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Abstract

An experimental and computational study, consisting of modeling and simulation (M&S), of key thermal-
mechanical issues affecting the design and safety of pebble-bed (PB) reactors was conducted. The
objective was to broaden understanding and experimentally validate thermal-mechanic phenomena of
nuclear grade graphite, specifically, spheres in frictional contact as anticipated in the bed under reactor
relevant pressures and temperatures. The contact generates graphite dust particulates that can
subsequently be transported into the flowing gaseous coolant. Under postulated depressurization
transients and with the potential for leaked fission products to be adsorbed onto graphite ‘dust’, there is
the potential for fission products to escape from the primary volume. This is a design safety concern.
Furthermore, earlier safety assessment identified the distinct possibility for the dispersed dust to
combust in contact with air if sufficient conditions are met. Both of these phenomena were noted as
important to design review and containing uncertainty to warrant study. The team designed and
conducted two separate effects tests to study and benchmark the potential dust-generation rate, as well
as study the conditions under which a dust explosion may occur in a standardized, instrumented
explosion chamber. The project was awarded, August 2009, started several months later and concluded
September 2013, with a one-year no cost extension.

A separate effects experimental rig to investigate the frictional wear and nuclear grade graphite dust
generation rate was specifically designed and constructed to operate up to PBR relevant conditions in
temperature (up to 750°C) and pressure (up to 7 MPa helium). The designed apparatus performed well
and generated reliable data. In addition, the estimated experimental measurement uncertainty was
considered to be acceptable relative to the measured dust masses generated.

The results of ‘wear tests’ revealed two wear modes here defined in terms of the environmental
temperature and pressure under which the graphite spheres were tested. Under higher temperatures
(200°~750°C) and higher helium pressures (1~6.5MPa) we observed and quantified “large wear” with
wear rate, on average of 1.37><10'5g/Nm. In contrast, “lubricated wear” occurred close to room (lower)
temperature, under 1 to 3 MPa of helium pressure; that is, generating an average wear rate of 1.97x10°
’g/Nm. Using Scanning Electron Microscope (SEM) images and X-ray diffraction (XRD) analysis of pre-
and post-test graphite samples supported plausible wear mechanism contributing to the graphite dust
collected. First, SEM images depicting a “flattened” and optically reflective surface corresponding to
“lubricated wear” supported the smaller mass collected. The “large wear”, on the other hand, revealed a
degraded surface due to different frictional forces under higher temperature and pressure. Post-test
XRD analysis showed that the graphite lost its three-dimensional graphitized crystalline structure,
relative to the pre-test sample that maintained a well-graphitized crystalline structure. The is significant
because these wear modes occur under anticipated PBR thermal hydraulic conditions. One can thus
expect crystalline structure changes of graphite. However, both modes showed small masses of dust
generated.

The computational modeling and simulations of the graphite surface contact mechanics, as anticipated
in a PBR configuration, was carried out in order to understand the dust generation mechanism and to
validate test results as practical. A methodology that encompasses finite element analysis (FEA) and
micromechanics of wear was developed to address the frictional wear. In particular, the wear
phenomena and change in the rate of dust generated with sliding contact length was determined. This
effort was led by Rostamian with expertise on various aspects contributed by Cogliati, Ougouag and
Potirniche.



This computational modeling consisted of two perspectives and approaches due to restricted
computational resources. The two methods, a macroscale stress analysis and a microscale analysis of
wear mechanisms, considered the phenomena at two different scales. First a set of FEA simulations
considering pebble-pebble frictional contact was studies. In these simulations, the mass of generated
graphite particulates due to frictional contact was calculated by incorporating FEA results into Archard’s
equation, which is a linear correlation between wear mass and wear length. However, our test data
revealed that the wear rate of graphite decreased with sliding length. This is because the surfaces of the
graphite pebbles become smoother over time, which results in a gradual decrease frictional contact and
thus, the wear rate. In order to address the change in wear rate, a more detailed analysis of wear
mechanisms at room temperature was developed. In this microscale study, the wear behavior of
graphite at the asperity level is studied by simulating the contact between asperities of facing surfaces.
By introducing the effect of asperity removal on wear rate, a nonlinear wear rate is obtained. A
nonlinear wear law was thus proposed as a model to predict the effect of changing surface topology on
the wear of graphite. This tribological model was validated using test data and noted as suitable where
mass removal is in the form of powder formation rather than flake or chip formation.

Separate effect dust explosion tests using a custom-designed and constructed combustion chamber
were performed by Poulsen and Rink. Experiments revealed that the smallest amount of graphite dust
mass that can lead to explosions is three orders of magnitudes larger than the maximum amount
predicted to be generated in the present work. This was based on the predicted pressures produced
during the discharge of burning pyrotechnic into inert gas; subsequently used to predict the minimum
explosible amount of graphite dust in an air ingress accident scenario. Therefore, it was concluded that
pebble-pebble frictional contact is not a significant (enough) source of dust generation such that a
subsequent explosion hazard under exposure to air/oxygen is a major safety concern. However, as there
is no reliable benchmark data on the accumulated dust mass with continuing operation of the PBR, the
mass accumulated has to be monitored and verified with current estimates. Finally, during the course of
this project, a consensus expert opinion that ‘baking’ of the dust onto surfaces would also reduce the
dust circulated in the primary circuit.



Technical Tasks per Awarded Proposal
Summary of Completed Work

Per the NEUP awarded proposal in 2009, the team proposed both experimental and computational
scope of work investigating graphite dust generation and combustion issues of safety relevance of
the graphite-moderated, gas-cooled pebble bed reactor. The SOW’s objective was to broaden
understanding and experimentally validate the thermal-mechanic frictional wear phenomena of
nuclear grade graphite, specifically, spheres in frictional contact as anticipated in the bed under
gradual movement at PBR relevant pressures and temperatures (~7MPa, 750°C). As anticipated,
frictional contact generates graphite dust particulates that can subsequently be transported into
the flowing gaseous coolant. Under postulated depressurization transients and with the potential
for leaked fission products to be adsorbed onto graphite ‘dust’, there is the potential for fission
products to escape from the primary volume to the containment space. Furthermore, there is the
distinct possibility for the dispersed dust to combust if sufficient conditions are met.

The project consists of the following Tasks:

Task 1. Design and construct smaller-scale separate effects test experiments to benchmark the
thermal-mechanics of dust generation and to also study the potential for dust explosion. The team
will conduct tests to simulate dust generation, entrainment, and transport and will analyze how
much dust is generated by a PB reactor.

Accomplishments. Based on a literature review on graphite wear studies, and communication with the
INL co-Pls, we designed and constructed an experimental apparatus wherein the thermal and pressure
boundaries were separate. The thermal boundary was localized inside a larger pressure boundary. After
shakedown testing, experiments using nuclear grade graphite in frictional contact were carried out. We
further determined that the results were reproducible. Details on the design, construction and initial
experiments are contained in the following.

e Johnson, G., Rostamian, M., Rink, K., Cogliati, J., Ougouag, A., Tokuhiro, A.,“Experimental study and
computational simulations of key pebble bed reactor thermomechanics issues for design and safety”,
poster presentation by Johnson at the VHTR Technology Development Office, 4™ Annual Technical
Review Meeting 2011, Albuquerque, NM, May 2011.

e Johnson, G., Experimental study of nuclear graphite and graphite-steel wear in spherical frictional
contact under gas-cooled reactor pressures and temperatures, Master’s Thesis, University of Idaho,
2012.

Task 2. Conduct experiments with custom-designed apparatus under GC-GCR relevant conditions. In
order to preserve the experimental apparatus, experiments we conduct from lower to higher
temperature and pressures in phases. While most of the tests were done using Toyo Tanso’s IG-11
samples (provide), graphite spheres provided by SGL and graphite-steel tests were also conducted.
Interactions with modeling and simulations (M&S) were also maintained. The accomplishments are
noted below.

Accomplishments. Experiments and pre- and post-test SEM and XRD analyses of graphite samples, as
well as M&S of the thermal-mechanics were done. In summary, the frictional wear can be classified into
two named wear modes. With temperature or (helium) pressure at ambient or one slightly higher than
ambient, the wear test resulted “lubricated friction”. This was previously reported by other



investigators. The surface appearance is ‘polished, reflective (shiny)’. As temperature or helium
pressure becomes higher, the wear test indicated “large wear” with larger amount of graphite dust
generated from frictional contact. However, both modes yielded dust generations, though in good
agreement with that by Luo and Stansbury, much smaller that the only other reference, that attributed
to AVR.

The transition temperature and helium pressure between these modes was determined to be 20° to
200°C and 0.1MPa to 1MPa, respectively. SEM and XRD analyses also supported identification of these
two modes. In fact, SEM images and XRD analysis revealed that the crystalline structure on the wear
surface changed as a result of the wear test. Both frictional movement and testing condition contributed
to the change between “lubricated friction” and “large wear”. Further details are noted in the following.

e Hiruta, M., Experimental study of dust generation from nuclear grade graphite spheres in frictional
contact under a pressurized inert atmosphere at elevated temperatures, Master’s Thesis, University
of Idaho, 2013.

e Hiruta, M., Rostamian, M., Johnson, G., Tokuhiro, A.,“Experimental study of graphite dust generation
under VHTR/PBR conditions”, poster presentation by Hiruta at the VHTR Technology Development
Office 6™ Annual Technical Review Meeting 2013, Idaho Falls, ID, May 7-9, 2013

e Rostamian, M., Johnson, G., Hiruta, M., Potirniche, G. P., Cogliati, J.J., Ougouag, A.M., Tokuhiro, A.,
Computational and experimental prediction of dust production in pebble bed reactors, Part | Nuclear
Engineering and Design, Volume 263, Oct. 2013, 500-508.

e Hiruta, M., Rostamian, M., Johnson, G., Potirniche, G. P., Ougouag, A.M., Bertino, M., Franzel, L.,
Tokuhiro, A., Computational and experimental prediction of dust production in pebble bed reactors,
Part Il Nuclear Engineering and Design, Volume 263, Oct. 2013, 509-514.

Task 3. Develop a model of the frictional contact wear phenomena and run simulations such that the
dust generation rate is estimated and compared to experiments per above Tasks.

Accomplishments. A coarser mesh finite element analysis (FEA) model and a finer mesh micromechanics
model were developed to study the dust generation phenomena of two graphite surfaces in frictional
contact. In particular, the phenomenon of wear and a change in the rate of dust generation with relative
sliding length (of the contact point(s) was investigated. Due to restrictions on access to computing
resources’, all work was done on conventional desktop PCs.

Of the limited literature in this area, a simple linear wear mode; called the Archard Wear Model served
as a reference. In this model, the wear volume is related to the material properties and the sliding
distance of two materials in frictional contact. By performing FEA analysis (ABAQUS) at a macro-level,
the normal forces on wear were determined over a short sliding distance, for brittle materials. In order
to account for the nonlinear wear rates of the material FEA analysis considered the near-surface
micromechanics, where asperities or surface ‘roughness’ serve as contact points. Primarily, 3D spherical
asperities were considered to be modeled using the implicit module. “ABAQUS Explicit” was used to
model the asperities in contact and revealed that asperities undergo very high deformations. In fact, as
the material reaches a total strain of 0.05, the elements are removed from the surface. The material
removed was then used to estimate the dust generation rate.

The wear coefficient obtained from the reference, non-linear Archard Model was compared to the
experimental results. Except for recognized accumulation of dislodged particulates that were not
modeled, the non-linear model predicted the dust generation rate in a satisfactory manner. The

! As Maziar Rostamian was considered a foreign national from a sensitive country, access to high performance computing was not provided by
the local FFRDC.
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generation rate is at least two orders of magnitude less than the estimated mass concentration needed
for combustion. Further details are contained in the following.

e Rostamian, M., Computational prediction of dust production in graphite moderated PBR, Ph.D.
Thesis, University of Idaho, 2012.

e Rostamian, M., Arifeen Sh., Potirniche P. G., Tokuhiro A., Initial Analysis of Pebble Contact in Pebble
Bed Reactors, Transactions of the American Nuclear Society, 2010, 103 1028-1031.

e Rostamian, M., Arifeen Sh., Potirniche P. G., Tokuhiro A., Initial prediction of dust production in
pebble bed reactors, Journal of Mechanical Sciences, 2011, 2 189-195.

e Rostamian, M., Potirniche P. G., Cogliati J. J., Ougouag A. M., Tokuhiro A., Computational prediction
of dust production in pebble bed reactors, Nuclear Engineering and Design, Volume 243, 2012, 33-
40.

e Rostamian, M., Johnson, G., Hiruta, M., Potirniche, G. P., Cogliati, J.J., Ougouag, A.M., Tokuhiro, A.,
Computational and experimental prediction of dust production in pebble bed reactors, Part | Nuclear
Engineering and Design, Volume 263, Oct. 2013, 500-508.

e Hiruta, M., Rostamian, M., Johnson, G., Potirniche, G. P., Ougouag, A.M., Bertino, M., Franzel,L.,
Tokuhiro, A., Computational and experimental prediction of dust production in pebble bed reactors,
Part Il Nuclear Engineering and Design, Volume 263, Oct. 2013, 509-514.

Task 4. Develop a model and conduct experiments to study the energy transfer mechanism from the
burning (combusting) pyrotechnic to the surrounding gas to predict the minimum amount of graphite
dust which can cause combustion in a gas-cooled reactor during a depressurization accident.
Accomplishments. Both experimental work and computational simulations were carried out under this
Task. In order for graphite dust combustion to take place the literature reports that five to six conditions
have to be met. One of the conditions is the combustant density or mass concentration [kg/m>]. Based
on this Task and experiments, a higher concentration of graphite dust is needed than that generated
from the above Tasks. Furthermore, discharge of the combusting pyrotechnic without diffusing the
thermal condition must be maintained. The task introduces a semi-empirical model capable of
predicting the transient pressure produced during the discharge of burning pyrotechnic into inert gas.
The conditions are not favorable for dust combustion. Further details are contained in the following.

e Poulsen, B., Prediction of isochoric inert and reactive gas behavior during pyrotechnic initiator
actuation, Ph.D. Thesis, Moscow, ID, University of Idaho, 2011.

e Poulsen, B. L., Rink, K.K., Modeling the energy release characteristics of ZPP based initiators,
Presented by Poulsen, 49th AIAA Aerospace Sciences Meeting Including the New Horizons Forum
and Aerospace Exposition, Orland, FL, Jan 4-7, 2010.

e Poulsen, B. L., Rink, K.K., Modeling the energy release characteristics of THPP based initiators,
Presented by Poulsen46th AIAA /ASME/SAE/ASEE Joint Propulsion Conference and Exhibit,
Nashville, TN, July 25-28, 2010.
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1. Introduction

The pebble bed reactor (PBR) is a graphite-moderated, high-temperature gas-cooled reactor
(HTGR). As the PBR features a unique online refueling capability, the PBR reduces shut-down time and
facilitates operational efficiency. Thus the bed slowly moves relative to the pressure vessel. The bed is
thus comprised of thousands of billiard-sized graphite-matrix spheres (~6cm DIA) as fuel elements. Each
pebble contains the tristructual-isotropic (TRISO) nuclear fuel particles. Both fresh and assayed pebbles
are inserted at the top of the RPV and gradually traverse to the bottom of the reactor where they are
extracted. They are exposed to pressurized helium coolant at temperatures ranging from 650°C to
950°C. As the pebbles traverses, graphite dust is generated from frictional wear and thus dust is
circulated and a candidate for release under a postulated depressurization and subsequent air ingress
accidents. If the dust is laden with fission products from fuel failure and/or the dust is under high
concentration [mass/unit volume], combustion thereof is a design safety issue. Powers (XXXX) ranked
this and other safety issues of the PBR. Graphite dust generation and transport was indeed identified as
a safety concern under the German AVR project (Moorman, 2009). However, the phenomenon of dust
generation was never closely examined experimentally and computationally. We thus proposed this as
part of the current scope of work.

