravity.  

In Earth’s gravity, both polystyrene and glass exhibit the dual crater signifying VE 

dominates the crater growth (Metzger et al., 2009a). However, in lunar gravity, 

polystyrene spheres do not typically form the dual crater shape. Instead, one long crater 

forms, which is similar to the crater shape described by and Metzger et al. (2009b) 

indicating DDS or BCF dominates. Figure 5-6 compares images of craters for 

polystyrene and glass at various gravities. In Figure 5-6 the crater shape for polystyrene 

spheres in (a) lunar gravity with jet Re 6600 is compared to (b) Earth gravity with jet Re 

6500. It was difficult to match flow rates exactly with the HOOSH setup, but small 

differences in Re do not affect the crater shape. The crater shape for glass is similar in 

lunar gravity (c) and Earth gravity (d), expressing the dual self-similar crater shape. 

However, glass in 2-gee (e) exhibit particles eroding over the surface and only a shallow 

depression of a crater forms.  
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VE is likely the mechanism for cratering of glass particles in 2-gee (Figure 5-6 

(e)) as only a thin layer of particles were observed eroding and the shape of the crater 

does not indicate any of the other cratering mechanisms. Similarly, for the velocity 

range studied, polystyrene and glass in Earth gravity, and glass in lunar gravity 

demonstrate cratering behavior of the dual crater shape that Metzger et al. (2009a) 

identified VE to dominate. It is possible that another cratering mechanism may dominate 

for glass beds initially struck by higher velocity jets in lunar gravity, since a long narrow 

crater forms that abruptly splits into an inner and outer crater region.  

The cratering behavior of polystyrene in lunar gravity, Figure 5-6 (b), is more 

similar to behavior Metzger et al. (2009a) identified to occur when BCF or DDS 

dominate. More investigation is needed to understand why polystyrene only forms a 

single crater in lunar gravity. The increase in the ratio of particle surface to volume 

forces, such as van der Waals to gravity, in reduced gravity can lead to cohesion in the 

particle bed. Increased cohesion of the polystyrene bed in lunar gravity could change 

the cratering behavior. However, the behavior of cohesive particle beds, described in 

detail below, differs from that of polystyrene in lunar gravity. Indicating that cohesion is 

not the dominating reason for the atypical behavior of polystyrene in lunar gravity. The 

movement of individual particles cannot be seen on the videos, so it is difficult to identify 

whether VE, BCF, or DDS cratering mechanisms dominate. The top edges of the 

polystyrene crater walls appear to be fluidized by the jet. The bed of polystyrene in lunar 

gravity seems loose, a deep crater forms, and the ballooning effect of the crater 

suggests that DDS could be the dominating cratering mechanism as opposed to BCF. 

In BCF, the jet mechanically pushes the bed downward, forming a narrow cup (Metzger 
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et al., 2009a). The mechanical force responsible for BCF is expected to consolidate the 

bed in the region of the jet, or at the very least not dilate, which is contrary to 

observations for polystyrene in lunar gravity. Numerical simulations can provide detailed 

analysis on the flow field, ratio of forces, and subsurface particle trajectories in order to 

confirm which mechanism dominate in various gravities.  

Comparing the crater growth for polystyrene at two different Reynolds numbers 

at lunar and Earth gravity, in Figure 5-7, it is clear that the crater growth is more 

sensitive to jet Reynolds number at reduced gravity. Additionally, the crater depth 

growth rate and the asymptotic depth are much greater in lunar gravity than in Earth 

gravity. Figure 5-8 exhibits the effect of jet Reynolds number and particle density on 

cratering in lunar gravity. The asymptotic depth and crater depth growth rates for the 

lower intrinsic density material are much greater than for the increased density material.  

Figure 5-9 shows that the width of the inner and outer crater, when a dual crater 

shape exists is dependent on gravity. Both the inner and outer crater width for glass 

spheres decreases with increased gravity. As the gravity force reduces, there is less 

resistance against the jet and, therefore, less shear stress from the jet is needed to 

support the particles at an angle above the angle of repose. The inner crater width of 

glass is independent of jet velocity in lunar gravity, but this could be due to the relatively 

small range of jet velocities tested.  

