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Abstract – This paper presents a facility description, preliminary results, and future 
test program of the new X-Ray Pebble Recirculation Experiment (X-PREX), which is 
now operational and being used to collect data on the behavior of slow dense 
granular flows relevant to pebble bed reactor core designs. The X-PREX facility 
uses digital x-ray tomography methods to track both the translational and rotational 
motion of spherical pebbles, which provides unique experimental results that can be 
used to validate discrete element method (DEM) simulations of pebble motion.  The 
validation effort supported by the X-PREX facility provides a means to build 
confidence in analysis of pebble bed configuration and residence time distributions 
that impact the neutronics, thermal hydraulics, and safety analysis of pebble bed 
reactor cores.  Preliminary experimental and DEM simulation results are reported 
for silo drainage, a classical problem in the granular flow literature, at several 
hopper angles.  These studies include conventional converging and novel diverging 
geometries that provide additional flexibility in the design of pebble bed reactor 
cores.  Excellent agreement is found between the X-PREX experimental and DEM 
simulation results.  Finally, this paper discusses additional studies in progress 
relevant to the design and analysis of pebble bed reactor cores including pebble 
recirculation in cylindrical core geometries and evaluation of forces on shut down 
blades inserted directly into a packed pebble bed. 

 
I.  INTRODUCTION 

 
Pebble bed reactors use spherical fuel elements 

that consist of a graphite matrix material and contain 
a large number of coated particle fuel particles.  The 
pebble fuel form has origins in the high temperature 
gas reactor program from Germany [1,2],  and has 
demonstrated robust safety characteristics, including 
the ability to retain fission products up to 
temperatures of 1800 °C.  Current pebble bed reactor 
concepts range from the helium-cooled HTR-10 and 
HTR-PM under development in China [3,4] to salt-
cooled designs such as the TMSR-SF1 in China [5] 
and the Mark 1 Pebble Bed Fluoride-Salt Cooled 
High-Temperature Reactor (Mk1 PB-FHR) in the 
United States [6].  During normal operation in a 
pebble bed reactor, fuel spheres are slowly 
recirculated while the reactor is at power.   

Despite the potential safety advantages of the 
pebble fuel under high temperature accidents and 
improved availability with online refueling, the 
design and licensing of pebble bed reactor cores 
remains complicated by the uncertainties in core 
configuration associated with the slow granular flow 
of the fuel pebbles. 

One of the major challenges for the study of 
granular flow in experiments is the limited ability to 
observe pebble motion in the bulk away from visible 
wall surfaces. Due to practical considerations, most 
experimental studies that focus on the pebble 
velocity field [7-9] have been focused on tracking 
pebbles near a transparent wall surface. The two 
major distortions from observing pebbles at the 
visible surface are the increase in ordered packing 
and the change in friction forces for the smooth 
surface compared to the dense randomly packed bed.  
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No known effort has been made to quantify these 
distortions, but the differences may be particularly 
large when an interstitial fluid in the packed bed 
may provide lubrication between the ordered pebble 
layers [9]. 

The most successful technique to study the bulk 
behavior of granular materials has been the use of 
matched index of refraction fluids [10,11]. These 
studies allow for small sets of pebbles to be tracked, 
but cannot provide information for the entire packed 
bed. These results also do not provide the critical 
pebble rotation information that is needed to validate 
particle-based modeling efforts. More recent studies 
have used fluids with matched index of refraction to 
study the porosity variation and packing behavior of 
granular materials [12-14], which do not provide 
much insight into the pebble-scale dynamics of these 
systems.  Other recent efforts use a small number of 
radioactive tracer particles to track the motion of a 
subset of pebbles within a larger packed bed [15,16], 
but have the similar limitations to study the system 
as a whole. 