Thus per the awarded proposal (2009), Task 1 was to design and construct an experimental apparatus to
investigate the frictional wear generated nuclear grade graphite ‘dust’. Following, Task 2 was to conduct
experiments to measure the dust generation rate and to estimate the kinetic friction at PBR relevant
temperatures and pressures. Task 3 consisted of computational modeling and simulations (M&S) of the
thermal-mechanics of graphite dust generation at room temperature were also done. Due to limited
computational resources, we took both a ‘macro-‘ and ‘micro-mechanic’ approach to frictional wear of
graphite and introduced a nonlinear wear model for graphite (Rostamian, 2012). Results of our M&S
showed good agreement as compared to that reported by Luo (2005) and Cogliati (2011). This model’s
empirical constants were determined from experimental data; it subsequently predicted results in
satisfactory manner. Since high temperature properties of graphite other than its module of elasticity,
are not available, high temperature M&S were not conducted. However, given these and related
properties, simulations can be done at higher temperatures. Finally, Task 4 was to evaluate the thermal-
chemical conditions required for graphite dust to explode/combust as postulated under the
depressurization and air-ingress accident scenario wherein graphite dust and fission products could
escape out of the RPV.

This report provides details of the design and construction of experiments, as well as the experiments
performed to assess the dust generation rate of nuclear grade graphite in frictional contact. The report
also describes the modeling and simulation work on the frictional contact mechanics.



2. Design and Construction of Experimental Apparatus

This chapter describes the design and construction tasks of the experimental apparatus intended to
study the frictional contact wear and thus the graphite dust generation. Details on the combustion
experiment is contained in Chapter 5.

The pebble bed reactor uses a nuclear fuel encased in a random configuration of (smaller) spherical fuel
particles. The fuel sits in a ‘pebble bed’ inside a cylindrical vessel with graphite spheres that serve as the
moderator. The coolant (helium) flows through the bed. In this configuration, the reactor is not only
capable of online refueling (thus reducing outage time, boosting operational efficiency) but can operate
at high output temperatures so that both electricity and process heat can be provided. However, this
unconventional, ‘moving bed’ core design creates specific modeling and design challenges in terms of
safety in design review and licensing. Also to offer additional economic competitiveness, PBRs are
intended to be placed in a (air-filled) confinement building, not containment buildings. Thus reactor
vessel integrity during postulated accidents is of paramount importance. In fact, as small probability
(~1X10° or less) of a fuel failure is taken into a design basis accident (DBA) , the possibility of fission
product laden graphite dust particles is a possibility. During a depressurization DBA and subsequent air
ingress progression, Powers (200X) noted the possibility of graphite dust combustion (within the air-
filled confinement) that would exacerbate the accident. Thus the thermal-mechanics of the moving bed,
especially the frictional contact wear and graphite dust generation was identified as needing further
study. Besides the bed itself, dust can also be generated via graphite-steel contact within the reactor’s
fuel handling system. The range of relevant phenomena must be studied at reactor relevant conditions —
foremost temperature and pressure (~up to 750°C, 7MPa)

This chapter contains details of the design and construction of the experimental rig, shakedown testing,
benchmarking of the apparatus against past published data, and initial results from the intended testing
matrix. Further details are provided in the theses by Johnson and Hiruta.

2.1 Literature reviewing for graphite wear test
2.1.1 Experimental Graphite Wear Rate

Since nuclear grade graphite material has specific performance requirements, there is limited
accessible tribological data on them relative to non-nuclear grades. However, there is accessible data for
(non-nuclear grade) graphite tribology. Since it is difficult to conduct experiments while a graphite-
moderated gas-cooled reactor is operating, data gathered through graphite tribological studies on
similar types of graphite using various test conditions was examined.

Recent studies of graphite wear are mostly published by researchers at Tsinghua University in
Beijing. These include studies on the wear rates of graphite matrix on alumina and Toyo Tanso’s 1G-11
graphite. They note that the wear rate of graphite can vary by four orders of magnitude depending on
the materials used and the experimental conditions. This suggests that graphite wear changes in time
and both the initial and ongoing environmental conditions.

The tribological data to date is insufficient to provide definitive characterization of nuclear
graphite under reactor condition. Previous graphite wear studies conducted on non-nuclear grade
graphite investigated the effect of the graphite wear phenomena with respect to mechanical tools and
casings made of steel or other metals. As well, previous wear studies using older nuclear grade graphite
such as ATJ, PGX, H-204, and H-359, have been used for comparison with the non-nuclear graphite
studies that focused on the wear phenomenon against steel. The most recent study of nuclear grade
graphite wear was conducted using IG-11 are those reported by Sheng (2003) and Luo (2005).



2.1.2 Graphite Wear Parameters

There is no consensus in the tribological community on all the parameters that affect the wear
rate in tribology. Therefore, the effective parameters which we experimentally considered were the
following parameters: temperature, cover gas, sliding speed and distance, and surface roughness as
documented. While we acknowledge other parameters such as gas adsorption, we did not have a means
to measure this in-situ. Further, some surface phenomena such as adsorption have been studied
previously.

Several different studies have shown the effect of temperature on graphite wear. However, owing
to other influencing factors, there is no clear trend with temperature in general. A recent study by Luo
(2005) showed an increase in graphite wear with temperature. Their work suggested a combination of
abrasive, adhesive and fatigue wear at different temperatures.

2.1.3 Wear Measurement Techniques

Most of the previous studies surveyed used idealized conditions removed from the operational
conditions of the PBR. However, as data under relevant conditions is lacking we considered for example
the work of Luo (2005) as a point of reference. In considering frictional contact wear, the basic relative
motion of surfaces can be considered as follows: relative sliding, sliding and rotation, or co-rotation in
uni-directionally and in counter-rotation. Here, as the PBR consist of a moving pebble bed, there is
dynamic frictional contact at multiple contact points for a given sphere. This contact can be with both
stationary spheres, co-moving spheres or against the (stationary) vessel surface. We thus designed a
graphite wear experiment to study the graphite-graphite and graphite-steel relative motion and thus
frictional contact wear.

2.2 Design Requirements and final design

The ability to perform both separate effects frictional wear rate tests as close as possible to the
thermal-hydraulic conditions in the PBR was considered important. Thus at the onset, after review of
the literature and consultation with the INL co-Pls, the target test parameters shown in Table 2-1 were
selected.

Table 2-1. Design Parameters for Testing Apparatus.

Testing Parameter Description Source

Maximum 700 - 900°C Reactor Outlet Temperature (INL/EXT-11-23008)
Temperature

Maximum Pressure 7-9.1 MPa Primary Loop Pressure (INL/EXT-11-23008)

Helium Environment 99.998% HTGR standards (Li and Sheehan, 1981), Airgas Catalog
Normal Force 10-50N Past Chinese Studies (Luo et al., 2004)

Velocity <0.1 m/s Cogliati, 2011

Total Distance ~500 m Luo et al, 2005; Kadak, 2004

Contact Geometry

Sphere-Sphere
Sphere-Plane

pebble-pebble contact and pebble-reflector

Number of contacts

1

Data needed for PEBBLE code to predict core dust
generation

Relative motion
desired

Rolling, Sliding,
spinning

Data needed for PEBBLE code to predict core dust
generation

One of the important parameters was the purity of helium gas as it is likely that gas
atoms/molecules adsorb onto the graphite surface. . The maximum pressure selected was 1000 psi,




since this was very close to 7 MPa (1015 psi) and it was a standard value used for “commercial-off-the-
shelf” (COTS) relief valves and pressure fittings. The helium environment purity was taken as 99.998% in
an attempt to balance the purity versus the cost of the gas.

The simultaneous design objective to have both high temperature and environmental pressure are
atypical in the ‘tribometer’ literature. However, we realized both in an unique way as follows. We
employed a pressure vessel ASME-certified to high pressure; that is up to about 9 MPs. We then
inserted a tribometer with the vessel and locally heated the graphite samples to temperature. By
hosting the tribometer inside the pressure vessel, we could measure in real time the particulate mass
generated as well as the normal force applied by the graphite samples, with only non-mechanically
actuated penetrations through the pressure boundary. In fact, modular analytical balance stayed
relative cool, as it was outside the local, heated zone. The conceptual design is shown in Figure 2-1. Note
that the frame of the tribometer was mounted to the underside of a pressure vessel’s top flange. This
frame was divided into three sections: the top tribometer section housing the electrical motors and
instrumentation, the middle furnace section where the samples are held, and the bottom section for the
mass measurement sub-system (Figure 2-2).

Pressure Vessellid and Pressure Fittings

Electric Motors, Normal Force Assembly, and Instrumentation

Ceramic Fiber Furnace with external water cooling jacket

Weighing Module of a Modular Analytical Balance

Pressure Vessel

N
Motors,
¢ instruments
J
3
[ Samples,
Furnace,
J
[ »Pressurevessel [l >Cooling Loop
B »TorqueSensor [ »>Motors [ »Rotational Encoders M
B #5Scale Module [ #Furnace B >Linear Potentiometer ass
@ > Air Cylinder B >Load Cell measurement

Figure 2-2. Layout of Testing Apparatus.



2.2.1 Sample Geometry
The basic sample designs created for the testing of the apparatus for this task were as follows:
a. Graphite Disks: Machined into 2.54 cm tall disks with a 6 cm outer contour (same as the sphere).
b. Graphite Spheres: SGL machined spheres, with machines holes for mounting (6 cm outer contour).
c. Steel Cylinder: Smooth, turned 304 Stainless Steel cylinder to allow steel rotation (2.54 cm tall, 6
cm outer contour).

Having these multiple sample geometries and samples allowed for the testing of the following frictional
contact configuration anticipated in the PBR: pebble to pebble as in the bed, pebble to reflector or
vessel and finally pebble to fuel transfer vertical pipe contact. The basic test was conducted with sample
geometry shown in Figure. 2-3. This was to simulate one point of frictional contact within the PBR core
bed.

Figure 2-3. Sample Geometry and Orientation in the Tribometer (geometry a).

2.3 Materials Tested

There are four different graphite manufacturers approved by NGNP. These suppliers provided
graphite for this study upon request. This project received and we acknowledge support from Toyo
Tanso U.S.A., SGL, and Graphtek. Most of the tests done here used Toyo Tanso’s IG-11, although SGL's
MRLF-1 was also tested under limited, similar conditions. Comparisons of the material properties of
these graphite are in Table 2-2.

Table 2-2. Material properties of graphite.

1G-11 MRLF-1 GR0O01CC
Toyo Tanso SGL Graphtek
Density (g/cm’) 1.77 1.73 1.81
Typical Grain Size (um) Fine, 20 Medium, 96% <1000 Fine*
Porosity (%) 18 23 12
Shore Hardness 51 - 76

*typical grain size not available



2.4 Testing Matrix

The testing conditions and thus the test matrix were determined to minimize duty at higher
temperatures. In other words, the vessel was ASME certified for higher pressure but with a temperature
limit. Thus water-cooling on the outside of the heater reduced heat-up of the vessel. The highest
temperature runs were strategically run after all other data runs were completed. The initial testing
phase was conducted on iso-molded fine grained graphite, since this was the predominant graphite
grade noted in the literature. The initial tests demonstrated the reliability of the experimental apparatus
and the measurement method. Air tests at room temperature were treated as a shakedown and to help
provide a base line for the main tests with helium.

Thus three different type of tests were conducted for his study, as follows: 1) test with SG-11
graphite, 2) SG-11 graphite-on-steel test, and 3) test with SGL MLRF graphite. The tests were conducted
under a helium atmosphere. The testing matrix with the initial test conditions is shown in Table 2-3.

Table 2-3. Experimental Testing Matrix with Contact Force.
(1)Helium Test

Temp./Pressure 101 kPa 1 MPa 3.0 MPa 6.5 MPa
20°C 20N (2) 20N (1) 20N (1)
200°C 20N (1) 20N (3), 30N (1) 20N (2) 20N (2)
400°C 20N (1) 20N (2) 20N (1)
600°C 20N (1)
750°C 20N (1)

(2)Graphite-on-Steel Test (3)MLRF Test

Temp./Pressure 1MPa Temp./Pressure 1MPa
20°C 20N (1) 20°C 20N (1)
200°C 20N (1) 200°C 20N (1)

All the tests had a constant velocity of 0.04 m/s
(-) Number of competed tests

The largest fraction of the helium test were done using IG-11 [“(1)"above]. Other than
preconditioning of the graphite samples by degassing, temperature and pressure conditions were the
main parameters. The graphite-on-steel tests, “(2)” above were conducted ton compare and contrast
with respect to the IG-11 tests. As noted, the graphite-on-steel test is mimics the anticipated frictional
contact per fuel recirculation of the PBR core. Finally, the SGL MLRF tests, “(3)”, further compared and
contrasted the 1G-11 tests. Both the graphite-on-steel test and SGL MLRF test were conducted for two
test conditions relative the IG-11 based reference.

2.5 Calculation of Distance, Wear Rate and Friction

In many of the previous investigations, wear and friction experiments on graphite used controlled
motion of one sample against a stationary sample. When calculating the wear rate of both rotating
samples, relative displacement was used. Since the apparatus here allowed both samples to rotate
under varying directions, relative motion was used to calculate the wear rate. The relative distance the
contact surface traversed was calculated using Equation (1).