Cratering of JSC-1A: Effect of Bulk Density and Jet Velocity 

Similar to lunar soil, the JSC-1A is very compressible. Cratering experiments 

were performed on JSC-1A with beds consisting of a range of bulk densities, which 

correlate to the bulk densities measured in the top 10 cm of regolith on the moon by 

Mitchell et al. (1972) and vary between 1190 kg/m3 and 1330 kg/m3. Figure 5-10 
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expresses the complicated dependence of crater depth growth for JSC-1A on both bulk 

density and jet velocity.  

The fine particles in JSC-1A made analyzing the experiments very difficult. The 

fine particles blew out of the soil and reflected the light in front of the camera, obscuring 

the view of the crater. The crater growth of JSC-1A for various bulk densities and jet 

velocities in Figure 5-10 is provided for the first second of cratering due to the fine 

particles masking the view of the crater after long periods.  

Figure 5-10 is consistent with the findings of Metzger et al. (2009a) and 

Rajaratnam and Beltaos (1977) that for beds of JSC-1A with the same bulk density, the 

crater growth rate increases with increased jet velocity. However, in the case of a 

compressible bed, the early crater depth growth is not valid for comparing jet velocities 

when there is a significant change in the bulk density of the bed. For the same jet 

velocity, the higher bulk density (more compressed) bed exhibits a lower cratering rate 

than the bed with a lower bulk density (less compressed). Surprisingly, the more 

compressed bed cratered with the higher velocity jet presents a smaller cratering rate 

than the less compressed bed under the reduced jet velocity, even with a 10 m/s 

difference in jet velocities. With increased bulk density Alshibli and Hasan (2009) found 

the friction angle and cohesion to increase for JSC-1A, which indicates increased 

resistance to flow. Metzger et al. (2009b) established that the asymptotic crater depth 

was independent of the bulk density of the bed. However, the results of Figure 5-10 

express that for short times the bulk density effects dominate over the jet velocity 

effects. 
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Segregation of JSC-1A During Cratering 

JSC-1A is a brownish dark gray color. However, after sieving into various size 

fractions, the finer portions of JSC-1A are brownish in color and courser divisions are 

more of a dark gray color. The distinction in relative size of JSC-1A by color allowed the 

observation of JSC-1A segregation during cratering. A top down view of a crater formed 

in a bed of a JSC-1A, after the jet was extinguished, is presented in Figure 5-11 and 

illustrates the segregation of JSC-1A particles by size on the top of the bed and at the 

bottom of the crater. In Figure 5-11 the dark gray/black areas indicate regions 

dominated by the larger diameter fractions of JSC-1A. 

The particles that are eroded from the crater are entrained in the flow and either 

deposit on the top of the bed, are ejected from the box, or recirculate inside of the 

crater. Figure 5-11 shows dark regions in the bottom of the crater and in a ring shaped 

area surrounding the top edge of the crater. The dark region at the bottom of the crater 

is the pile of course particles that settle after the jet is turned off, and indicates that 

some larger particles in JSC-1A become trapped inside of the crater. Larger particles 

were observed popping around inside of the crater after it reached a certain size, as 

they could not escape. However, finer particles are able to escape the crater and are 

carried by the gas further away from the impingement region. Therefore, the difference 

in distance traversed by the various sized particles away from the crater results in the 

dark gray ring around the crater edge. Chenobi and ChenobiC experience similar 

segregation. 

Cratering Rates of Sieved JSC-1A versus Glass Spheres 

Cratering experiments with JSC-1A, sieved JSC-1A, glass spheres-wide 

distribution, and glass spheres-narrow distribution were performed with various velocity 
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air jets and allowed for investigation of fine particles, particle shape, and particle size 

distribution. Removing the fine particles and cratering sieved JSC-1A made it possible 

to analyze the experiments for long periods of time and isolate the effects of particle 

shape by comparing to glass spheres-wide distribution. Comparing the crater growth of 

glass spheres-wide distribution to glass spheres-narrow distribution investigates of the 

effects of particle size distribution. Figure 5-12 shows the crater growth for JSC-1A, 

sieved JSC-1A, glass spheres-wide distribution, and glass spheres-narrow distribution 

for an air jet with velocity 25.46 m/s for (a) long and (b) short times.  