The lack of experimental data on the bulk 
behavior in packed pebble beds also complicates the 
task of validating discrete element model (DEM) 
simulations that are commonly used to study 
granular packing and flow in geometries relevant to 
reactor core design [17-21].  DEM simulations 
provide valuable high-fidelity results by tracking the 
forces and motion of all pebbles in a granular system, 
based on integrating over very small time steps.  
One particular limitation of the predictive capability 
of DEM simulations comes from the friction models, 
which are empirical in nature and may not be able to 
model relevant physics for some pebble bed systems 
[9].  The lack of validation data significantly limits 
the value of DEM simulations for safety-related 
phenomena in reactor cores. 

Based on the need for experimental techniques to 
study granular flow and validate DEM simulation 
results, this paper describes a new facility currently 
in operation at U.C. Berkeley: the X-Ray Pebble 
Recirculation Experiment (X-PREX).  The 
following sections include a description of the 
experimental facility, a preliminary qualitative 
validation study, and the future test program for the 
facility.  

 
II. X-PREX FACILITY DESCRIPTION 

 
X-PREX, shown in Fig. 1, is a new facility 

currently in operation that uses novel digital x-ray 
tomography methods to study granular flow in a bed 
of packed spheres.  X-PREX is the first experimental 
facility known to the authors that is capable of 
tracking both translational and rotational motion of 
all pebbles in a packed bed.  This primary goal of the 
X-PREX facility is to provide experimental data that 

 
Fig. 1: View of the X-PREX facility inside the 
shielding enclosure. 
 
can be used to validate friction models in DEM 
simulations to support their use in large-scale 
simulations in reactor core design and analysis.  The 
capability to track the rotational motion of all 
pebbles gives the X-PREX facility unique potential 
to achieve this model validation goal. 

The key innovation of the X-PREX facility is 
the use of plastic spheres with thin wires inserted 
through one central axis.  The images of the pin can 
be correlated between images from multiple 
rotational views to determine motion in three 
translational directions and two of the three 
rotational axes.  The rotational motion around the 
pin axis cannot be resolved, but can be treated 
statistically as an unknown displacement component 
that is not significant for the average behavior 
because the pebbles in the packed bed are randomly 
oriented. 

The following sections describe the x-ray 
imaging system, modular test base, and instrumented 
pebble design for the X-PREX facility.  A brief 
description of the image processing software 
currently under development also follows. 
 

II.A. X-Ray Imaging System 
 
The X-PREX facility includes a commercial x-

ray imaging system that is comparable to those used 
for diagnostic medical radiography.  The x-ray tube 
has a maximum shot capacity of 125 kVp and 400 
mAs, though typical settings for data collection are 
in the 80 kVp and 20 mAs range.  The tube has a 
small focal point setting of 0.3 mm, which is 
assumed to be approximately a point source.  The 
digital CsI-TI x-ray detector has an effective 
imaging area of 42.9 by 42.9 cm with an effective 
image array of 3,000 x 3,000 pixels.  The pixel 
resolution of the detector is 143 µm. 

Figure 2 shows the design layout of the X-
PREX imaging system with the detector located at 
the left side and the x-ray tube located at the right 
side.  The distance between the x-ray focal point and 
the detector plane is 198 cm.  The vertical position 
of the x-ray detector and tube may be adjusted to 
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accommodate test sections of different heights or to 
image different regions of taller geometries.  The x-
ray focal point is roughly centered on the detector 
plate, but test section-specific procedures have been 
developed to precisely determine the precise 
position of the focal point relative to the test section. 

The green region in Fig. 2 represents the 
30x30x30 cm cubic volume used for data collection.  
The regions above and below the data collection 
zone may also be used for test sections, but will 
project images outside of the detector area.  The data 
collection region is shown on top of the modular test 
base, which is described in the next section. 
 

 
Fig. 2: Layout of the X-PREX x-ray imaging 
system.  The x-ray detector is on the left side and the 
x-ray tube is on the right.  The green region 
represents the volume used for data collection.  The 
test section region is mounted on the modular test 
base and turntable. 
 