D=%", (V1 +V2, ) xt

i=15:200 Equation (1)



Where:
D Wear distance per testing segment (m)
Vi Encoder 1 output (Hz, CW +)

v, Encoder 2 output (Hz, CW +)

r nominal radius of the sample (3cm)

t Sampling time (s)

i Data sample

n Total data samples per testing segment

Using this distance, the wear rate was calculated below,

Equation (2)

where,
K Wear rate (g/Nm)
w Wear mass (g)
Fu Normal Force Applied to Sample (N)

Also, kinetic friction coefficient was calculated with reaction torque;

br= f—: = r; Equation (3)
Where:

Us Sample friction coefficient (-)

Fe Friction Force (N)

Tr Reaction Torque (N-cm)

The testing segments were defined as the timed runs in between mass measurements; the motors
were stopped during these measurements. The sum of the distances covered in these test segments
yielded the total distance that each sample traversed in frictional contact. When calculating the total
wear rate, the sum total relative contact distances corresponded to the mass collected jointly. The
distance was calculated using Matlab with an ‘M-file’.

The data extracted from the test was automatically stored through 1/0-Tech Personal Dag56 into
M-file. Each test run consisted of 1000m contact length; this corresponded to about 125,000 data
points. The generated mass was from periodical mass measurement. An example of collected mass data
and the data extracted from the test can be seen below.
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Figure 2-4. Example of Data Collected from the Test.

2.6 Apparatus shakedown overview

Shakedown tests were conduct to develop, practice and plan the experiments, as well as confirm
the function of all components, hardware and software. This section summarizes the shakedown testing,
the dry test runs, uncertainty quantification on mass measurement, and procedures developed during
the shakedown.

The first shakedown test used wooden spheres (~¥6cm DIA), coated with sand using Krylon Spray
adhesive. The goal of the test was to verify function of the motion control system, application of the
normal load between spheres, and to test the particulate mass measurement technique. The spheres
were 6.35cm in diameter and had a 3/8’ hole drilled through the center and slots on the top to mimic
the actual spherical sample design. The Krylon spray was applied to the sphere at a distance of 10-12
inches in one even coat, and then rolled twice in a container of commercial, coarse un-sifted black sand
obtained from a hobby store. The results of the testing using two normal forces are shown in Figure 2-5.
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Figure 2-5. Sand Shakedown Testing, Top curves 5N, Lower Curves 1.5N

Next to test the durability of the test apparatus, we conducted shakedown tests using non-nuclear
grade graphite for up to 72 hours. During these tests we confirmed that the apparatus as well as the
data logging system functioned reliably for extended lengths of time without issues. However, these
tests revealed a larger than expected uncertainty associated with continual sampling of the particle
mass over the entire testing period. The mass changed suddenly at certain points (0.3 to 0.6mg) and also
the tare value of our scale changed over time as the collected particulate mass sat on the scale.
Subsequently we ran additional tests (without spheres) to investigate these fluctuations. We found that
vibration from the laboratory floor, as initiated by on/off cycle of the building’s HVAC system, affected
the scale during the testing period.

This problem was solved by the following changes: 1) moving the apparatus down to a basement
laboratory, in another building, 2) adding vibration damping rubber below the scale and at the bottom
plate supports, and 3) changing to periodic sampling instead of continuous sampling. The same tests
were run again and yielded a satisfactory range in the data and standard deviations.

The last sub-system that received a full shakedown test was the furnace and cooling system. In the
design phase of the apparatus, the temperature of the shafts holding the spheres within the furnace
chamber could not be modeled in detail. There was not only an intricate geometry surrounding the
shafts, but both radiant and natural convective heat transfer within a tight, bundled enclosure. Thus the
temperatures were measured from each of the shafts and anticipated locations with less thermal
tolerance. The tests were run on the Top Flange Stand in air since the wire feed-through were wired into
other instruments. The hottest point outside the furnace measured was the moving shaft. At 800°C
measured inside the heater, the maximum outer temperature was ~90°C at the worm gear under
steady-state, while all the other locations measured were below 35°C. These temperatures were within
the operational envelope of the components.

Thus, after these shakedown tests were completed the apparatus was considered then ready for
actual testing. The only system not tested was pressure testing the vessel. However, the vessel had been
hydro-tested (and certified) and the pressure fittings were checked with a Swagelok Gap Inspection
Gage for proper installation and function. We thus felt the apparatus was ready.
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2.7 Air Test Results

The first set of test runs were performed at room temperature in air with two grades of fine
grained graphite including IG11 and GROO1CC. The first three air test runs registered only ~50% of the ~1
to ~2 mg mass change deduced from before and after mass measurement of the spheres. In fact, upon
inspection, dust particulates were found (swiping) on along the surrounding metal surfaces (before
furnace was installed). Since these particles were barely visible, the particles were typically 40um or less.
Thus, the discrepancy in mass measurement was attributed to possible air currents within the
configuration used.

We thus decided to check the mass of the samples themselves at interval with a separate
analytical balance with a resolution of 0.1mg. The calibration of the balance was checked before each
round of testing with an ASTM Class | 100 gram test weight and recalibrated as needed. This method of
measuring the sample mass was more in agreement with the before/after mass measurement.

However, we found that particulates on the sample itself also needed to be removed before
weighing. These particles had to be brushed off to measure the change of the graphite samples
themselves. When this was done with a Mettler-Toledo balance cleaning brush, it led to a mass change
on the 4th and 5th Air Tests double the ~1-2 mg change observed in the continuous run corresponding
to the first two Air Tests. To test if brushing alone would change the mass of the graphite samples a
simple check was conducted, the mass of fresh graphite samples was measured before and after the top
surface was brushed multiple times. If a change was observed in the mass this was repeated until the
mass readings were steady down to 0.1 mg.

The results revealed that the brushing did affect the overall mass by ~1 to 2 mg on average.
Therefore, all subsequent tests had the fresh sample’s top surface (where the furnace insulation
particles were found) brushed off before being placed into the apparatus to eliminate this offset. When
this was done, the average change in mass of subsequent tests closely matched the initial continuous
run. The effect of the in-test brushing on Air Tests 4 and 5 compared to using pre-brushed samples is
evident with the two distinct wear curves in Figure 2-6.

4.0000
3.5000 Y Air Tests 5
W 3.0000 :
oo . —
£ R $
- ¢ AirTest4
§ 2.5000 : &
2 2.0000 $
s L N Air Tests with
[} vy B .
g- 1.5000 ‘ .- Pre-brushing
& 1.0000 @ ¥ P - - - Continuous
0.5000 3 o U Test Mass
: _ -~ Difference
0.0000 £~ : : .
0 5000 10000 15000
Nominal Testing time (s)

Figure 2-6. Air Testing Graphite-Graphite Wear Curves
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We note that in Figure 2-6, the error in the time scale was negligible. Therefore the error bars are
not shown here or throughout this report. Also, the error bar associated with mass data is not visible; it
is the instrument’s resolution, 0.1 mg.

The tabulated summary of the tests including Tests 4 and 5 are shown in Table 2-4. The average
change in the sample mass of the graphite-graphite air tests was 1.76 mg for an average wear rate of
8.45E-08 g/N-m. The average kinetic friction remained constant throughout the test and the average
value was 0.13 with a standard deviation of 0.02.

The calculated wear rates of individual sample during the test for the graphite-graphite air tests
can be seen in Table 2-5, and in Table 2-6 the wear rates for the steel-graphite tests are also presented.
The shaded cells in Table 2-5 were considered outliers as compared to the other values and not taken
into account when calculating the averages (considered an outlier when more than 3 standard
deviations outside the mean). The blanks in Table 2-5 and 2-6 were due to recording errors, with the
exception of Test run 8 in Table 2-5. Test 8 had a sample rate of every 30 minutes for the entirety of the
test. It was after this test that the sampling rate was changed to every 10 minutes during the first 30
minutes of the test to better measure the large wear rates observed in that time span.

Table 2-4. Graphite Air Testing Summary

Air Test Teomp. Pressure Load (N) Distance Wear V\//-\e\zlaerr;i?ce Friction
(°C) (MPa) (m) Mass (g) (&/N-m)

1 22 0 19.33 2134 0.0033 8.00E-08 0.16
2 22 0 19.37 2039 0.0017 4.30E-08 0.15
3 22 0 19.38 1912 0.0037 9.98E-08 0.11
4 22 0 21.04 2073 0.0067 1.54E-07 0.11
5 22 0 21.68 2187 0.0056 1.18€E-07 0.10
6 22 0 21.4 2004 0.0036 8.39E-08 0.12
7** 22 0 19.78 2050 0.0027 6.66E-08 0.12
8 22 0 21.15 2122 0.0035 7.80E-08 0.11
9* 22 0 19.8 1933 0.0034 8.88E-08 0.13
10* 22 0 20.08 2193 0.0018 4.09E-08 0.15
11 22 0 19.75 2099 0.0041 9.89E-08 0.08
12% ** 22 0 19.27 2078 0.0025 6.24E-08 0.17

*Graphite Steel
**Recording Error, Total Distance Estimated

Table 2-5. Graphite Wear in Air at 20°C as a Function of Distance

g/m*10 (-6)
040 | 10- | 20- | 30- | 60- | 90- 120- | 150- | 180-
Test min | 20 30 | 60 | 90 | 120 150 180 210
min min min min min min min min
Air Test 3 (1) 15 | 07 | 16 1.6 1.3 4.6
Air Test 3 (2) 1.5 | 0.0 | 0.8 2.3 1.3 2.3
Air Test 4 (1) 134 | 115 | 28 | 2.0 | 1.9 | 21 1.7 6.5 1.3
Air Test 4 (2) 116 | 114 | 35 | 1.4 | 1.3 | 21 2.6 2.2 1.9
Air Test 5 (1) 164 | 00 | 45 | 34 | 1.4 | 21 0.7 0.7 0.0




Air Test 5 (2) | 16.5 0.0 4.5 4.1 2.1 1.4 1.3 14 0.0
Air Test 6 (1) 6.0 0.0 1.9 2.1 1.3 0.0 2.1 1.1
Air Test 6 (2) 2.0 2.0 3.1 1.4 1.3 0.0 1.4 1.1
Air Test 7 (1) 1.9 14 14 0.7 1.4 0.7 0.6
Air Test 7 (2) 3.9 2.1 2.0 1.9 2.1 2.0 1.8
Air Test 8 (1) 10.6 6.0 3.7 1.4 1.1 0.6 0.7 0.0 0.8
Air Test 8 (2) 170 | 41 | 19 | 1.4 | 06 | 06 0.7 0.0 1.5
Air Test 11 (1) 4.8 3.9 5.9 0.0 2.1 2.1 2.7 1.4 0.0
Air Test 11 (2) 4.9 1.9 7.9 0.0 14 1.4 4.7 14 0.0
AVERAGE 11.9 4.4 3.6 1.8 1.4 1.4 14 1.3 1.2
St. Dev. 4.9 3.8 2.2 1.1 0.6 0.6 0.9 1.1 0.8
Table 2-6. Graphite-Steel Wear Rates
g/m*10(-6)
20- 120- 150- 180-
e | 00 1020 S | 3060 | awso |0 By | | g
min min min min
Test 9 (1) 10.3 8.5 1.4 41 3.3 2.0 1.4
Test 10 (1) 6.0 2.0 5.5 0.6 2.5 2 0.6 0.7 0.7
Test 12 (1) 5.8 1.3 1.4 2 2.6 0.7 0.7
AVERAGE 6.0 6.1 5.7 3.5 1.7 2.7 2.2 1.1 0.9
St. Dev. - 5.9 0.2 4.4 0.6 1.2 14 0.7 0.4

12
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3. Experimental study and analysis

The collected data was sorted into files and analyzed (Figure 2-4). Upon completion of each test,
graphite samples were taken out from the apparatus and weighed. Photos of the surface of the graphite
sample were taken so that the condition could be examined. The particulate mass was weighed and
preserved for later SEM (scanning electron microscope) and XRD (x-ray diffraction) analyses.

3.1 Data and Sample Analysis

The SEM instrument used was a JOEL USA Inc., model JSM-6610V was used to determine the
microstructure of the graphite sample surface. The SEM images were acquired at the Microscopy and
Characterization Suite (MaCS) laboratory, Center for Advanced Energy Studies (CAES) in Idaho Falls.

As for micro-structural change of graphite particulate mass, before and after the wear test, we
employed XRD. The XRD analysis was done at Virginia Commonwealth University in collaboration with
Drs. Bertino and Franzel. The conditions used for the XRD are listed in Table 3-1.

Table 3-1. Conditions for XRD.

Model PANalytical X’Part Pro

Generator Voltage 45kV
Tube Current 40mA

Anode Material Cu

Divergence Receiving
Slits
0.25mm 0.1 mm

Scan Step Size 0.026

3.2 Reliability of Results

Since a literature review revealed the existence of few to no previous experimental study under the
same testing conditions, this study compared the data generated to the similar works as a point of
reference rather than as an absolute comparison. The experimental conditions of this study were
compared to those attributed to Luo et al. (2005) and Stanfield (1968) in Table 3-2. The experiments
conducted by Luo and Stanfield studied graphite properties for a high-temperature gas-cooled reactor
(HT-GCR). The experimental conditions here were chosen to simulate the HT-GCR condition. In Figure3-
1, our experimental results are compared to Luo’s and Stanfield’s studies at various temperatures. The
temperature dependent wear rate under two different helium pressures (0.1MPa and 1MPa) are shown
with Luo’s data (0.1MPa) and Stanfield’s data (0.1MPa).

Table 3-2. Experimental Conditions of Wear Test of Graphite in Helium.

Wear testing mode Friction load
Graphite Helium
Temp.
(°C) Press. Contact Dist
(MPa) Orientation Movement force (m).
Grade Density| (N)
NEUP 20-
09- 1G-11, 750 0.1-6.5 Sphere/Spherel Both Rotating 20 1000
151 Toyo Tanso, Iso- 1.76
Luo et molded 20-400 0.1 Sphere/Plate Sliding vs. 30 720
al. Stationary
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) PGX, Sliding vs.
Stanfield Union Carbide, Molded 1.77 20-800 0.11 Plate/Plate Stationary 78.5 125
1.0E-04
i ‘ Large Wear
1.0E-05 : 2“"““
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Figure 3-1. Wear Rate Comparisons to the Other Studies for Graphite-on-Graphite Contact.

This work’s results of wear rate at higher temperatures (200° to 750°C) showed a 5-10 fold larger
magnitude in contrast to Luo’s and Stanfield’s results (Experimental Results, 1MPa in Figure 3-1). At high
temperatures (200° to 750°C), the result of the high wear rate is attributed to a “large wear” mode,
while “lubricated” friction is associated with the low wear rate at low temperature (20° to 200°C). Since
both Stanfield and Luo reported reflective and smooth worn surfaces of graphite samples, the wear
mode in their studies is assumed to be “lubricated” friction, consistent with their low wear rates. The
wear rate in this study under “lubricated” friction was in agreement with these previous studies as the
wear rate’s absolute magnitude was small.