Both sieved JSC-1A and glass spheres crater logarithmically, or arctangent, with 

time, which is typical for most granular materials with this particle size, density and jet 

velocity range exhibited in Figure 5-12 (Metzger et al., 2009a; Rajaratnam and Beltaos, 

1977; Sarma, 1967). The crater growth for all materials in Figure 5-12 follow the general 

trend mentioned earlier, that the crater growth increases with increasing jet velocity. For 

all materials except the lunar soil simulants, when the jet is extinguished, the crater 

depth slightly reduces as the inner crater filled in. Although intrinsic density affects the 

cratering rate, in this case, the densities are relatively similar. The differences in the 

particle surface roughness and angularity dominates the cratering behavior between the 

sieved JSC-1A and glass spheres as Chapter 4 shows the crater growth is dominated 

by particle shape effects even with a larger difference in intrinsic densities. Initially, the 

crater growth rate of sieved JSC-1A is very similar to both glass spheres distributions, 

Figure 5-12 (b), which is consistent with previous results. The effects of particle shape 

are not experienced in the crater depth growth until after the formation of the outer 

crater, which occurs for sieved JSC-1A after approximately 2 seconds. 
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The JSC-1A craters to a larger depth than the sieved JSC-1A. However, the 

sieved JSC-1A initially craters faster than JSC-1A (Figure 5-12 (b)), due to the 

cohesiveness of the JSC-1A. A balance exists between decreasing particle size, which 

increases the crater growth rate, and increasing inter-particle forces, like cohesion, 

which deters erosion. JSC-1A has a large percentage of particles that are smaller than 

sieved JSC-1A. The tradeoff between particle size and cohesion effects between JSC-

1A and sieved JSC-1A is expected to cause the crater depth of JSC-1A over long times 

to be only slightly greater than that of sieved JSC-1A. The crater width growth for glass 

spheres-narrow distribution is the greatest with time, followed by glass spheres-wide 

distribution, sieved JSC-1A and finally JSC-1A, Figure 5-12 (c). The effect of particle 

size distribution between glass spheres-wide distribution and glass spheres-narrow 

distribution has negligible effects in the crater depth for the jet velocity in Figure 5-12. 

However, the effects are measured in the crater width. The crater width is directly 

related to the angle of repose of the granular material, as found in Table 5-1. It is 

expected that for a wider particle size distribution, there would be a measureable effect 

on the crater depth as shown in Chapter 4.  

Crater growth for Lunar Soil Simulants Chenobi and JSC-1A 

Figure 5-13 provides the crater depth growth over time of Chenobi and JSC-1A 

under air jets with velocities of 25.46 and 20.90 m/s. The Chenobi craters to a smaller 

size over time than the JSC-1A. Additionally, Chenobi has a larger percentage of fine 

particles than JSC-1A, indicating Chenobi is more cohesive. The decreased cratering 

rate of Chenobi compared to JSC-1A could be due to increased cohesive forces or 

friction in the Chenobi causing more resistance to the jet. Also, the Chenobi, even with 
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removing particles larger than 2.36 mm, contains more course particles (Figure 5-3) 

than JSC-1A, which reduce the long-term crater size.  

The crater growth of Chenobi is more sensitive to increases in jet velocity than 

JSC-1A. The large particles in ChenobiC, and to a lesser extent in Chenobi, may cause 

bulk density variations in the bed resulting in inconsistencies in the measured crater 

depth over time. Care was taken for all experiments to prepare the bed in the same 

method in an attempt to keep the bulk density of the bed constant. 