II.B. Modular Test Base 
 
The X-PREX facility includes a modular test 

base that is used to rotate the test section and 
circulate pebbles as needed for data collection.  The 
test base includes a precision turntable, a support 
structure for the test section with integrated linear 
motion or pebble recirculation systems, and an upper 
rotational bearing that can be used to stabilize tall 
test sections. 

In order to image a test section from several 
rotational positions, the modular test base is 
mounted on a turntable with a rated alignment 
precision of 0.1 degrees.  The acceleration profile of 
the turntable is set by a sin3 function that provides 
very smooth turning motion that does not alter the 
pebble configuration in the test section between each 
rotational view. 

In the X-PREX facility, the test section is 
mounted on a framed support structure.  The layout 
in Fig. 2 shows the base structure that includes a 
linear actuator with a total stroke distance of 45.7 
cm.  The software controller developed for the 

actuator allows for continuous or step-wise motion 
in user-defined increments as small as 4 mm with a 
precision of 0.13 mm.  The linear actuator can be 
used to precisely control the motion of a piston plate 
to control the container boundary condition during 
the step motion of data collection.  It is also used to 
insert a scaled control element into a packed bed for 
the Control Blade Insertion Experiment, described in 
a later section.  For test sections where it is not 
practical to use a linear actuator, such as when there 
is a large area ratio between the wide and narrow 
regions, a continuous discharge system can be 
installed in the test base to remove pebbles in 
incremental quantities. 

 
II.C. Instrumented Pebble Design 

 
The whole basis for the concept of the X-PREX 

facility is the design of instrumented pebbles with 
thin metal wires through one axis to allow both 
translational and rotational motion to be tracked.  
The current set of X-PREX instrumented pebbles 
includes 20,000 polypropylene spheres with 
diameter d = 1.26 cm with tungsten wire inserts of 
diameter dwire = 0.013 cm.  Figure 3 shows a single 
instrumented pebble with one end of the thin 
tungsten wire visible.  Tungsten was selected based 
on its high density and x-ray attenuation coefficient 
that allowed for excellent contrast in the x-ray 
images compared to the relatively thick plastic in the 
packed pebble bed. 

The instrumented X-PREX pebbles are also 
designed for use in future scaled experiments 
relevant to pebble bed reactors with the coupled 
fluid and pebble dynamics.  For these scaled 
experiments, water may be used as the simulant fluid 
at room temperature for the Mk1 PB-FHR, which 
allows for proper balance of fluid drag and pebble 
buoyancy forces by matching the pebble-fluid 
density ratio, Reynolds number, and Froude number 
[22].  The coupled fluid drag forces will be 
particularly important for the PB- 
 

    
Fig. 3: Detail view of a single instrumented pebble 
with diameter d = 1.27 cm.  One end of the 0.13 mm 
diameter tungsten wire is visible.  The wire ends are 
ground flush before use in the X-PREX facility. 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-61259 
 

 

FHR, which includes multi-dimensional porous 
media flow coupled to pebble flow that has been 
studied in previous experiments [9].  Table 1 shows 
the properties of the X-PREX pebbles compared to 
unmodified polyethylene pebbles used for the 
previous scaled experiments.  The matched density 
also allows for a combination of instrumented and 
non-instrumented pebbles to be used in the X-PREX 
facility. 
 

 Unmodified 
Pebbles 

Instrumented 
Pebbles 

Pebble Material Polyethylene Polypropylene 
Plastic Density [g/cm3] 0.96 0.90 
Pebble Diameter [cm] 1.26 1.26 
Pin Material - Tungsten 
Pin Diameter [cm] - 0.013 
Pin Density [g/cm3] - 19.25 
Pebble Density [g/cm3] 0.96 0.96 

Table 1: Specifications for unmodified and 
instrumented pebbles for X-PREX facility. 
 

The final X-PREX pebble specifications 
provide for excellent contrast and clear pin images 
in the x-ray images.  Figure 4 is a cropped region of 
a packed bed with thickness 8d that is representative 
of the overlapping pin images seen in all of the X-
PREX data images.  The pin image projections have 
thickness of approximately three pixels, which is 
sufficient to detect many overlapping pin images for 
thicker packed beds. 