The two wear modes, what this study calls “lubricated” friction and “large wear” were recognized
by the other researchers as well. Two wear modes will be described in detail in later. Stanfield noticed
two types of surface conditions, “grooved and non-reflective” and “reflective”. Also, in Luo’s study, the
transition temperature from the “flat” surface to the surface with “many grooves” was between 200°C
and 400°C. Luo et al. (2005) attributed the change in wear phenomena to a change in the stress
distribution. When frictional motion is introduced to the surface of graphite the tangential force due to
frictional contact influences the stress distribution along the contact zone. When a tangential force
exists, the contact region is subject to wear due to compressive stresses. At low temperature, Luo et al.
(2005) reported that yield failure was unlikely due to graphite’s high compression strength. This was the
explanation of wear due to “lubricated” friction. For “large wear”, on the other hand, Luo et al.
postulated that yield failure was likely in the region where the tensile stress exceeded the material’s
tensile stress at high temperature. However, our experimental results at helium pressures, 1.0 to
6.5MPa, extended Luo et al.’s results to that substantiated as “large wear”.

The experimental apparatus designed and developed by Johnson (2012) was used to conduct tests
reported here. The experimental uncertainties include load cell, pressure transducer, torque meter,
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mass scale, thermocouple probe, encoder, and linear potentiometer. The experimental uncertainty, an
estimate of what is attributed to the experimental apparatus is summarized in Table 3-3.

In terms of uncertainty associated with instrumentation, kinetic friction and wear rate have
uncertainties estimated as 7.1% and 1.7%, respectively. For example, in Figure 3-2, the kinetic friction
with instrumentation uncertainty as error bars is shown.

As shown in Figure 3-2, a trend versus temperature of kinetic friction is observable, even with the
error bars for each test. We consider the uncertainty small enough to deduce the influence of both
temperature and pressure on wear. Since several tests were done under the same experimental
conditions, the error bars in following chapter are as implicitly included data under the same test
conditions.

Table 3-3. Instruments Uncertainty for Wear Rate and Friction Calculation.

. Convert .
Instrument Measure value Uncertainty into Uncertainty
Torque meter Torque (N-cm) 0.7219N-cm Kinetic 7.1%
0.225N Friction (Using data for Test 8
Load cell Contact force (N) (ave. 1.125%) 0.465)
M I M 0.00005 9
ass scale a.ss(g) g Wear Rate . 1.7%
Encoder Rotation (Hz) 0.0075m (Using data for Test 13
—Distance(m) (ave. 0.0074%) 1.6x10"'g/Nm)
Pressure Environment . -
. S5psi
transducer pressure (psi)
Thermocouple Environment .
. 2.8°C
probe temperature (°C)
Llniear Sample position 0.25mm
potentiometer (m)
o7
06 i
05 i 3t T
5 y s
£ 04
o
o 03
)
z
= 0.2
01 +§
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Temperature [degree C]

Figure 3-2. Kinetic Friction with Instrumentation Uncertainties.
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3.3 Two Wear Modes

When the experimental apparatus demonstrated the ability to wear test, the main set of
experiments were conducted under a helium gas environment. The helium test resulted in two different
types of wear modes. The two wear modes were first found in the graphite sample’s appearance. One
wear mode showed a “lubricated” characteristic with a reflective and thin wear scar on the surface
(Figure 3-3 a) with a small amount of graphite dust (average of 0.001g). The other wear mode showed a
“large wear” with dark and wide wear scars and produced a two magnitude greater amount of graphite
dust (up to 0.5g) (Figure 3-3 b). The “lubricated” characteristic was seen in the room temperature, 20°C
and lower helium gas pressure (0.1, 1 and 3MPa) test. The “large wear” was seen when the temperature
went up to 200°C or higher under 1 to 6.5MPa helium pressure. There are exceptions. When the
temperature stays at room temperature, 20°C and the helium pressure is high (6MPa, Test 13), the wear
mode resulted in “large wear” and produced a lot of dust (0.45g). Also, at 200°C with low helium
pressure (0.1MPa) (Test 19 and 21), the surface showed reflective and thin wear scar and stayed in a
“lubricated” condition. The repeatability of the phenomena was ccnfirmoed by 1the <ther test results
(Table 3-4).

After Test at Room Temp. 1MPa After Test at 200°C. 3MPa

Figure 3-3. Tested Samples (a) Left: Lubricated Characteristic, (b) Right: Large Wear.

Table 3-4. Graphite Appearance after Wear Tests.

Helium Test

Temp./Pressure 101 kPa 1 MPa 3.0 MPa 6.5 MPa
20°C Lubricated Lubricated Large Wear
200°C Lubricated Large Wear Large Wear Large Wear
400°C Large Wear Large Wear Large Wear
600°C Large Wear
750°C Large Wear

(2)Graphite-on-Steel Test (3)MLRF Test

Temp./Pressure 1MPa Temp./Pressure 1MPa

20°C Lubricated 20°C Lubricated

200°C Large Wear 200°C Large Wear




17

3.4 Temperature Effects
3.4.1. Temperature Effect on Wear Rate and Friction

In the literature, the temperature effect on graphite wear was discussed. As shown in Figure 3-1,
two previous studies showed the conflicting temperature trends on wear rate, either as increasing or
decreasing with temperature. The experimental wear data as reported mainly differ in testing conditions
and graphite grades. However, both Stanfield’s study and Luo’s study mentioned that when the graphite
samples showed a reflective and smooth worn surface, the resulting wear rate was smaller than the
samples with a grooved and non-reflective surface. In this study, it was observed the same tendency
“lubricated” friction with low wear rate and “large wear” with high wear rate. The temperature
dependence on wear rate for all helium testing is given in Figure 3-4.

1.0E-04
6MPa Large Wear
1.0E-05 2 1MPa
! Ty "
T ampa £ ®
= .f ’
I
£ 10E06 / i
& i I 0.1MPa
= { ¢
L] 1
= /
1.0E-07 / Lubricated fricition
g
1
1.0E-08
0 200 400 600 B0O
Temperature [Degree C]

Figure 3-4. Temperature Dependence on Wear Rate under Various Helium Pressures

In Figure 3-4, the wear modes, “lubricated” and “large wear” were distinguished by wear rate and
appear as dashed-lines. The transition of two modes is delineated with the indicated arrows. For “large
wear” mode, the wear rate trend at 1MPa is slightly decreasing with temperature, while the data at
6MPa is approximately constant with temperature. The reason for a decreasing trend on wear rate for
1MPa helium pressure will be discussed in Chapter 3.5. The temperature trend on kinetic friction can be
seen in Figure 3-5.
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Figure 3-5. Temperature Dependence on Kinetic Friction under Various Helium Pressures.

The temperature dependence on kinetic friction also shows similar trends to support our
understanding of the wear mechanisms. The dashed-lines and arrows indicate the transition between
“lubricated” friction and “large wear”. The “lubricated” friction mode corresponds to a low friction
coefficient (average of 0.1) and the “large wear” mode corresponds to a high friction coefficient
(average of 0.51). In 1995 Robert discussed the influence of the presence of inert gas on friction of
graphite. In Robert’s study, different kinds of inert gases were tested for pin-on-disc wear tests with two
kinds of graphite, electrographite (EG319) and morganite (MY3A), at room temperature. Robert
suggested that the presence of inert gas affects the superficial crystalline structure on the graphite’s
surface, which essentially reduces friction. The gas atoms that are potentially adsorbed or embodied
into the surface improve the mobility of superficial crystallites that orient themselves parallel to the
wear direction under the action of the contacting asperities. This leads to a decrease of both the
roughness down to 0.6um (c.l.a.), and the surface energy (Robert, 1995). Stanfield, Robert, and Luo
reported a decreasing trend on wear properties characterized by a reflective and smooth band of
contact, i.e. wear scar. This means that the likely phenomenological mechanism was what we call
“lubricated”.

Luo’s experiments were conducted under helium environment from 20°C to 400°C. Luo reported
different wear mechanisms at different temperatures. There occurred a transition in wear from low
friction (0.15) at 20°C and high friction (0.336) at 400°C (Luo, 2005). The friction coefficient at 20°C, as
reported by Luo, showed agreement with our result for “lubricated” friction (average of 0.1). Although
the friction coefficient at 400°C was lower than our result (average of 0.51), both our result and that
reported by Luo et al. showed a significant increase in friction when the wear mode changed to “large
wear”. Thus, in both our work and that of Luo’s, a similar transition from “lubricated” to “large wear”
was observed.
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3.4.2. Temperature Effect on Wear Particle Production

As mentioned before, Figure 3-4 shows that the wear rate decreased with increasing temperature
under 1MPa helium pressure. On the other hand, there is no evidence of temperature dependence of
kinetic friction (Figure 3-5). While wear rate directly influences wear mass, kinetic friction is a measure
of the contact torque. The decreasing trend in wear rate was observed only due to a change in the wear
induced mass loss (Figure 3-4). This can be explained with wear particle production change with
temperature.

The graphite particles were collected from a tray located under the graphite spheres in the test
apparatus. The collected graphite particles were characterized using a SEM. The images of graphite
particles from wear tests at different temperatures are shown in Figure 3-6.

The graphite particles were collected from a tray located under the graphite spheres in the test
apparatus. The collected graphite particles were characterized using a SEM. The images of graphite
particles from wear tests at different temperatures are shown in Figure 3-6.

Figure 3-6. SEM images of graphite particles from wear test at (a) 200°C, (b) 400°C and (c) 750°C.

It is self-evident from the figure that the distribution of graphite particle images from SEM are
different in size and shape for the test temperatures as noted. As seen in Figure 3-6(b) and (c), large-
sized flakes are observed at 400°C and 750°C, respectively. The change from powder formation at 200°C
to powder and flake formation at 400°C is observed by comparing the images of graphite particles
Figure 3-6(a) and (b). At 400°C and 750°C, the much larger area-to-weight ratio was observed for
“flakes” in comparison to particulates characterized at 200°C as “powder dust”. It is plausible that flakes
are more likely to adhere to the graphite surface because of its mass (thus larger lift-off threshold) and
carbon bonds in contrast to powder dust. However, results of mass or carbon bonding effects cannot be
verified using SEM images. If this is in fact the dependence, a decrease in the wear rate trend with
higher temperatures, 200°C up to 750°C, should result.

The temperature trend on wear rate in terms of graphite dust formation change is one aspect of
the mechanism. For both wear rate and friction, there is another trend on temperature that
distinguishes lower values as “lubricated” friction and higher values for “large wear”. This trend is not
influenced by temperature alone.

Based on our literature survey, there were indications of change in the superficial crystalline
morphology. We thus sought to investigate the micro-structural change of graphite and used X-ray
diffraction (XRD) to determine the crystalline structures of solid samples. In the case of (non- nuclear
grade) carbonaceous materials, analysis by XRD is well documented. We next discuss the wear modes
based on XRD analysis.
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3.4.3. Temperature Effects on Graphite Particle Crystalline Structure

X-rays are electromagnetic radiation of wavelength from 0.01 to 10nm. XRD has been in use as
“fingerprint-like characterization” of crystalline materials; thus determination of their crystalline
structures. Each crystalline solid has a unique, characteristic XRD pattern which in essence is its
“fingerprint”. X-ray crystallography of graphite indicates how the carbon atoms are ordered; that is, with
the structure determined, the inter-planar spacing, size of crystallite, and degree of graphitization
(Miyake, 1996) is considered well-known for a pure sample.

The samples from various wear test conditions that were analyzed by XRD are given in Table 3-5.

Table 3-5. Graphite Samples for XRD Analysis.

Temperature, Helium Pressure, Note
°C MPa

Test 7 200 1.0 Ultra High Purity helium gas
Test 8 400 1.0 Ultra High Purity helium gas
Test 9 200 1.0 Graphite-Steel

Test 13 20 6.5 Ultra High Purity helium gas
Pre-test From bulk bar
Pre-test From machined sample

For this case, the sample’s X-ray diffraction pattern was compared to graphite’s indexed reference
(Figure 3-7). In Figure 3-8, the pre-test sample’s X-ray diffraction pattern is depicted compared to the
indexed reference. The pre-test sample is collected by grating IG-11. The positions of the two figures are
adjusted to compare the incident angle, 28. The pre-test sample has the same peaks for the (002), (100),
(101), (004), and (110) planes with moderate intensity distribution as shown. There was no other peak
observed. This means that the nuclear grade graphite samples tested have a well-graphitized crystalline
structure and no significant impurities.

The second step for XRD analysis is a comparison between samples to identify the difference(s).
The post-test XRD spectra at two different temperatures are shown in Figure 3-9. The 200°C and 400°C
tests are compared with pre-test sample. The graphite dust samples for 200°C and 400°C tests were
collected from the tray beneath the graphite spheres in the testing apparatus. Both the 200°C and the
400°C tests show similar X-ray diffraction patterns. Although the 200°C test shows higher intensity for
the (002) plane, there is no significant difference observed between the spectra obtained from 200°C
and 400°C tests. A comparison with the pre-test sample indicates that all of the diffraction peaks for
200°C and 400°C tests have a lower intensity than the pre-test sample. Moreover, there is no distinct
diffraction peaks for the (101) and (100) planes. We note that the merging peaks largely mean that
graphite has lost its well-graphitized crystalline structure (Inagaki, 1963). This can be seen as evidence
that due to wear under 1MPa helium pressure, at 200 °C and 400°C, our graphite samples have been
subjected to physical degradation of their crystalline structure. The schematic images of (101) and (100)
planes are seen in Figure 3-10. Since the graphite synthesis process requires highly graphitized
treatment at very high temperature (~2500 °C), the change in crystalline structure during a wear test is
the result of both contact wear and environmental conditions (pressure, temperature), especially the
influence of high helium pressure, which will be discussed next.
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3.5. Pressure Effects

Unlike the temperature effect on graphite wear, the influence of pressure on wear has not been
widely discussed in literature. The influence of helium pressure on graphite-on-graphite friction was
studied by Robert (1995). In Robert’s study, the introduction of helium gas led to a decrease of the
friction coefficient from 0.45 to 0.02. However, Robert’s experiment was only conducted at a low helium
pressure range, 0.01 to 0.16MPa, for 10 hours under a sliding velocity of 30mm/s (total sliding distance
of 1080m). Robert did not attribute the influence of helium pressure change on friction but the
phenomenon of migration of helium atoms on the surface. In his discussion, the helium atoms “embed”
themselves into the surface of graphite; then, increased the mobility of superficial crystallites. Thus, the
surface roughness and surface energy decreased and consequently, decreased the friction coefficient
(Robert, 1995).