Figure 5-14 illustrates the crater growth of a single experiment with Chenobi 

under a jet of air with velocity of 25.46 m/s. Oscillations in the crater depth occur as 

chunks of material erode out of the side of the crater and fall to the bottom, reducing the 

crater depth. The numbered stars in Figure 5-14 on the crater depth plot correlate to the 

inlayed frames of the crater growth. Star 1 shows the crater at its, locally, deepest just 

before the crater depth drops in size. A large chunk of material falls from the left crater 

wall to the bottom of the crater in the transition from frames 1 to 3, causing a decrease 

in the crater depth. Finally, the material at the bottom of the crater erodes away, frame 

3, and the crater depth begins to increase again, frame 4. Contrary to what Chapter 4 

shows for polystyrene, the crater depth growth does not accelerate before material 

avalanches into the crater. JSC-1A and Chenobi do not form outer craters that 

oscillated between the angle of failure and angle of repose. Implying that for Chenobi, 

and similarly for JSC-1A, there is no change in the outer crater that results in increased 

momentum to the jet tip, which produces the accelerated growth for polystyrene. Similar 

behavior is experienced by JSC-1A under all jet velocities studied. 
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When cohesive beds are cratered, they initially exhibit the formation of a long 

skinny crater, similar to the observations of polystyrene at lunar gravity, Figure 5-6 (a). 

However, for cohesive beds, such as JSC-1A and Chenobi, the crater slowly grows 

wider as chunks of material erode off of the crater sidewall, and in extreme instances 

making an upside down mushroom type shape. Polystyrene in lunar gravity forms a 

crater that looks more like an upside down balloon below the surface. Instead of eating 

away at the crater sidewalls, the polystyrene bed deforms to the shape of the jet, as can 

be seen by the curvature of the right side of the crater in Figure 5-6 (a). The difference 

in the cratering, erosion in chunks, and subsurface mushroom type behavior indicates 

that cohesion is not dominating the cratering behavior of polystyrene in lunar gravity.  

Crater Shape Variations  

Figure 5-15 compares the crater shape for Chenobi (a), JSC-1A (b), glass 

spheres-wide distribution (c), and sieved JSC-1A (d), after 50 seconds of cratering by a 

25.46 m/s air jet. Chenobi and JSC-1A form deep scour hole shaped craters and are 

quite different than the crater of sieved JSC-1A and glass spheres. The sieved JSC-1A 

crater shape is similar to that of glass spheres, both of which exhibit the dual crater 

shape. The crater growth of sieved JSC-1A is more similar to that of glass spheres than 

to JSC-1A. The shape of the crater for ChenobiC is similar to what is found for Chenobi 

in Figure 5-15. The difference in the crater shape between sieved JSC-1A and JSC-1A 

further indicates that the cohesion and increased friction caused by the fine particles 

present in Chenobi and JSC-1A result in differences in the dynamics of the crater 

shape. The small glass spheres in Chapter 4 experience cohesion due to van der 

Waals, capillary and, possibly, electrostatic forces. However, Chenobi and JSC-1A 

additionally experience cohesion due to mechanical interlocking.  
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Some additional observations of cratering behaviors are not reflected in Figure 5-

15. As particles of sieved JSC-1A and glass spheres deposit on the outer crater, the 

angle increases until failure, causing an avalanche to occur. Next, the outer crater 

relaxes to the angle of repose of the soil. Conversely, as JSC-1A and Chenobi erode in 

chunks, they do not have an eroding layer of particles that can be visualized.  

Figure 5-16 displays images of the crater that remained after terminating the jet 

for (a) Chenobi, (b) JSC-1A, (c) glass spheres, and (d) sieved JSC-1A. Chenobi and 

JSC-1A maintain the same overall crater shape after the jet is extinguished; the larger 

particles recirculating inside of the crater settle, but the steep sidewalls remain. Yet, the 

parabolic inner crater of glass spheres and sieved JSC-1A, in Figures 5-15 (c) and (d), 

is a result of gas traction supporting the sides of the inner crater (Metzger et al., 2009a). 

In the absence of this traction, the inner parabolic crater disappears, Figures 5-16 (c) 

and (d), leaving a conical shaped crater with sidewalls approximately equal to the 

material’s angle of repose. The differences in the behavior of JSC-1A and sieved JSC-

1A after the jet is turned off indicate that cohesion of Chenobi and JSC-1A beds, caused 

by the large number of fine particles, allows the crater to maintain steep sidewalls 

without the presence of the gas shear stress from the jet.  