 
II.D. X-Ray Image Processing 

 
Image processing methods for the X-PREX facility 
are currently being developed and will be completed 
in Fall 2014.  This software package will be able to 
perform three sequential steps to generate  
 

 
Fig. 4: Crop of x-ray image of instrumented pebbles 
in a packed bed.  The depth of the packed bed is 8d. 

the final pebble position and motion data.  These 
modules complete the following tasks: (1) scan each 
x-ray image to detect pin positions, (2) correlate the 
pin position data for several images to recreate the 
packed bed configuration for each motion step, and 
(3) track pebble motion between two motion steps.  
A secondary objective of the image processing 
modules in the capability to perform the image 
processing and tomography calculations in real time, 
so that the facility operators can determine if an 
adequate number of rotational views have been 
recorded before changing the bed configuration with 
the next motion step. 

The primary challenge associated with the X-
PREX image processing software is the objective to 
reconstruct the packed bed geometry using a 
relatively small number of rotational positions, three 
to five, in order to increase the efficiency of data 
collection and image processing from the facility. 

 
III. PRELIMINARY RESULTS FOR QUASI TWO-

DIMENSIONAL SILO DRAINAGE 
 
The Quasi Two-Dimensional (2D) Silo (Fig. 5) 

is a geometry configuration that has been previously 
studied through experiments [8], simulation, and 
analytic methods [23] in order to gain insights into 
the fundamental behavior of slow dense granular 
flow.  This geometry was selected for initial studies 
in the X-PREX facility due to its relevance for 
reactor core pebble flow, relative simplicity, and the 
flexibility to study different geometric 
configurations with a modular test section design.  
The experimental results for the Quasi-2D Silo test 
section will also provide the best available 
comparison to DEM simulation results for model 
validation. 
 

 
Fig. 5: Quasi-2D Silo test section in the X-PREX 
facility.  For the test show here, 3,000 pebbles were 
initially loaded into the test section then downward 
motion of the pebbles occurs as a piston plate in the 
orifice chute moves in incremental steps of d. 
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III.A. Experiment Description and Procedures 

The Quasi-2D Silo test section is a modular 
design that can be used to study pebble drainage in 
converging and diverging hoppers with several 
different hopper angles.  Figure 6 shows the design 
of the Quasi-2D Silo.  The silo has width 30.48 cm   
(24d) and depth 10.16 cm (8d).  The total height of 
the wide region (top in Fig. 6) is 25.40 cm (40d) The 
orifice is centered and has width and depth 10.16 cm 
(8d) and the total height of the narrow region 
(bottom in Fig. 6) is 22.86 cm (36d). 

In addition to the zero-degree hopper 
configuration (Fig. 6), wedges of 30, 45, or 60-
degrees can be installed in the wide region near the 
orifice to adjust the hopper angle.  Figure 7 shows 
the test section in the X-PREX facility during data 
collection runs with the 45-degree for converging 
and diverging pebble flow. 

The boundary condition for motion in the 
Quasi-2D Silo is set by a flat piston plate mounted to 
the top of the linear actuator in the X-PREX modular 
test base.  For the converging studies presented here, 
the initial position of the piston plate is set at the 
orifice slit.  After initial pebble loading of the silo to 
the determined height, downward step-wise motion 
is achieved by retracting the linear actuator. A step 
size of 1.27 cm (1d) was used between each image 
series. 

During each data collection run, 32 motion steps 
were completed to give total actuator displacements 
of 40.64 cm (32d).  At each position, x-ray and 
visual images were recorded at five rotational 
position: -45.0, -22.5, 0.0, +22.5, and +45.0 degrees.  
These images will be used to re-create the complete 
pebble bed packing configuration and motion data 
when the X-PREX image processing code is 
complete. 