If the graphite surface indeed adsorbs or embeds “resident” gas atoms, the facilitated frictional
contact may yield a macroscopically smooth and optically reflective. Macroscopically this was in fact
observed in the current sample; that is, we called this “lubricated wear”. In contrast, for our results
attributed as “large wear”, the worn surface characteristics were different. The surface of the graphite
sample for “large wear” was degraded and covered with wear particles. The helium pressure effect on
wear rate and friction for this study can be seen in Figure 3-11 and 3-12.

Even at low temperature (20°C), both wear rate and friction showed high values at high helium
pressure (6.5MPa). Also, at 200°C, the low helium pressure (0.1MPa) test showed low values for both
wear rate and friction, while at higher helium pressure (1MPa to 6MPa) tests showed larger values. Thus
graphite wear is affected by helium pressure in the same way as temperature and the low wear rate
occurs only if both pressure and temperature are low in contrast to high wear rate when either pressure
or temperature is high.
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Figure 3-11. Pressure Dependence on Wear Rate at Various Temperatures.
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Figure 3-12. Pressure Dependence on Kinetic Friction at Various Temperatures.

To understand the effect on crystalline structure via graphite surface wear, XRD analysis was again
performed. Results for pressure effect on crystalline structure for 20°C at 6.5MPa test are shown in
Figure 3-13 relative to the pre-tested sample and the 200°C at 1MPa tested sample. As shown, there is
no significant difference between the temperature and pressure ‘paired’, 20°C /6.5MPa test and 200
°C/1MPa test. Both graphite samples depict a prominent peak for the (002) plane and merged peak for

(100) and (101) planes. The test at 20°C/6.5MPa resulted in “large wear” mode with the same crystalline
structure as sample at 200 °C/1MPa.
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Figure 3-13. XRD Pattern Comparison with 6.5MPa Tested Samples at Room Temperature to
200°C Tested and Pre-test Samples

The SEM images of graphite particle for 20°C/6.5MPa test is shown in Figure 3-14. We also
included the SEM image from tests done at 200 °C/1MPa as a point of comparison. The SEM images
generally show the same grain size distribution with similar gray-scale distributions for both graphite
samples. That is, there is no apparent pressure effect on crystalline structure for both 20 °C/6.5MPa and
200 °C/1MPa tests.
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Figure 3-14. SEM Images of Graphite Particles for 20°C/6MPa Test and 200°C/1MPa Test
3.6. Transition from “Lubricated” friction to “Large Wear”

The current wear tests provided evidence of two phenomena under different helium pressures, at
various temperatures. In the case of what we called “lubricated” friction, there was corresponding
negligible wear dust generated and an optically reflective wear scar on the surface. On the other hand,
when particulates generated were considered large, (up to 0.5g), the contact surfaces appeared darker
and produced a broad wear scar. The SEM image and XRD analysis revealed that the surface crystalline
structure changed as a result of the wear test. Both frictional contact and testing condition contributed
to the change between “lubricated” friction and “large wear”. The mechanisms of these two wear
modes were described in the literatures as superficial crystallites change. The schematic drawing of
phenomenological changes are shown in Figure 3-15.

As Figure 3-15 shows, graphite maintains a well graphitized crystalline structure as manufactured.
Then, the machining process produces a spherical shape with a grained surface (Figure 3-15 top). Once
frictional contact forces are introduced in testing, the morphology changes. At the beginning, the
superficial crystallites migrate parallel to the wear direction within the contact zone. This study
postulates that the migration occurs due to helium atoms adsorption and possible ‘embedding’ into
(near) sub-surface. This facilitates relative sliding motion at the surface and results in “lubricated”
friction as noted. Development of morphological changes ultimately results in a reflective contact
‘band’. When either temperature and helium pressure alone or together assume larger values, due to
the change in the material’s properties, asperities on the surface then appear to contribute to different
mode of particulate generation, one called “large wear”.
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The SEM images depicting the wear ‘scar’ is shown in Figure 3-16. The upper two images are from this
study and the lower two images are from Luo’s study (2005). The Luo’s wear test was conducted under a
lower helium pressure (0.1MPa) than this study (1MPa). At room temperature, both this study and Luo’s
visually show similar smooth surfaces. At 400°C, on the other hand, the surfaces have visually changed
into a “large wear” mode, in contrast to Luo’s study. The surface image for 400°C from Luo’s study
shows a combination of partially smooth and spalling pits while the surface from this study shows a
degraded surface throughout. Since the testing (helium) pressure for Luo’s study was lower than this
study for the 400°C tests, the observed surface for Luo’s study is thought to be the transition from
“lubricated” friction and “large wear”.
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Figure 3-16. SEM Image of Wear Scar on Graphite Surface at Transition from “lubricated” to “lar
wear”.

Figure 3-17 shows the wear test results from this study and two others as represented in terms of
helium pressure versus temperature. The shades of bluish-gray define approximate regions between
two modes of wear. The two other studies were done under low helium pressure (0.1MPa) at various
temperatures. In Stanfield’s study, 400° and 800°C tests indicated “lubricated” friction with reflective
surface and low wear rate. Luo’s study showed “lubricated” friction mode for room temperature tests
and combination of “lubricated” friction and “large wear” from 200° to 400°C. As noted, in the present
work, a wear mode of “lubricated” friction was observed at lower temperature and pressure. At higher
temperature and helium pressure, the wear mode transitioned to “large wear” with a degraded surface.
Furthermore, this study determined that there is the phase of “large wear” in the presence of high
helium pressures and temperatures. For the majority of operating conditions of a pebble bed reactor
core, this study anticipates a condition of “large wear” that results in a greater amount of graphite dust
than ”lubricated” friction. Rostamian showed that particulate generation from these experimental
results estimates a wear mass of approximate 2.3kg/yr at temperatures higher than 200°C, for a PBR of
an actual size such as HTR-10. (Rostamian, 2012). We noted that this dust production rate is still much
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smaller than that estimated to be required for dust combustion/explosion at some 508.3kg/yr (Poulsen,
2011).
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Figure 3-17. The Wear Test Conditions of Helium Pressure Versus Temperature.

3.7. Graphite-on-Steel Test and MLRF test

Two other wear test configurations were conducted in this study. We investigated graphite-on-
steel contact and a different grade of nuclear grade graphite. The graphite-on-steel contact was a
simulation of the contact of graphite spheres against the wall during loading/unloading or online
refueling of the PBR. A different grade of nuclear grade graphite test was considered because of
morphological differences of nuclear grade graphite depend on proprietary manufacturing processes.

The wear tests conducted at room temperature, 20°C, and 200°C under 1MPa helium pressure
were compared to the graphite-on-graphite tests with 1G-11. Since test conditions for helium tests
covered the range of “lubricated” friction and “large wear”, the test conditions of 20°C, and 200°C under
1MPa helium pressure were considered sufficient. The results from these tests are described below.

3.7.1 Graphite-on-Steel Test

As noted, the graphite-stainless steel contact is anticipated to occur during online refueling of the
PBR. Select, burnup assayed fuel spheres with insufficient burnup are reintroduced in to the core and
thus encounter frictional contact via the refueling system. The experimental arrangement is shown in
Figure 3-18. The results were calculated as the same as all of the other tests. We found unique wear
particles for Test 9 (Figure 3-19). The particle had a larger size and a flake like shape, while most of the
other particles were fine and uniform in size. At 200°C, the wear mode was “large wear” due to the
sample’s appearance and wear rate. For “large wear”, the cumulative wear mass was less (0.0327g) than
graphite-on-graphite tests (average of 0.33g) but the wear scar appeared as wide as the graphite-on-
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graphite wear. Also, it was noticed that the wear scar of the sample for Test 9 had a reflective wear scar,
which was not observed in the other test.

Figure 3-18. Pre-(Left) and Post-(Right) Test Sample Appearance for Graphite-on-Steel Test at
200¢eC.

Graphite-on-Steel Test at 200°C (Test 9) Graphite-on-Graphite Test at
200°C (Test 4)

Figure 3-19. Graphite Particle from Test 9, Graphite-on-Steel at 200°C and Test 4 as a Comparison

The temperature trend on wear rate for graphite-on-steel is shown in Figure 3-20 as a comparison
of the result from helium tests.
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Figure 3-20. Temperature Dependence on Wear Rate with Graphite-on-Steel.

At room temperature, 202C, wear rate was as low as graphite-on-graphite combination with
reflective wear scar. At 2002C, the wear scar appeared as broad as “large wear”, while there was less
wear dust produced (0.033g) than the graphite-on-graphite test (average of 0.32g). The results for 202C
and 2009C tests imply that the wear mode for graphite-on-steel is “lubricated” friction for 202C test and
“large wear” for 2009C test. This temperature trend is similar to the graphite-on-graphite test. At 209C,
test results agree with the result of graphite-on-graphite test at 1MPa helium pressure, both in terms of
on wear rate and morphology of the graphite sample. However, there is a notable, distinct wear scar
and corresponding wear dust for the 2002C test.

The wear scar at 200 2C was distinguished as optically reflective. The other distinctive appearance
for graphite-on-steel test at 200 2C was morphology of graphite dust (Figures 3-19). The dust from
graphite-on-steel test appeared “flakier” than graphite-on-graphite test.

The SEM images of graphite dust are shown in Figure 3-21. The appearance of a particulate
distribution indicates that graphite-on-steel contact yields a flakier morphology than graphite-on-
graphite test. As we discussed before, the flakes have larger area-to-weight ratio than “powder” dust
which is typically generated in graphite-on-graphite wear tests at lower temperature (2002C to 4009C).

The SEM image of graphite dust indicates that the flake type particulates are dimensionally bigger
than that generated from graphite-on-graphite test. As noted before, flakes tend to adhere to the
surface in contrast to the “powder dust”. Thus less graphite dust is generated (collected).



32

Graphite-on-Graphite - o Graphite-on-Steel
: 200°C/1MPa Test

200°C/1MPa Test

Figure 3-21. SEM image of Graphite Dust from Wear Test under 1MPa at 200°C for Graphite-on-Graphite
Test (Right) and Graphite-on-Steel Test (Left).

As shown in Figure 3-18, graphite adhesion onto the surface of steel was observed. Since steel is
not porous and harder than graphite, the frictional wear against a graphite surface is postulated to occur
under initial frictional contact wear at the surface rather than later when particulates are present. Thus
when the graphite adheres onto the steel surface, it is possible that there is no direct contact of graphite
and steel, but the contact of graphite and graphite particulate adhering onto the steel surface. The
graphite particulate adhesion acts as a thin lubricating film. This change in contact is thought to be a
reason for smaller amount of graphite dust for graphite-on-steel tests.

3.7.2. XRD Analysis of Graphite-on-Steel Wear

The XRD pattern of graphite particulate from graphite-on-steel test is shown in Figure 3-22 and
compared to the pre-test XRD pattern. As shown in the figure, the graphite-on-steel test XRD pattern
shows only one evident peak for (002) plane. This means that the superficial crystallites as a result of
contact between graphite and the adhered (surface) graphite changes in crystalline structure more
dramatically than the graphite-on-graphite test. However, this loss of graphitized crystalline structure
does not yield more graphite dust. Also, the graphite dust produced under graphite-on-steel contact
would have less likelihood for be transport inside the PBR core and fuel handling system not only
because of its large area-to-weight ratio but also an assumed lack of circulation of coolant. This of
course depends on the actual design. Therefore, the graphite dust produced via graphite-on-steel
contact is less of a concern in terms of safety than the graphite-on-graphite contact not only because of
morphological change of graphite dust as noted but the confined, anticipated geometry.
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Figure 3-22 XRD Pattern of Graphite Dust from Graphite-on-Steel Test.
3.7.3. MLRF Test

Further experiments were done with a different grade of nuclear grade graphite. The tested graphite
grade, MLRF, is manufactured by one of the NGNP certified graphite providers, SGL.

Tests using MLRF yielded graphite samples that had trends similar to both “lubricated” at room
temperature and “large wear” at 200°C (Figure 3-23). The test at 200°C was conducted only for a short
distance due to the failure of one of the sample’s holding shafts (Test 25). The wear rate for the test at
200°C was calculated based on this shortened distance and recorded the greatest value from all of

helium tests.

Table 3-6. Helium Test Result for MLRF.

Helium | Temp. | Pressure | Load R.e lative Wear Average i
Test °c) (MPa) (N) Distance Mass (g) Wear Rate | Friction
(m) (8/N-m)
24 204 19.79 990.8 0.0013 6.78x10” 0.179
25 200 16.53 252.08* 0.3408 6.76x 10” 0.5

* Sample holding shaft failure
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20°C (Test24) 200°C (Test 25)

Figure 3-23. Sample Appearance for MLRF after wear test

As Figure 3-23 shows, the post-test surface appearance at 202C and 200°C were “lubricated”
friction and “large wear”, respectively. The tested graphite, MLRF, showed a temperature trend similar
to 1G-11, as shown by Figure 3-24. However, MLRF had a higher wear rate for both 202C and 200°C tests.
As discussed, the graphite dust is generated from gradual surface wear from frictional contact between
graphite samples. Further, Rostamian found that the graphite wear depends on the asperity level
(Rostamian, 2012). The asperity level is dependent on the material properties and surface finish, thus on
the manufacturing process. The properties for IG-11 and MLRF are different due to different
manufacturing processes. One difference between IG-11 and MLRF is the material density; this is related
to grain size at the surface (MLRF has a larger grain size (at <1000um) than 1G-11 (at 20 um)). With larger
surface grain size, the surface wear may yield more graphite dust when frictional contact forces are
imposed. This depends on the proprietary ‘binder’ and the ‘bake-in’ process that may be used in the
manufacturing process. This defines the initial porosity and interconnected solid phase. Since the
temperature trend was similar for both MLRF and IG-11, the wear phenomenon is similar. This means
the wear mode transition from “lubricated” friction to “large wear” also occurs for MLRF, in a manner
similar to 1G-11 under the similar condition.
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Figure 3-24. Tempreature Dependence on Wear Rate for SGL Test with Comparison of 1G-11.

3.8. Conclusion for Chapter 2 and 3

The pebble bed reactor (PBR) is one type of graphite-moderated gas-cooled reactor (GM-GCR);
the Very High Temperature Reactor (VHTR) has been considered under the Next Generation Nuclear
Plants (NGNP) program. Unlike most reactors, PBRs have an online refueling system. Further they use
spherical graphite pebbles (approximate 6cm in diameter) with fuel kernels embedded as fuel elements.
The graphite pebbles are dropped into the top of the reactor, gradually traverse randomly down
through the reactor core, and are removed from the bottom. The removed graphite pebbles are then
either lifted to the top of the reactor core if the assessed burn-up is low, or relegated as spent fuel if
sufficiently burned or assessed as defective. The motions of these graphite pebbles and the frictional
contact in the bed produce graphite dust. Graphite dust particles carrying adsorbed leaked fission
products may be of particular safety concern in a depressurization accident because they can then
escaper out of the primary system. A potential graphite dust explosion in an air-filled confinement
building can exacerbate dispersion of fission products. Thus, the safety concerns must be understood for
PBR plant design and licensing.