Scaling the Asymptotic Crater Depth 

Until now, the effect of gravity on scaling the asymptotic crater depth, equations 

(5-2) and (5-3), was not confirmed. The experiments performed in lunar gravity did not 

reach the asymptotic crater depth. However, that the crater depth growth over time is 

well extrapolated by an arctangent fit, provided in equation (5-4). 

           
(5-4) 

  
Dc = a1 tan−1 b1 t c1( )( )
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where Dc is the crater depth, t is the time, and a1, b1 and c1 are fitting constants. After 

fitting the crater depth over time, the asymptotic crater depth can be estimated as 

0.5*π*a1. Previous results from Chapter 4 show that there is good agreement between 

the measured and the predicted asymptotic crater depth by equation (5-4). The 

asymptotic crater depths for the experiments performed in lunar gravity were 

approximated using equation (5-4), and measured for lunar soil simulant materials. The 

asymptotic crater depths are compared to the measured type A depths, previously 

shown in Chapter 4, and expressed in Figure 5-17 (a) and (b). 
 

Figure 5-17 (a) shows that the asymptotic crater depth scales with equation (5-2), 

which uses the mean sieve diameter for the particle size and has been used widely 

(Aderibigbe and Rajaratnam, 1996; Haehnel et al., 2008; Rajaratnam and Beltaos, 

1977; Rajaratnam, 1982). The modified relationship proposed in Chapter 4, repeated 

here as equation (5-3), utilizes the sphericity and erosion diameter in scaling the 

asymptotic crater depth and is provided in Figure 5-17 (b). The form of the erosion 

parameter, found by comparing Figures 5-17 (a) and (b), does not make a difference for 

the lunar gravity data, as the particles are spherical. However, Figure 5-17 (b) 

expresses the modified form of the erosion parameter and, therefore, densimetric 

Froude number, in equation (5-3) should be used for non-spherical particles as better 

scaling is produced.  

The mean sieve diameter was not found for the lunar soil simulants, hence the 

asymptotic depths for these beds are only included in Figure 5-17 (b). The asymptotic 

crater depth for lunar soil simulants is offset from the asymptotic crater depths of non-

cohesive beds. The mean erosion diameters of JSC-1A and Chenobi are small 
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compared to the other particles studied, Table 5-1, which cause high values for the 

erosion parameter as calculated by equation (5-3). However, inter-particle forces start to 

dominate as the particle size decreases, reducing the asymptotic crater depth. The 

results presented in Figure 5-17 (b) indicate that equation (5-3) does a good job scaling 

the effects of asymptotic crater depth with gravity and particle shape, but that cohesive 

forces must be accounted for to avoid overestimating the asymptotic crater depth. 

Another adjustment to the densimetric Froude number, proposed in Chapter 4, which 

accounts for cohesion in the particle bed, Fo𝜙, and is provided in equation (5-5).  

          (5-5) 

where σ1 and σ2 are material specific constants related to the cohesiveness. For all 

JSC-1A experiments, regardless of jet species, σ1=2.38 and σ2=2.2 provided suitable 

correction to the densimetric Froude number, so the constants in equation (5-1) (m1 and 

m2) are consistent with the non-cohesive materials.  

Summary 

The first small-scale variable gravity cratering experiments with a full 

specification of operating conditions – jet velocity, pressure, and temperature – were 

successfully performed with two different particle beds and provide validation data for 

software packages on a quantitative level and at conditions more closely approaching 

those in lunar environments. The results of the lower specific gravity material in lunar 

gravity seem to indicate a mechanism other than VE to dominate.  

The effects of gravity and granular material, representative to what is 

experienced on the moon, have been investigated with respect to the interaction of an 
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impinging turbulent jet. The experiments performed here indicate that crater depth 

decreases with increased gravity, crater growth is more sensitive to jet velocity in 

increased gravity, lower density materials are more sensitive to increases in jet velocity 

in reduced gravity, and the inner and outer crater width increases in reduced gravity. 