 
 

 

    
Fig. 6: Isometric (left) and front (right) view of 
Quasi-2D Silo test section design.  The green region 
is the imaging zone where pebbles are tracked with 
the digital x-ray tomography. 
 

   
Fig. 7: Converging (left) and diverging (right) 
configurations of the Quasi-2D Silo test section with 
a 45-degree hopper angle. 
 

III.B. DEM Simulation Methods 
 
The DEM simulations for the Quasi-2D Silo test 

section presented here are based on the friction 
model developed by Cundall and Strack [24].  The 
methodology adopted here has successfully been 
applied to the study of granular materials in a wide 
variety of container geometries and flow conditions 
[23,25,26], including the direct study of fuel pebble 
recirculation in reactor cores [17].  The simulations 
were completed using the LAMMPS code [27], 
which was originally developed by Sandia National 
Laboratory for molecular dynamics simulations and 
includes several models for the short-range 
interactions of granular particles. 

In the DEM simulations, N pebbles of uniform 
diameter d interact with Hookean, history-dependent 
contact forces.  Two pebbles at a distance r are in 
contact when δ = d - |r| < 0 and the total force 
between the pebbles F = Fn + F t with the normal 
and tangential force components are 

 

  (eq. 1) 

 

            (eq. 2) 

where n = r / |r|, vn and vt are the normal and 
tangential components of the relative surface 
velocity at the point of contact, kn,t are the elastic 
coefficeints, γn,t are the viscoelastic damping 
constants, and ∆s t is the total tangential 
displacement over the lifetime of the contact.  The 
tangential friction force is limited by the Coulomb 
yield criterion such that |F t | ≤ µ |Fn |, where µ is the 
static friction coefficient and can be set 
independently for pebble-pebble and pebble-wall 
interactions. 

The simulations results here include a uniform 
pebbles of diameter d = 1.27 cm, mass m = 1.00 g, 
and friction coefficient µ = 0.5.  The value of the 
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friction coefficient has been used successfully in the 
past, but is likely higher than the true values in the 
Quasi-2D Silo.  Future work will include updated 
simulations that use the measured experimental 
friction coefficients for pebble-pebble and pebble-
wall interactions.  The elastic coefficients used are 
kn = 2x106 gm/d and k t = 2/7 kn that were selected 
to provide stability with the time step δt = 2.5x10-5τ, 
where τ = (d/g)1/2 = 0.36 s and is the time it takes for 
a pebble to fall a distance of one pebble radius from 
rest under acceleration g.  The inelastic damping 
coefficients are set to γn = 50/τ and γ t = 0.  The 
normal inelastic damping coefficient will be updated 
in future studies based on the measured experimental 
coefficient of restitution. 

For each simulation run, N pebbles are loaded 
into the silo with the appropriate hopper 
configuration and allowed to settle above a flat 
lower wall surface located 2d below the orifice slit 
in the converging geometries.  The total number of 
pebbles used in the 0, 30, 45, and 60 degree 
simulations are N = 5,000, 4,700, 4,400, and 4,000, 
respectively. 

After the initial settling period, the pebbles in 
the simulation are divided into two groups, one 
above and one below the orifice slit.  At the start of 
the motion simulation sequence, the pebbles above 
the orifice are allowed to flow while those below the 
orifice move with a fixed downward sinusoidal  
acceleration profile.  This acceleration profile 
matches the step-wise increments of the linear 
actuator in the X-PREX facility.  For each motion  
 

   
Fig. 8: Isometric view of the DEM simulation initial 
(left) and final (right) pebble configurations for 
Quasi-2D Silo with zero-degree hopper angle. 

step, the pebbles at the bottom of the defueling chute 
move 1d in a time of 5τ.  This period ensures that 
the pebbles in the defueling chute remain densely 
packed to match the conditions in the Quasi-2D Silo 
test section.  A total of 30 motion steps are used to 
match the final position of the linear actuator in the 
experiment.  Figure 8 shows the initial and final 
pebble packing configurations for the zero-degree 
converging hopper geometry. 