In Chapter 2 and 3, we summarized experimental results on wear tests using nuclear grade
graphite in frictional contact under conditions of helium pressure and temperature of relevance to the
VHTR/NGNP; that is , from 0.1 to 6.5MPa, up to 7502C.

The wear tests with a purposely designed test apparatus showed that it was possible to conduct
wear tests under desired conditions within acceptable uncertainties. The wear tests under higher helium
pressure (1 to 6.5MPa), at higher temperatures (200° to 750°C) revealed that there were two distinct
wear modes. One mode was characterized as “large wear”, the other mode “lubricated” friction. The
wear characteristic under “lubricated” friction agreed with limited previous experimental studies under
lower helium pressure (0.014 to 0.1MPa). In contrast, “large wear” showed a larger wear rate (average
of 1.37x10-5g/Nm) than the “lubricated” friction mode (average of 1.93x10-7g/Nm). The post-test wear
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scar appeared as an optically reflective, flattened surface for “lubricated” mode and degraded, optically
dull surface for “large wear” mode. These wear modes were additionally characterized by Scanning
Electron Microscope (SEM) images. X -Ray Diffraction (XRD) analysis of the pre- and post-experiment
graphite. SEM/XRD images showed that there was a loss of well-organized crystalline structure due to
frictional contact under higher helium pressure (1 to 6.5MPa), at higher temperature (200° to 750°C).
The estimated uncertainties of experimental data in this study were estimated to be satisfactorily small
enough such that the influence of temperature and pressure on friction could be discerned.
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4. Computational modeling and predictions of frictional contact wear

Computational modeling and simulation of the contact mechanics, as anticipated in a PBR
configuration, was carried out for the purpose of predicting the amount of dust generated during
anticipated full power operation year of a PBR. A methodology that encompasses finite element analysis
(FEA) and micromechanics of wear is developed to address the issue of dust production and its
guantification. In particular, the phenomenon of frictional wear and change in wear rate with sliding
(contact) length was investigated by Rostamian (2012).

This work studied the wear properties of graphite by simulating pebble motion and interactions of
a specific type of nuclear grade graphite, 1G-11. This study consists of two perspectives: macroscale
stress analysis and microscale analysis of wear mechanisms. The first is a set of FEA simulations
considering pebble-pebble frictional contact. In these simulations, the mass of generated graphite
particulates due to frictional contact is calculated by incorporating FEA results into Archard’s equation,
which is a linear correlation between wear mass and (contact) wear length. However, the experimental
data by Johnson (2012) revealed that the wear rate of graphite decreases with sliding length. This is
because the graphite material is porous and thus, the surfaces in contact experience frictional wear over
time, which results in a gradual decrease in wear rate as the surface morphology changes. In order to
address the change in wear rate, a more detailed analysis of wear mechanisms at room temperature
was presented since thermophysical properties of high temperature graphite are incomplete. In this
‘microscale’ study, the wear behavior of graphite at an asperity level is studied by simulating the contact
between asperities of facing surfaces. By introducing the effect of asperity removal on wear rate, a
nonlinear wear rate is obtained.

The nonlinear wear law proposed in this study serves as a model to predict the effect of changing
surface topology on the wear behavior of graphite. This tribological model is valid for applications where
mass removal is in the form of powder formation rather than flake or chip formation.

4.1. Introduction and scope of computational prediction of dust production

This chapter describes the wear mechanisms of graphite pebbles frictional contact. The
preliminary computational simulations are finite element simulations of frictional contact between two
graphite pebbles. The range of inter-pebble forces are presented by Cogliati and Abderrafi (2008)
calculated by PEBBLES code. This study comprises of two stages; macro-level considerations and micro-
level considerations. The first stage is a set of finite element simulations considering pebble-pebble
frictional contact. In these simulations, the generated graphite particulate due to frictional contact is
calculated using the commercial finite element code ABAQUS (2010) and the linear Archard’s equation
(Archard, 1956). The Archard’s equation leads to linear results as expected. However, the experimental
observations reveal that wear rate of graphite decreases with sliding length. As a result, the second
stage of this work was a more realistic analysis of the wear mechanisms leading to wear of graphite at
room temperature. Wear behavior of graphite at the asperity (surface imperfection) level was studied
by simulating the contact between two asperities of facing surfaces. By introducing the effect of asperity
removal on wear rate in the form of an ‘asperity height function’, a nonlinear wear rate is calculated. A
fit of the asperity height function with the computational wear variations results in a power law
formulation for wear. These FEA simulations serve as a ground for developing an asperity contact model
to describe the nonlinear wear effects as experimentally observed by Johnson (2012).

There have been several efforts to develop codes to model the dust-related phenomena inside a
pebble bed reactor including dust generation, lift-off, transportation through the main circuit, dust
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coagulation, chemical interaction with radio-nuclides, and deposition. A representative list of these dust
prediction models is presented in Table 4.1.

Table 4-1. Dust Prediction System Codes.

Codes Phenomena Modeled (Dust | Reference
Related)
Dust and Activity Dust generation, Lift-Off and | HTGR, 2010
Migration and Distribution | Deposition
model
SPECTRA: Radioactive Fission Product and Dust Stempniewicz, 2012
Particle Transport Package | Transport
PEBBLES Dust Generation in Core Cogliati, 2008

The ‘Dust and Activity Migration Model’ models the integrated effects using correlations derived
from the measurements on the AVR. The SPECTRA code was developed to have the Radioactive Particle
Transport Package in an effort for licensing consideration of smaller, advanced reactor concepts. The
SPECTRA code, however, is used in the Westinghouse NGNP consortium for the analysis of dust and
fission product transport in the U.S. DOE NGNP program (Stempniewicz, 2012) and can be used for
HTGRs in general. The PEBBLES code is a discrete element method code, which simulates the forces and
relative velocities of the spherical elements (fuel and non-fueled) inside the core. The code estimates
the overall dust production in the core by the use of the Archard wear equation, which is a first order
approximation of the overall wear rate (Cogliati, 2010).

4.2. Initial Finite Element Simulations
4.2.1. HS and BCC configurations

In an effort to computationally simulate pebble-pebble frictional contact, a finite element model
of contacting pebbles has been created in ABAQUS. Two different configurations have been considered:
(1) the HS model, which refers to two HemiSpheres in contact (Fig. 4.1a), and (2) the BCC model (Fig.
5.1b), which is the Body Centered Cubic model. In the BCC configuration, one pebble is in the center of a
cube and can be in contact with eight corner spheres of this unit cube. In Fig. 4.1b, a symmetric portion
of the BCC model is represented. Dynamic simulations were conducted with realistic pebble-pebble
forces (Cogliati, 2008), friction at contact points and rotation of the center pebble. A mesh refinement
study was performed to ensure mesh independent results, and to determine the optimum mesh size in
the contact regions between pebbles.

Graphite was modeled as an elastoplastic material using a von Mises isotropic plasticity modeled
with nonlinear hardening, coupled with a linear wear model to determine the worn mass per pebble
pass. Finally, the results were discussed and compared with those in (Lou, 2005) and (Cogliati, 2008).
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Initial Rotation Direction

Above, the direction of force is
from left to right sphere and arrows
show the initial rotational
directions. At right, the direction of
force from the ‘middle’ sphere is to
the right, against both spheres.

(a) (b)
Fig. 4-1. Pebble-pebble contact in (a) HS and (b)BCC configurations.

4.2.2. Stress/Strain Curve for IG-11

The nuclear grade graphite IG-11 with an elastoplastic behavior is considered to determine the
extent of pebble wear due to contact and wear forces. For 1G-11, the Young’s modulus and the Poisson
ratio are reported as £=9.8GPa and V =0.126 (Yokoyama, 2008). Other values are reported for the
Young’s modulus in different sources, e.g. E=9.5GPa (Yoda, 1983). In this work, the value of 9.8GPa was
used because it is accompanied by a stress-strain graph shown in Fig. 4.2. As observed in this Fig.4.2, 1G-
11 exhibits plastic deformations of almost 4% at room temperature.

80 Fracture Point

60 Plastic Portion

40
Yielding Point

20 Elastic Portion

Compressive Stress (MPa)
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Compressive Strain
Fig. 4-2. Stress-strain curve for 1G-11 (Yokoyama, 2008).
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The vyield stress and the corresponding plastic strains are obtained from the plastic portion of
the stress-strain curve (Fig. 4.2). Table 4-2 shows the values used in ABAQUS as the equivalent
stress-strain curve and the plastic model used in the FEA simulation.

Table 4-2. Isotropic Plasticity Model Data.

Yield Stress (MPa) Plastic Strain
45,005,500 0
48,779,700 0.0015747
53,811,900 0.0040155
58,765,500 0.0066925
63,247,300 0.0099206
67,414,600 0.0136999
71,739,100 0.0185028
74,962,900 0.0230694
77,557,600 0.0271636
79,287,400 0.0309429

4.2.3. Simulation Setup

As noted, the simulation setup consists of two configurations for pebble-pebble contact: a simple
model of two hemisphere (HS) and a body centered cubic (BCC) unit cell configuration. The latter
represents a more realistic configuration of pebble conditions in contact with 5 pebbles, which is an
average coordination number for a pebble in the porous bed of a PBR (du Toit, 2009). In the present
work, however, the maximum number of contact points is 2. The number of contact points was chosen
based on the defined loading. The target pebble pushes against the other two pebbles on the right hand
side, as shown in Fig. 4.1b. If the number of contacts were chosen as 5, this loading would not affect the
extra pebbles on other side of the central pebble, which are not shown in the model.

A set of simulations was carried out by considering the inter-pebble forces, friction at contact
points and rotation of the pebbles in order to study the contact stresses. Each simulation modeled a
rotation corresponding to 2.06m of relative movement of the contact points. This is an estimation
predicted in (Lou, 2005) for the HTR-10 in China. This wear length corresponds to 10.92 revolutions.

The contact normal forces in the contact region are used to calculate the wear. Therefore,
simulating the contact in a small portion of the pebble is sufficient to compute the amount of material
removed from the pebbles by wear and to encompass the entire contact region. On the other hand, by
simulating only a small portion of the relative motion between the pebbles, computational costs are
greatly reduced. As a result, a reciprocal rotation of the pebbles is considered. This reciprocal motion
will be discussed and presented as finely meshed zone in Fig. 4.3.
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(a) (b)
Fig. 4-3. Contact zone refined mesh for (a) HS and (b) BCC models.

4.2.4. Element Selection and Assembly Setup

Linear hexahedral 3D stress elements (C3D8R) with reduced integration have been used to mesh
the geometry. Reduced integration usually means that an integration scheme one order less than the
full scheme is used to integrate the element's internal forces and stiffness. Superficially this appears to
be a poor approximation, but it has proved to offer significant advantages. For second-order elements,
in which the isoparametric coordinate lines remain orthogonal in the physical space, the reduced-
integration points have the Barlow point property (Barlow, 1976); that is, the strains are calculated from
the interpolation functions with higher accuracy at these points than anywhere else in the element. For
first-order elements, the uniform strain method yields the exact average strain over the element
volume. Not only is this important with respect to the values available for output, it is also significant
when the constitutive model is nonlinear. This is because the strains passed into the constitutive
routines are a better representation of the actual strains.

Reduced integration decreases the number of constraints introduced by an element when there
are internal constraints in the continuum theory being modeled. These constraints are incompressibility,
or the Kirchhoff transverse shear constraints if solid elements are used to analyze bending problems. In
such applications, fully integrated elements will “lock” —they will exhibit response that is orders of
magnitude too stiff, so the results they provide are quite unusable. The reduced-integration version of
the same element will often work well in such cases.

Finally, reduced integration lowers the cost of forming an element. For example, a fully integrated,
second-order, 20-node 3D element requires integration at 27 points, while the reduced-integration
version of the same element only uses 8 points and, therefore, costs less than 30% of the fully
integrated version. This cost savings is especially significant in cases where the element formation costs
dominate the overall costs. The deficiency of reduced integration is that, except in one dimension and in
axis-symmetric geometries modeled with higher than first-order elements, the element stiffness matrix
will be ranked deficient. This most commonly exhibits itself in the appearance of singular modes
(“hourglass modes”) in the response. These are nonphysical response modes that can grow in an
unbounded way unless they are controlled.
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Considering symmetry, half-spheres were considered to be initially in contact at one point. Like
any actual node on the solid continuum elements in the model, boundary conditions, constrains and
loads can be assigned to reference points. The advantage of using reference points is to apply loads and
boundary conditions to specific surfaces or nodes of the model using constraints.

Two reference points were assigned at the center points of the half-spheres. These reference
points apply the rotation boundary conditions to the model acting as a rotating shaft on the axis of the
spheres. Two other reference points are chosen on the axis of the spheres for assigning stationary
boundary conditions, i.e. boundary conditions which constraint the spheres from moving up and down.
These latter nodes are also used for translational boundary conditions.

4.2.5. Non-linear Analysis

Each analysis step is associated with a specific procedure that defines the type of analysis to be
performed during the step, such as a static stress analysis or a transient analysis. One can change the
analysis procedure from step to step in any meaningful way, so this gives great flexibility in performing
analyses. Since the state of the model (stresses, strains, temperatures, etc.) is updated throughout all
general analysis steps, the effects of previous history are always included in the response for each new
analysis step.

For each step in the analysis one can indicate whether ABAQUS will account for nonlinear effects
from large displacements and deformations and also the nonlinearities due to contact mechanics
complexities. If the displacements in a model due to loading are relatively small during a step, the
nonlinear effects may be small enough to be ignored. However, in cases where the loads on a model
result in large displacements, nonlinear geometric effects can become important. The Nigeom setting
for a step determines whether ABAQUS will account for geometric nonlinearity in that step. In the
present work, due to high nonlinearity of the spherical geometry of the contacting pebbles, NLgeom has
been used in all steps.

Also, it has been found through observation of multiple simulations that in the case of large
displacements (high nonlinearity), steps of relatively larger step times can lead to unrealistic
deformations and irrecoverable distortions. This usually causes the solution not to converge.

Here, based on a mesh verification capability of ABAQUS/CAE, element failure criteria are
checked. One of these criteria is the maximum stable time increment for the desired nonlinear analysis.
This maximum stable time determines the minimum time increment size of each step. In case of
multiple steps, the consistency of the minimum time increment size is a necessity.