The bulk density of the material can make a large impact on the transient crater growths 

and can even dominate the jet velocity effects. As the crater grows deeper and wider for 

Chenobi and JSC-1A, large chunks of material erode off of the walls, which indicates 

that cohesive forces, caused by the fine particles, significantly affect the crater growth 

behavior. Neither Chenobi nor JSC-1A shows bulk recirculation of particles along the 

outer crater due to these cohesive forces. Wide particle size distribution materials (like 

JSC-1A and Chenobi) segregate during the cratering process, leaving large particles 

inside of the crater and around the outer edge of the crater while smaller particles 

deposit further away from the crater area. JSC-1A crater grows deeper over time than 

sieved JSC-1A, as the particles in sieved JSC-1A re-circulate between the inner and 

outer craters and JSC-1A contains smaller particles. Sieved JSC-1A grows a deeper 

crater than the glass spheres with matching particle size distribution, as the increased 

friction of the non-spherical JSC-1A particles reduces recirculation. The effects of 

particle size distribution prove to be minimal in the size range of sieved JSC-1A. The 

crater growth results for experiments performed in Earth’s gravity indicate VE to be the 

dominating cratering mechanism.  

The crater formation of Chenobi is less repeatable than JSC-1A, seemingly due 

to bulk density inconsistencies and self-compaction that occurs with Chenobi. 

Differences in the long and short-term crater growth behavior between JSC-1A and 



 

174 

Chenobi beds are due to differences in the particle size distributions. Craters grow in 

JSC-1A and Chenobi much differently than what is found for sieved JSC-1A and glass 

spheres. The results of this work indicate the large number of fine particles and the non-

spherical shape of the particles determines the qualitatively and quantitatively different 

behaviors.   
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Table 5-1. Properties of Particles  

 Particle Type 

Mean 
diameter 

(µm) 
d10 

(µm) 
d50 

(µm) 
d90 

(µm) 
Θ    

(deg) 
ρp 

(g/cm3) 
dE   

(µm) 𝜙 

HOOSH glass mix 257 159 239 301 24.5 ± 2 
2.50 ± 
0.02 257 1 

HOOSH 
polystyrene mix 303 212 284 325 

32.2 ± 
5.5 

1.06 ± 
0.04 303 1 

Chenobi (dv) 305 15.1 147 895 
63.2 ± 

8.8 
2.71 ± 
0.02 62 0.71 

JSC-1A (dv) 268 32.3 187 632 
53.8 ± 

5.4 
2.85 ± 
0.04 66 0.75 

Sieved JSC-1A (dsi) 223 107 198 303 
34.3 ± 

1.1 
2.83 ± 
0.02 223 0.83 

Glass Spheres-wide 
distribution 230 121 192 335 

25.6 ± 
0.6 

2.50 ± 
0.02 230 1 

Glass Spheres-
narrow distribution 254 211 256 297 

24.6 ± 
0.8 

2.50 ± 
0.02 254 1 
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Figure 5-1. Schematic of the HOOSH. 

 
Figure 5-2. Schematic of Experimental Apparatus. 
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Figure 5-3. Equivalent sphere volume diameter of Chenobi and JSC-1A. Inlayed is the 

distribution from 0 to 50 microns. (a) Frequency distribution and (b) 
Cumulative undersize fraction.  
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Figure 5-4. Microscope images of particles. (a) JSC-1A, (b) Chenobi, and (c) glass 

spheres.  

 

 
Figure 5-5. Crater growth for glass spheres in various gravities.  
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Figure 5-6. Crater images of polystyrene and glass spheres in varied gravity. 

Polystyrene spheres in (a) lunar gravity and (b) Earth gravity. Glass spheres 
in (c) lunar gravity, (d) Earth gravity and (e) 2x Earth gravity. All images are to 
scale and taken from the same position.  