The boundary condition used here is different 
from the free discharge typically used in large-scale 
DEM simulations for computational efficiency 
[19,23].  This assumption is generally acceptable 
when the bulk velocity distribution above the orifice 
is of primary interest because granular flow through 
an orifice exhibits choked flow behavior with 
constant discharge rate [28].  However, in this case 
the modified boundary condition is important in this 
case to match the experimental conditions in the X-
PREX facility as closely as possible for the purposes 
of model validation.  The slow dense flow in the 
defueling chute also more closely resembles the 
pebble packing and flow conditions in a reactor core. 

 
III.C. Preliminary Validation Study 

 
A qualitative comparison of the experimental and 

DEM simulation results is possible at the present 
time while the image processing and tomography 
software remains to be completed.  This comparison 
is based on observations of the pebble flow and 
packing configuration in each data set as the piston 
moves downward in step-wise motion and serves as 
an early test of how well the DEM results match the 
basic behavior observed in the experiment.  This 
preliminary validation study will be supplanted by 
future quantitative comparison of the pebble packing 
and motion data from the experiment and 
simulations.  These studies will serve as valuable 
validation tests for the DEM simulations and will 
provide initial pebble packing and boundary motion 
conditions that are closely matched between the two. 

Figure 9 shows the front view of the x-ray 
images and DEM simulation visualization for the 
zero-degree converging silo configuration at piston 
displacements of 2, 16 and 32d.  The total number of 
pebbles in this system is 5,000.  The initial pebble 
configurations at 2d shows that the total bed height 
H is matched between the two results at H = 24d 
above the orifice slit and that the packing fraction of 
the two systems will be comparable. 

As the step-wise piston motion proceeds, 
stagnation regions were observed to the left and 
right of the orifice slit in both the experiment and 
DEM simulation.  This is classical behavior for 
granular flow drainage and the angle of this 
stagnation region is based on the angle of repose [28] 
and was previously demonstrated in DEM 
simulations for similar geometries [23]. 
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Piston Displacement = 2d 

  
Piston Displacement = 16d 

  
Piston Displacement = 32d 

  
Fig. 9: Front view x-ray image (left) and DEM 
simulation (right) for the zero-degree Quasi-2D Silo 
converging geometry at piston displacements of 2d 
(top), 16d (middle) and 32d (bottom). 
 

While it is not possible to show the full 
visualization of the motion sequence in this paper, 
the authors observe that the flows have similar 
velocity profiles.  While this can be seen clearly in 
the animated image sequence, the packing 
configurations at piston displacements of 16d and 
32d serve as a reasonable approximation of how the 
flow is structured here.  Figure 9 shows these motion 
steps for the experiment and simulations for the 
zero-degree hopper angle.  In both cases, the heap 
structure at the top of the bed is matched between 
the experiment and simulation, which is a direct 
result of flow channeling above the orifice where 
pebbles in this region flow more quickly into free 
space than pebbles located near the left and right 
walls. 

Figure 10 shows the final packing configurations 
for the converging 30 and 60-degree hopper angles.  
Once again, the heap structure at the pebble free 
surface is closely matched.  Differences can be 
observed, however, between the two geometries.  In 
the 30-degree configuration, a deeper groove is 
observed in the heap structure as a result of longer 
pebble residence times along the sidewalls.  In the  

 

Converging 30-Degree Silo 

  
Converging 60-Degree Silo 

  
Fig. 10: Front view x-ray image (left) and DEM 
simulation visualization (right) for the 30-degree 
(top) and 60-degree (bottom) Quasi-2D Silo at the 
final piston displacements of 32d. 
 
60-degree configuration, the free surface remains 
nearly flat, which indicates a more uniform velocity 
profile. 

The flow patterns observed in these preliminary 
tests are consistent with previous studies of granular 
flow.  However, the primary value for the X-PREX 
results will come with the ability to do direct 
quantitative comparison between the experiment and 
DEM simulations.  The qualitative results shown 
here suggest great promise in this future validation 
effort that will increase confidence in the predictive 
use of DEM simulation results for larger systems, 
such as pebble bed reactor cores. 
 