4.2.6. FEA Results and Discussions

In this section, the von Mises stress contours and contact normal forces are illustrated and
discussed. Finally, an estimate of the mass removal from the surface of graphite pebbles is given. The
results are then compared to those in (Luo, 2005 and Cogliati, 2008). In these works, dust production
results are obtained for HTR-10 and AVR, both pebble bed reactors. HTR-10 is a 10 MWt nuclear reactor,
which uses 27,000 nuclear graphite pebbles (IG-11) as the moderator with a pebble pass rate of 125
pebbles per day. AVR was the first pebble bed reactor 46 MWt (1967-1988), which used 100,000
graphite pebble moderators of 14 different types with a pebble pass rate of 400 pebbles per day.

Considering the wear length of 2.06 meters for HTR-10 pebbles (Lou, 2005) and the resultant
10.92 revolutions, simulations were conducted. In Fig. 4.4, the stress contours are shown at different
angles of rotations during the reciprocal movement of the contacting pebbles for the HS configuration.
The stress contour changes in time indicate that the two pebbles are rotating about their axes back and
forth forming a reciprocating angular rotation against each other (Fig 4.4). The average stress values of
all the nodes on an element face at the contact region are multiplied by the surface area of the element
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face to produce contact normal force on each node, which are exported in the post processing section,
ABAQUS/Viewer.

(c) (d)
Fig. 4-4 The Von Mises stress contours at contact region for HS model at rotation angles as follows:
(a) 1°, b) 10°, (c) 15° and (d) 20°.

In Figs. 4.5 and 4.6, the stress contours at the lower and upper contact regions are shown at
different angles for the BCC model, respectively. Comparing the stress values at contact points in Figs.
4.5 and 4.6, it is observed that the lower contact point has a higher stress than the stress at the upper
contact point. As a conservative approach, the wear mass is calculated considering the simulation
results from the lower point, which has a higher stress and normal forces.



(c) (d)
Fig. 4-5 The Von Mises stress contours at lower contact region for BCC model at rotation
angles as follows: (a) 1°, b) 10°, (c) 15° and (d) 20°.
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Fig. 4-6 The Von Mises stress contours at lower contact region for BCC model at rotation angles as
follows: (a) 1°, b) 10°, (c) 15° and (d) 20°

In the BCC configuration, the difference between in von Mises stress of the upper and lower
contacts can be explained by their direction of rotation with respect to the direction of translation of the
center pebble. The arrows in Fig. 4.7 indicate that pebble 1 tends to make its way between pebbles 2
and 3. Pebble 2 rotates in a direction that allows a smoother translation for pebble 1 although frictional
forces are acting on the two pebbles. At the same time, pebble 3 rotates in a direction which is opposite
to the direction of the translation of pebble 1.

Force (Translation)
Direction

Fig. 4-7. Difference between the interactions between pebble pais 1-2 and 1-3.

In Fig. 4.8a, the contact normal force contours at the contact regions are shown at two nodes on
the HS model. In Figs. 4.8b and 4.8c, the contact normal forces contours are illustrated for the upper and
lower contact points in the BCC model, respectively. The upper and lower on the BBC configurations are
presented in Fig. 4.7. The blue area is the region in which the contact interactions and properties are
defined. As presented in Figs. 4.8b and 4.8c, the lower point shows a higher normal force. As explained
in Fig. 4.7, this is due to the fact that the lower point on has a higher friction as a result of its rotation as
compared with the upper point.
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(b) (c)
Fig. 4-8. Contact normal force contours at one node of the contact region for (a) HS,
(b) BCC-upper contact and (c) BCC-lower contact.

It is seen that the difference between the normal forces is only 1%. Therefore, as a conservative
approach, the normal force of the lower point in the BBC configuration is chosen for wear analyses as
conducted in Chapter 4.3.

4.3. Wear Simulations
4.3.1. Damage by Micro-structural Changes

The formation of wear particles is usually considered as being determined by an attainment to a
critical situation. The critical situations may be governed by strain parameters in the models of plasticity-
dominated wear or by fracture parameters for brittle-dominated wear. For graphite as brittle materials
(ceramics, glasses, hard coating and others), wear particle formation is controlled predominantly by
fracture of surface layer and therefore may be described by fracture mechanics approach.

Several micro-mechanisms lead to a cumulative effect on a macro-scale known as surface damage.
In the first case (mesoscale), the damage is ‘ductile damage’ if it is nucleation and growth of cavities
under static loading. It is ‘creep damage’ when it occurs at elevated temperatures. It is ‘low cycle
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fatigue’ when the test sample is under repeated high level loadings. In the second case (micro-level), it is
called brittle failure, or quasi-brittle damage, when the loading is monotonic; it is called high cycle
fatigue damage when the loading is a large number of repeated cycles.

Sustained load cracking is more predominant than cyclic fatigue effects, due in part to the very
limited crack-tip plasticity of ceramics and other highly brittle materials. Highly brittle materials have
strong covalent or ionic bonding, which essentially limits any obvious mobility of point defects and
dislocations (Lemaitre, 2005).

4.3.2. Archard’s Wear Equation

The descriptions of the wearing process show that this process involves many variables, few of
which have been researched sufficiently to formulate wear equations that can be used by designers.
Some wear equations can be found in the literature, but none can be generally applied. The most widely

publicized equation is the Archard’s wear equation (1965), in which the rate of wear, (\/ , volume per
unit of time), is:

v -k Lt (4.1)

H

where K is a constant referred to as ‘wear coefficient’, F is the applied load, L is the sliding
speed and H is the hardness of the softest of a pair of the material. Clearly, neither this equation nor any
other published equation can adequately describe what occurs in wear. However, this equation is widely
known, and values of k for various materials are increasingly found in the literature. These numbers
serve as broad guidelines for anticipated wear rates of materials, just as do published values of
coefficients of friction. However, designers need coefficient values of high reliability within a range of
120% or better in order to design acceptable systems.

Most engineers are certain that one or more wear equations exist that are more applicable to
their problem than is suggested above. This belief arises from the existence of good equations in most
other topics in engineering; there are equations for the bending of beams, the electrical resistance of
materials, the rate of heat transfer, and the natural frequency of vibration of machinery, etc. These are
relatively simple phenomena, however, governed by very few variables. Adhesive wear, on the other
hand, involves several variables (Blau, 1992). Some of which can be measured easily and others of which
are difficult or impossible to measure. It should be emphasized that there is no equation which can be
generally applied.

In fact, there are many practical situations in which the published equations lead to erroneous
conclusions. For example, cam shafts in auto engines are not fully hardened because in that state they
wear far too fast; some brake materials wear faster at low speeds than at high speeds; some hardenable
steels wear faster at low sliding speed than at high sliding speed; and graphite wears at a higher primary
rate, which decreases with sliding length. It is therefore important not to rely on any specific equation
without considerable simulative testing. In testing, it is very important to characterize the sliding system
thoroughly, including factors such as stiffness of the system, vibration modes, and atmospheres
surrounding the test. However, the characterization of the system is inadequate because it may involve
errors. The most accurate method of determining whether a laboratory test truly simulates a
mechanical component under study is to verify that the progression of surface change (wear rate,
friction, appearance) and the wear debris are identical or nearly identical.

In the present work, an average dust estimate of 0.094 mg per pebble pass results in an average
dust of 3.5g/yr for HTR-10. Using the above approximation, an estimate of 41.5 grams of dust per full
working year is predicted for the AVR. This is while in the AVR, 3 kg of dust was accumulated for a full
working year in filters (Moormann, 2009). In the AVR, the helium outlet temperature was 950°C, but fuel
temperature instabilities occurred during operation with extremely high local temperatures
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(Moormann, 2009). As a consequence the whole reactor vessel became heavily contaminated by Cs-137
and Sr-90.

In this work, the frictional contacts between pebbles as anticipated in a pebble bed reactor are
simulated to predict the potential dust generation in PBR reactor core. The prediction of graphite dust
generation gains its importance under air ingress accidents at elevated temperatures. The present
graphite dust estimate supports the notion that the dust which was generated and accumulated in AVR
was a consequence of various frictional mechanisms. However more considerations into the present
work can lead to better estimates for dust generated in pebble bed reactors.

4.4. Micromechanics of Wear

Since the real surface of contact is the peak of in-contact asperities, the likely form of wear on
graphite surface is assumed to be powder formation; that is, dislodging of the asperities. This is also
seen in the experiments carried out by Johnson (2012). In these experiments, it has been shown that
powder is formed and accumulated on collection tray after a long sliding (~1000m) distance at room
temperature. In this section, the SEM images of dust are analyzed to examine the validity of the
assumption of powder formation. Next, an analytical ‘asperity height model’ is introduced to account for
the change in wear rate with sliding length as the result of asperity height decrease. Finally, a set of
finite element simulations considering the contact of asperities is performed in order to calculate the
constants of the analytical ‘asperity height model’. The wear results from computational predictions are
compared to the experimental results for verification purposes. The surface is made of two segments
which are a rough surface and a smooth surface. It is expected that the material of a rougher surface has
a higher wear volume after a certain sliding distance. The wear ring around the pebbles is seen to have
been smoothed after the pebbles have been in contact (see Fig. 4.12). Therefore, by a closer
examination of the Archard wear model, we attempt to assess the dependence of wear volume on the
asperity height.

4.4.1. Proposed Wear Equation Correlation
Based on the micro-level consideration above, we consider the volumetric wear rate form of the
Archard equation:
. FL
V=K— (4.1)
H

Introducing the asperity height into this equation, we approximate the volume by

V =hA.
ha=kE (4.2)
H
where, A is the contact area, assumed to be constant. The negative sign denotes that the time rate
change of asperity height is negative, representing a decrease in asperity height with time. It should be
noted that the constant contact area can vary based on the component shape and the contact
configurations.
In order to generalize this equation in terms of the contact area, we consider the contact stresses
instead of normal forces. Then, Eq. (4.2) takes the form:
=k R (4.3)
H
where, P is contact stress. By performing computational simulations in ABAQUS, contact stresses can be
easily obtained at each node in the mesh (Rostamian, 2012).
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In Eq. (4.3), L is sliding distance rate or relative velocity at contact. However, the time rate of
change in the asperity height, h, is unknown. To eliminate this unknown, we consider:
h=h(t)=h(L(t)) (4.4
which denotes that the dependence of asperity height on time can be formulated as the dependence of
asperity height on wear length. Note that, the gas adsorption effects on graphite surface are not

considered. In order to find h , we take the partial derivative of h with respect to time:

dh_dhd _ . dh . h_dn

—=— — > N=—L= -=— (4.5)
dt dL dt dL L dL
Substituting Eq. (4.5) into Eq. (4.3) yields,
—i% =K (4.6)
P dL

This is still a linear equation for the rate of change of the asperity height. However, it can now be
argued that the asperity height, which decreases with the sliding length, can start to influence the
material constant K . This material property is commonly considered as a constant when the Archard’s
equation is implemented for wear calculations. In this work, we introduce a function, which take into
account the effect of asperity height variations. This function incorporates the effect of asperity height
decrease into the linear Archard wear model for higher sliding distances. When the asperity height
decreases from its initial height, the surface becomes smoother, which indicates that the wear rate
should decrease. Before introducing the asperity height function, we consider the following normalized
parameters to simplify the equations.

« L « h
L=——h =t (4.7)

max 1

where, Lmax is the maximum sliding length and hi is the average asperity height of the component

unworn surface. Therefore, Eq. (4.6) takes the form
dh’
dL
where, 0 = (hi H )/( LmaXP) . Now, by introducing the following asperity height power-law function, we

—a—=K (4.8)

strive to model the effect of surface smoothing:

w(h")=Rh™ (4.9)
where R is an ‘asperity model constant’ to be obtained by comparing the theoretical model with the
computational data and n is the exponent of the power-law function, also to be determined through a
fit of the computational results. A decay over wear length is expected in the wear coefficient. The
‘asperity height function’ is in the form of a power law, which can fit a decay over length. Substituting

the asperity height function (h*) into Eq. (4.8), we will have:

- dh,, =K, h=h
dL
* (4.10a,b)
-ﬂdﬂ:KW@j:Kme h<h
dr . /
v

where, K'=K Rh™ is a varying dimensionless wear coefficient, which depends on the variation of
asperity height with wear length and on the material properties. By rearranging and integrating, the
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varying wear coefficient, K’ , can be derived as a function of the sliding length, L , and the constant
R . There follows,

Yioon)
k=i KR (4.11)

[(1-n)aL' ]

The wear coefficient thus derived depends on two parameters: the asperity model constant R and
the power law coefficient N . These latter parameters are determined through a fitting process
described here. All the fitting work described here assumed the properties of graphite IG-11. The finite
elements computational model presented in later section allows the determination of the asperity
height as a function of wear length. That model is used repeatedly to obtain a function describing the

height h of a given asperity versus the wear length, L , as it is varied between 0.0 and 2.0 meters. The
derivative of that function is proportional to K" Knowing the computed ( L , K') pairs and introducing
the L values into Eq. (4.11) for K', “model” values for are obtained for various values of the
parameters R and n. This process allows the formulation of a fitting problem for the R and n
parameters, based on minimizing the difference between the computed K’ and the “model” K'. The
values of R and n that are retained in this work are the first pair found that results in a maximum

absolute error below 10° for K'. The parameters obtained in this way from computational model data
up to 2.0 meters of wear length are then used for predicting the wear performance for up to 1000
meters of wear length with remarkable accuracy, as detailed later through comparison with the
experimental results.

4.4.2. The Computational Analysis

The finite element software ABAQUS has been used to conduct simulations of the micromechanics
of wear (ABAQUS user’s manual). Primarily, 3D spherical asperities were considered to be modeled
using the implicit module of ABAQUS known as the ‘ABAQUS Standard’. However, given the demanding
nature of contact conditions, the nonlinear geometry of the asperities, severe deformations, and
foremost, the overlapping of asperities, the implicit module of ABAQUS faced convergence issues. This is
due to the time step differences in implicit and explicit numerical schemes. The implicit scheme employs
a more reliable and rigorous scheme for considering the equilibrium at each step of the deformation.
However, the unconditionally stable implicit method will encounter some difficulties when a
complicated 3D problem such as contact is considered. The reason is, the implicit scheme finds a
solution by solving an equation involving both the current state of the system and the later one. Thus, as
the reduction of the time increment continues at large deformations in 3D problem, the computational
cost in the stiffness matrix is dramatically increased and even causes divergence (Kim, 2002). However,
the explicit scheme calculates the state of a system at a later time from the known state of the system at
the current time. In this scheme the time steps need not be small for convergence, and only stability
criteria need to be met. Therefore, an alternative was taken by applying the same methodology in the
explicit solver of ABAQUS known as the ‘ABAQUS Explicit’, which is very robust in handling contact
problems.

e Finite Element Model

Fig. 4.9 shows the finite element mesh used for the cylindrical asperity model. This asperity model
was made of linear hexahedral elements (C3D8R). R stands for ‘reduced-integration’, which uses a fewer
Gaussian points when solving the integral. The advantage of the reduced integration elements is that
the strains and stresses are calculated at the locations that provide optimal accuracy; the so-called
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Barlow points (Barlow, 1976). A second advantage is that the reduced number of integration points
decreases CPU time and storage requirements.