 

 
Figure 5-7. Influence of jet Reynolds number and gravity on crater evolution for 

polystyrene spheres. 
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Figure 5-8. The effect of jet velocity and particle density on crater growth in lunar 

gravity.  
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Figure 5-9. Effect of gravity on crater width for glass spheres.  
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Figure 5-10. Crater growth for JSC-1A at various bulk densities and nitrogen jet 

velocities. Reprinted from LaMarche et al. (2012) with permission from ASCE. 
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Figure 5-11. Segregation of a bed of JSC-1A by particle size during cratering. Reprinted 

from LaMarche et al. (2012) with permission from ASCE. 
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Figure 5-12. Crater depth and width evolution of JSC-1A, sieved JSC-1A, and glass 

spheres under air jets with velocity of 25.46 m/s. (a) Depth over long time 
frames, (b) Depth over short times, and (c) Width over long time frames.  
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Figure 5-12 Continued 
 

 
Figure 5-13. Crater growth for Chenobi and JSC-1A under various velocity air jets.  
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Figure 5-14. Crater evolution for Chenobi. Inlayed are images corresponding to the 

starred points on the crater depth. All inlayed images are to scale and taken 
from the same position. 

 



 

187 

 
Figure 5-15. Crater shape after 50 seconds by a 25.46 m/s air jet. Images are to scale 

and taken from the same position. (a) Chenobi, (b) JSC-1A, (c) Glass 
spheres-wide distribution, and (d) Sieved JSC-1A.  
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Figure 5-16. Crater shape after the jet was turned off. Images are to scale and taken 

from the same position. (a) Chenobi, (b) JSC-1A, (c) Glass spheres-wide 
distribution, and (d) Sieved JSC-1A.  
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Figure 5-17. The asymptotic crater depth scaled to the original and modified densimetric 

Froude numbers. (a) The original form (dp=dsi) and (b) Modified to incorporate 
particle shape with new definition of particle diameter (dp=  𝜙dE).
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 

This dissertation characterizes the cratering of a particle bed by a subsonic 

turbulent jet, proves the two-fluid framework is able to simulate the cratering process, 

identifies key variables for future model development, and provides benchmark data 

that can be used to validate those models.  

Permeability of JSC-1A 

The permeability of JSC-1A is measured and reported in Chapter 2. JSC-1A is a 

granular material with a wide particle size distribution, highly non-spherical particles, 

and a high content of fine particles. The Carmen-Kozeny relationship, which is used to 

estimate the permeability of porous media, is shown to correctly predict the permeability 

of JSC-1A.  

Two-Fluid Modeling 

This is the first work to use the two-fluid model to simulate a jet vertically 

impinging downward onto a particle-laden bed. It is discovered that the two-fluid 

framework, with appropriate frictional stress constitutive modeling, is capable of 

predicting the qualitative and quantitative features of crater growth. Simulations show 

that the proposed frictional stress constitutive model is capable of predicting the salient 

features for cratering sand with various types of jets. The proposed frictional stress 

constitutive model increases the frictional viscosity relative to the frictional pressure. 

The predictive capabilities of various frictional stress constitutive models, including 

those from the literature, are compared. The two-fluid model accurately predicts the 

effects of jet velocity, gas species, and nozzle height above the bed on crater growth. 
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For both low and high velocity turbulent, subsonic jets, the two-fluid model correctly 

predicts the crater growth and cratering mechanisms.  

The model is not able to well predict the outer (secondary) crater which forms 

during the cratering process, or, at least, the prediction of the outer crater angle is lower 

than the measured angle of repose. Several reasons are provided to explain this 

discrepancy. Further adjustment of the overall frictional stress magnitude and the ratio 

of the frictional viscosity to the frictional pressure would provide better agreement 

between crater depth predictions and measurements. Additionally, the frictional 

viscosity is inversely proportional to the second invariant of the strain rate tensor, 

indicating that the frictional viscosity is high in stationary regions of the particle phase. 

Along the outer crater, momentum transfer from the gas phase no longer supports 

particles as it does in the inner crater. Gravity is not able to draw the material down the 

angle of repose, which would result in the formation of the outer crater, as the predicted 

viscosity is too high. A better prediction for the angle of repose associated with the outer 

crater would require decreasing the frictional viscosity in the empirical frictional stress 

model, or developing an improved frictional stress model. Further, the ability of a 

frictional model to predict the angle of repose can be studied under a simplified case, 

such as pile formation, which would reduce the computation expense. It is 

recommended that a new frictional stress model be developed from first principles. One 

recommended route using DEM simulations is discussed later.  