IV. FUTURE TEST PROGRAM 
 
In addition to completing the data collection and 

processing for the Quasi-2D Silo test section, the X-
PREX facility will be used to complete a series of 
additional studies that are directly relevant to the 
granular dynamics in pebble bed reactor cores.  
These include study of prototypical small test reactor 
geometry and the insertion of a shutdown element 
directly into a packed bed of spheres.  The current 
status of these experiments is covered in this section, 
along with some additional studies that are under 
consideration for future test sections in the X-PREX 
facility.  

 
IV.A. Cylindrical Silo Test Section 

 
Pebble drainage in a cylindrical silo is a problem 

in granular flow that is directly relevant to pebble 
recirculation in nuclear reactor cores that will be 
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studied in the X-PREX facility.  The X-PREX 
facility can be used to track pebble motion in 
cylinders with an inner diameter to pebble diameter 
ratio (D/d) up to 28, based on the size of the x-ray 
detector.  This scale is comparable to that of small 
research and test pebble bed reactors such as the 
HTR-10 (D/d = 30) [3] and the TMSR-SF1 (D/d = 
22.5) [5].  For reactors of this scale, the X-PREX 
facility can provide pebble packing configurations 
and residence time distributions that can be used to 
improve the physical accuracy of neutronics models 
and to study reactivity effects from stochastic pebble 
motion. 

Figure 11 shows the current design for a modular 
Cylindrical Silo test section that will be used to 
study converging flow in conical hoppers that are 
representative of the transition from the active core 
to the defueling chute region in small pebble bed 
reactor cores.  The test plan includes the study of 
pebble flow with 30, 45, and 60-degree cone 
geometries with batch and continuous pebble 
recirculation.   

The modular design of the Cylindrical Silo test 
section also allows for the study of diverging flow, 
similar to tests planned with the Quasi-2D Silo test 
section.  The boundary condition in the active core 
below the diverging region will be established with 
the downward linear motion of a circular piston 
plate.  This motion will represent the plug flow that 
is typical in tall silos far from the drainage orifice 
[9,17,23]. 

The conical region of the Cylindrical Silo test 
section will be fabricated using fused deposition 
modeling (FDM).  Figure 12 shows one of eight 
wedges that will be assembled to create the conical 
surface. FDM allows for complex surface features to 
be included in the X-PREX test sections and the x-
ray tomography is not impacted by the lack of visual 
transparency.  This flexibility would allow the study  
 

    
Fig. 11: Design of the modular wedge assembly for 
the Cylindrical Silo test section (left) and exploded 
view (right). 

 
Fig. 12: Detailed view of 45-degree wedge section 
for the Cylindrical Silo test section with D/d = 22.5. 
 
of granular flow for a specific reactor core with a 
more complex geometry, such as the HTR-10, which 
includes many flat and textured interior wall 
surfaces [3]. 

The pebble motion data from recirculation in the 
Cylindrical Silo test section will also be used to 
validate DEM simulation methods.  The additional 
confidence in these simulation tools from this effort 
will strengthen their value in large-scale analysis of 
full cores for larger reactor systems, such as HTR-
PM and the Mk 1 PB-FHR. 

 
IV.B. Control Blade Insertion Experiment 

 
In addition to the granular flow phenomenology 

associated with pebble recirculation, the X-PREX 
facility will be used to study the pebble 
displacement and forces of a control or shutdown 
element inserted directly into a packed pebble bed in 
the Control Blade Insertion Experiment (CoBIE).  
Control elements inserted into the packed bed would 
have high shutdown worth and would give reactor 
designers greater flexibility in selecting diverse 
shutdown systems for the reactor. 