The Reynolds stress model is superior due to its ability to predict high strain 

experienced in the stagnation region. It is possible that the Algebraic Reynolds stress 
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model would reduce computational intensity while maintaining accurate prediction of 

complex high strain flows; this remains to be explored. 

Parametric Study of Particle Properties on Crater Growth 

Chapter 4 provides comprehensive benchmark data for cratering, which are 

useful for validating both DEM and two-fluid models. The effects of particle density, size 

and shape are investigated individually. Increased particle size and density reduce the 

asymptotic crater depth and the crater growth rate. The increased frictional stress 

associated with non-spherical particles enhances the asymptotic and transient crater 

depth growth due to reduced recirculation of particles along the outer crater, while 

reducing the crater width. Investigations of particle size distribution demonstrate that 

segregation by particle size occurs during the cratering process. Smaller particles are 

ejected further from the crater, leaving the larger particles to recirculate. A new form of 

the densimetric Froude number, a scaling factor relating the asymptotic crater depth to 

particle and jet properties, is developed that accounts for particle shape. Additionally, a 

new particle diameter, the erosion diameter, is incorporated within the new densimetric 

Froude number and is a measure of the dimension in which a particle would align in 

shear flow. Cohesive inter-particle forces reduce the asymptotic crater depth and are 

not captured by the densimetric Froude number, for which a correction is proposed. 

Additionally, two new cratering mechanisms are discovered. The first is when deep 

subsurface particle induced shearing occurs, while the second is associated with the 

case of particle-particle collisions occurring inside the inner crater. These particle-

particle collisions affect erosion rates by interfering with particles escaping the crater, 

whereas particle-surface collisions cause particle ejection.  
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The effects of particle size distribution are not well understood, and experiments 

should be performed mixing particles of several different sizes in various ratios. Further, 

cohesion effects must be accounted for in the densimetric Froude number. Future work 

with well-described cohesive materials would confirm the proposed correction. 

Additional experiments with cylinders with varied aspect ratio are also recommended. 

Crater depth growth over time was extrapolated using a fitting function to predict the 

asymptotic crater depth. Investigating the relationship of the crater depth fitting 

function’s parameters to jet and particle properties would provide a method of 

estimating the asymptotic and transient crater depth without any experimentation. 

DEM simulations of spherical and non-spherical particles in a simple 3-D periodic 

shear flow (dry granular flow – particles only), varying the solids volume fraction and 

friction coefficient, is a recommended method of improved frictional stress constitutive 

models, as well as particle phase stress models that account for particle asphericity. 

Two-fluid and DEM modeling, under the cratering conditions in the experiments, can be 

used to validate constitutive models and fluid-particle interaction models.  

Experimental Study of Crater Growth in Lunar Conditions 

Chapter 5 presents results of the first cratering experiments performed under 

relevant lunar operating conditions and materials, specifically of lunar soil simulants and 

in variable gravity. Cratering of two lunar soil simulants, JSC-1A and Chenobi, reveal 

that wide particle size distribution materials experience segregation by size during 

cratering, even with cohesive effects present due to the large percentage of fine 

particles. The fine (cohesive) particles in lunar soil simulants cause the material to 

erode in chunks and cause a single deep crater with steep sidewalls to form. In addition, 

the large percentage of fine particles results in decreased crater growth rate. The crater 
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growth increases in decreased gravity. The asymptotic depth and the time for the crater 

to reach the limiting crater depth decreases with increased gravity. A change in 

cratering mechanism occurs with decreased gravity as the intrinsic density is 

decreased. 

Experiments performed in vacuum conditions are recommended. Additional lunar 

soil simulants should be studied, both computationally as well as experimentally, to 

provide more robust predictions of the jet interactions with the various lunar regions that 

are present on the Moon. Simulations are recommended to investigate the dominant 

cratering mechanism for reduced gravity with low intrinsic density materials. 

Additionally, the spray should be analyzed both experimentally, with techniques such as 

Laser Doppler Velocimetry (LDV) or Particle Image Velocimetry (PIV), and numerically 

using DEM and two-fluid modeling.  
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