Despite the potential benefits to reactor 
designers, concerns over the viability of direct 
insertion exist due to experiences with the German 
Thorium High Temperature Reactor (THTR).  In the 
THTR, a large number of fuel pebbles were 
damaged due to the repeated deep insertion of 
cylindrical control elements into the packed bed [2].  
One possible explanation for the problems of THTR 
could be that the control elements were inserted 
downward with gravity into the pebble bed free 
surface and towards the lower constrained surface.  
This configuration would reduce the degrees of 
freedom for pebble displacement and would increase 
the forces on individual pebbles in stress chains. 
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Fig. 13: CoBIE test section with 45-degree wedge 
installed and control blade fully inserted. 
 

Based on the THTR experience, CoBIE was 
designed to study the upward insertion of control 
elements against gravity and towards the free surface 
of the packed bed.  This configuration should 
increase the degrees of freedom for pebble 
displacement and reduce the insertion forces for the 
control or shutdown element.  The impact of the 
height of the packed bed above the blade insertion 
slot will be studied to test the effects of different 
constraints on the pebble free surface. 

Figure 13 shows the CoBIE test section installed 
in the X-PREX facility with a 45-degree wedge to 
represent the surface of the converging region in a 
pebble bed reactor core.  This geometry is 
representative of the design in the Mk1 PB-FHR [6].  
The simulant control blade can be inserted into the 
packed by step-wise or continuous motion by the 
linear actuator installed in the modular test base. 

Measurements for CoBIE include forces on the 
control blade and pebble displacement due to blade 
insertion by x-ray tomography.  The base of the 
control blade includes a cradle with eight force 
sensors to measure the vertical forces and torques 
exerted on the blade during insertion.  For step-wise 
blade insertion, x-ray images are recorded at 
multiple rotational positions to track pebble 
displacement using the X-PREX tomography image 
processing software.  These results will be compared 
with DEM simulations to estimate the peak forces 
on the pebbles in the packed bed. 
        

V. CONCLUSIONS 
 

The X-PREX facility is now operational at U.C. 
Berkeley and data collection is currently in progress 
for a test program that will inform the understanding 
of slow, dense granular flow in geometries relevant 

to pebble bed reactor cores.  The facility provides a 
novel experimental platform to collect translational 
and rotational position and motion data for every 
pebble in a packed bed, which will be invaluable for 
future validation efforts for DEM simulation models. 

A preliminary qualitative validation study was 
completed for the Quasi-2D Silo test section that 
includes flow in converging hoppers of different 
geometries.  Comparison to DEM simulations show 
similar pebble motion and final packing structures.  
Future quantitative studies will allow the initial 
packing configuration from the X-PREX facility to 
be used as the starting pebble coordinates for the 
DEM simulation and to closely match the step-wise 
motion in the defueling chute.  The matched initial 
and boundary conditions for the experiment and 
simulation runs will provide a key separate effects 
test for DEM simulations that can be used to 
improve confidence in constitutive friction models 
and their predictive capabilities in the study of large-
scale pebble systems. 

Finally, the X-PREX facility will be used to 
study two important granular flow problems relevant 
to the design of pebble bed reactor cores: the 
Cylindrical Silo test section and the Control Blade 
Insertion Experiment.  The Cylindrical will provide 
pebble packing and recirculation data, including 
velocity distributions and residence times, which 
will be directly applicable to small pebble bed 
reactors, such as the HTR-10 and TMSR-SF1.  
These tests may inform benchmark simulations for 
pebble dynamics and neutronics in the future.  
CoBIE will help demonstrate the viability of blade 
insertion directly into a packed bed, which will 
expand the design space for pebble bed reactor 
control and shutdown element placement. 

The preliminary results and future test program 
described here are representative of the types of 
problems that may be studied in the X-PREX facility 
for pebble bed reactors.  As development work 
continues on new reactor designs, many additional 
problems related to granular flow should be 
expected to emerge.  X-PREX is intended to provide 
an experimental platform to improve the confidence 
of reactor designers and regulators that pebble bed 
reactors will perform as designed.  
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