Contact zone with the finest
mesh

Asperity Base

Fig. 4-9. A meshed asperity of radius 3um and thickness 0.04pum.

In the case of cylindrical asperities which is considered in this study, it would take much shorter
run time to conduct the simulation in 2D considering shell elements. However, since element removal is
sought in these simulations, the elements which are originally within the interior of the asperity can
start to interact with the opposing asperity as a contact surface. This feature is only available in ‘general
contact algorithm’, which requires the use of 3D solid elements. Thus, a 3D model of the asperities was
constructed.

Despite being robust for large deformations and saving extensive amounts of run time, the
reduced-integration solid and shell elements used in ABAQUS are prone to zero-energy modes. These
modes, commonly known as hourglass modes, are oscillatory in nature and result in mathematical
states that are physically unfeasible. They typically have no stiffness and give a zigzag appearance to the
mesh as seen in Fig. 4.10, known as hourglass deformations. The occurrence of hourglass deformations
in an analysis can invalidate the results and should always be minimized. Therefore, hourglass control is
used to overcome this deficiency. This formulation provides improved coarse mesh accuracy with
slightly higher computational cost and performs better at high strain levels. Hourglass control is an
embedded feature in ABAQUS.
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Hourglass
Deformation
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Fig. 4-10. A schematic of Hourglass deformation.

Plane strain is simulated in this 3D model by constraining the front and back planar faces of the
asperity as a symmetry boundary condition (i.e. U, =0 ,ur =ur, = 0). In this way, the model behaves

as a plane strain slice. For simplifying the boundary conditions, a prescribed velocity was primarily used
for the movement of the upper asperities and the lower asperity was fixed as its base. Hence, to
simulate the movement of both pebble surfaces, the relative tangential velocity was applied to the
moving (upper) asperities. In another simulation, it was found out that prescribing velocities to both
upper and lower asperities in opposite directions provides more realistic results for the two asperities.
Therefore, the actual tangential velocity of pebbles at contact was applied to upper and lower asperity
bases.

e Mass Scaling

Modeling using an explicit procedure can take a considerable amount of time for the simulation to
converge. This is due to the fact that the minimum stable time increment is very small. The minimum
time step size for explicit time integration depends on the minimum element length, /,,;,, and the speed
of sound in the medium, c. One should note that for a given set of material properties, the minimum
time step size At,,;,, is controlled by the smallest element dimension in the model. Also, for a given
mesh, the minimum time step size depends upon ¢, which is a function of material density, elastic
modulus, and Poisson's ratio. In ABAQUS, the ‘mesh verification tool’ determines the minimum time
step size in the model.

12
E

min _T ,D(l——l/z)

where, v is the Poisson ratio, p is the specific mass density and E is the Young’s Modulus. The minimum
stable time increment was verified by the “mesh verification tool” in ABAQUS/CAE, which in this case is
10",

In ABAQUS/Explicit, one can control the minimum time step size by including artificial mass scaling
into the analysis. It may be necessary to use mass scaling if the calculated time step is too small. When
mass scaling is introduced, element density is artificially adjusted to achieve a specified time step size.
When used appropriately, mass scaling can often improve the computational efficiency while retaining
the necessary degree of accuracy required for a particular problem class. The following relations indicate
how a change material density can lead to a change in the minimum time step:
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It is seen that the artificial mass scaling does not affect the material properties like the modulus of
elasticity and the Poisson ratio. Instead the corresponding artificial step time increases. Care must be
taken not to add too much mass to a model in which inertial effects are significant. Mass scaling was
introduced into the material model in multiple steps. This means that in every step, an artificial mass
was added and the simulations were performed. After assessing the results, if inertial effects were not
seen as compared with the results of no artificial mass, then some more mass was introduced.
Otherwise, mass scaling would not be continued.

e Material Model

The material properties for nuclear grade graphite IG-11 were chosen for the asperity model. Here
we have used a damage model and have included damage evolution to visualize the degradation of the
fully damaged elements. Material failure refers to the complete loss of load-carrying capacity, which
results from progressive degradation of the material stiffness. An undamaged constitutive behavior of
the material (i.e. elastic-plastic with hardening) is determined (Yokoyama, 2008) as seen in Fig. 4.11.

Undamaged Response

80 a_=-"
([
Damaged
60 Response

40

20

Compressive Stress (MPa)

0 0.01 0.02 0.03 0.04 0.05 0.06
([

0

Compressive Strain

Fig. 4-11. Elastic-plastic behavior with hardening for nuclear graphite 1G-11.

Then, a damage initiation criterion is determined (point A). This is followed by damage evolution
(path A-B) and finally the choice of element removal (point B).

In absence of any experimental data for the damage softening part of the curve (A-B), a simple
linear damage evolution law was used to degrade the material stiffness to zero where the equivalent
total strain reaches 0.05 (point B in Fig. 4.11). When an element reaches point B on the curve, its
stiffness has fully degraded, and the element is removed from the mesh. The assumption for the
degradation point is reasonable since graphite does not withstand high strains.
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4.5. The Finite Element Analysis

The height of asperities and the surface topology determine the roughness of the material
surface. The average asperity height for the 1G-11 provided by Toyo Tanso Inc. for the experiments
performed by Johnson (2012) is 3um. Considering asperities of various heights results in a range of
asperity overlaps. The common range for overlaps is between 2.5 and 7.5% for steel (Faulkner, 2000).
However, no such report is available for nuclear grade graphite. Having an average asperity height, an
average overlap of 5% is considered in the FEA simulations of asperity interaction.

The finite element analysis of asperity contact in ABAQUS Explicit revealed that asperities undergo
very high deformations. As the material reaches a total strain of 0.05, the elements are removed and the
degradation leads to material removal from the asperity. In Figs. 4.12, the degradation and material
removal from asperities of 3[_Jm high are presented.

Since the Von Mises stress is very high everywhere in the model, a Von Mises stress contour
would not be helpful is distinguishing the high deformations. The deformation at the microscale is very
large as compared with macroscale. Since large plastic deformations are present, equivalent plastic
strain contour (PEEQ) is presented in Figs. 4.12. The red color shows the highest plastic deformation at
the contact region. The blue color shows the smallest plastic deformation, which is mostly observed at
the asperity base.

The height of the worn asperity from the first simulation was used to perform the next simulation
on this asperity after one full rotation of the graphite pebble. This process continued to derive the right
hand side of Eq. (4.10b). This is needed to derive the ‘asperity model constant’, R and the power law
exponent, n. As seen in Eq. (4.10b). One idealization made here is assuming a new asperity with its
original shape but with new height, which derived from the asperity removal as shown below.

(a) (b)
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(c) (d)

Fig. 4-12. Equivalent plastic strain contour: the degradation and material removal process from
asperities at: (a) t=0.000325s , (b) t=0.0013s, (c) t=0.002275s and (d) t=0.00325s for tangential
speed of 0.08m/s.

4.6. Verification with the Experimental data

In this project, we construct the wear apparatus to test wear dust accumulation from nuclear grade
graphite spheres. The verification with the experiment is carried out to examine the computational
model.

4.6.1. Sample Surface Observations

The SEM images (Fig. 4.13) from the room temperature graphite samples, after ~1000 m of sliding
show a wear scar of 1.7mm wide, show a smooth and clean surface. This is while outside of wear scar, a
rough surface from the fabrication process is observed. This indicates that the asperities were polished
and leveled by the rotating motion.

| Rough surface from fabrication

Smooth surface of the wear scar. process

SEI 20kv '_ %100 "wuun; — SEI 20KV
(a) (b)
Fig. 4-13. The SEM images of graphite sample (a) wear scar zone (b) interface between the scar (lower)
and rough zone (upper).

4.6.2. Asperity Model Wear Results

The wear mass results from the tribometer are presented in Fig. 4.14. The wear mass was
recorded every approximately 200 meters. Fig. 4.14 clearly demonstrates that the primary wear rates
are reduced as the sliding length increases. This indicates a power-law decrease of wear mass with wear
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length. The error bars show the uncertainty of the experimental data, which is due to the uncertainty in
the scale used for collecting gradual mass measurements.
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Fig. 4-14. Wear Mass Loss from the experimental air-tests for ~1100 meters.

The wear coefficient obtained from the theoretical model is compared to the computational
results in Fig. 4.15a, and to the experimental data in Fig. 4.15b. The theoretical model exponent and ‘the
asperity model constant’ were derived by fitting with the computational results. The model thus
obtained is then compared with the experimental data for verification purposes.
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Fig. 4-15. Comparison of theoretical K with (a) computational results and (b)
experimental data with respect to the dimensionless sliding length, L.

With a fit of the analytical mode with the computational results, the exponent, n, is computed to
be -1.38 and the dimensionless micro-level asperity model material constant, R, is 2.5x10™. The
minimum (final) asperity height, as predicted by this model, is 12.45% of the initial average asperity
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height. This indeed indicates that the surface has become smoother and thus the wear coefficient
smaller.

Using the new varying wear coefficient, the wear results, which were predicted before based on a
constant coefficient, can now be rectified. It is clearly observed in Fig. 4.15b that the proposed
theoretical model, which stems from the computational data, predicts a higher overall wear coefficient
than the actual wear coefficient derived from experimental data. This is because the natural lubricating
properties of graphite surface have not been considered (Czichos, 1978). As explained earlier, when two
graphite surfaces are in frictional contact at room temperature under the PBR loads, powder formation
is the main form of wear. The powder is then capable of filling in the surface valleys, which causes the
surface to become smoother than what is incorporated into our ABAQUS model. Therefore, there is a
difference between the predicted wear coefficient and the experimental results. The proposed wear
coefficient has been used to produce wear mass loss. As seen in Fig. 8.10a, the initial wear rate starts to
decrease by wear length. The predicted wear mass using the proposed analytical model (Fig. 4.16a)
shows an excellent agreement with the experimental data (Fig. 4.16b). The significance of the proposed
varying wear law is seen as compared to the predictions by the conventional Archard’s equation (Fig.
4.16b). The error bas indicated on the graph in Fig.4.16b are from the uncertainty associated with the
scale with which the data was recorded. This indicates that the analytical model has predicted reliable
results that fit in within the uncertainty limits.
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Fig. 4-16. Instantaneous and cumulative wear mass for a pebble with respect to wear length, L.

Due to the difference between the predicted and actual dimensionless wear coefficients, the
predicted wear mass is approximately 20% higher than the actual wear mass. There is another
explanation for the difference between the theoretical and experimental data. That is, the uncertainty in
the reported experimental data at room temperature is very high. This is because the uncertainty
attributed to the analytical scale used in the mass measurements (107g) is larger than the smallest
particulate mass (7.414x10°g). Therefore, it is concluded that the results by the proposed wear model
falls within the uncertainty boundaries of the experimental results. It is also clearly observed in Fig.
4.16b that the proposed wear model shows a significant improvement in comparison to the Archard
wear equation. This improvement is in the consideration of the change in the surface topology, which
was not considered in the Archard’s equation.

The varying wear rate of graphite is shown in Figs. 4.17. It is seen that the wear rate decreases as
graphite asperity height decreases with increasing wear length. The reported wear rate was a constant
8.45x10® (Johnson, 2012). This value is the same as the initial rate predicted in the present study.
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However, in the present study, the rate is shown to be varying by wear length. It must be noted that the
present results are for air test at room temperature and atmospheric pressure and under the inter-
pebble loading for a typical PBR.

Any variation in these factors leads to a different wear rate or even wear mechanism. High
temperatures effects are experimentally examined in this study and the wear mechanisms contributing
to wear regimes are discussed later.
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Fig. 4-17. Wear rate for one graphite pebble with respect to wear length, L.

Using the dimensionless wear coefficient, K', obtained in this work, it is attempted to derive the
wear mass for one pebble through 2.06m of HTR-10 wear length as performed by Rostamian et al.
(2012). By performing wear calculations as carried out by Cogliati et al. (2011) based on the air-test
results of Lou et al. (2005), the wear mass produced by inter-pebble forces (Cogliati, 2008) is calculated.
Estimates for HTR-10 and AVR are reported using the present model. The wear mass for one pebble is
estimated to be 0.235 mg. For HTR-10 with an inventory of 27,000 pebbles and a pebble flow rate of 125
pebble per day, the wear mass is predicted to be 5.36g/yr. As explained by Rostamian at al. (2012), the
estimated wear mass for AVR would then be 63.555g/yr.

4.7. Conclusion of Chapter 4

The computational results revealed that there is a ~20% difference between the theoretical
model-based simulation and the experimental data. This is attributed to the lack of a surface-level
lubrication component in the model, thought to be induced by ‘gas adsorption’ as well as ‘relocation of
surface-adhering graphite particulates’. Gas adsorption decreases the wear mass loss due to filling of
edge sites (Roberts, 1995). It is assumed that when particulates are formed due to wear, they primarily
relocate in the valleys between asperities (Play, 1977). The gas adsorption and particulate relocation
increase the smoothness of the surfaces, which in turn decrease the wear coefficient. The lamellar
structure of graphite facilitates the establishment of smooth surfaces between sliding contacts, and the
presence of adsorbed gases may further improve the quality of these surfaces. Since these artifacts are
not considered in the finite element simulations, the predicted wear coefficient is larger than that
attributed to the experimental data.

The proposed model and the experimental results show that the wear mass for air environment at
room temperature and atmospheric pressure is small and on the order of grams per year for a reactor.
Therefore, it is predicted that higher temperatures contribute to increased wear. It was shown by Lou et
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al. (2005) that the wear rate of graphite at elevated temperatures is much higher than that at room
temperature. Lou (2005) performed a theoretical study of higher temperature wear of graphite without
the consideration of helium environment.

In the following section, helium-test experimental data at higher temperatures and pressures will
be reported, and the effects of such environments are discussed.

e A Note on Uncertainty of FEA Results

The uncertainty of final wear mass results from FEA calculations cannot be reported due to two
major reasons: 1) the uncertainty of the material data was not indicated in the source reports of journal
papers; 2) since no data on damage evolution of graphite was reported, the damage evolution model
considered in this study is an assumed linear model. However, the room temperature results predicted
by the analytical model are within the uncertainty limits of the experimental data.

The predicted amount of dust obtained in this study is at least two, if not up to three orders of
magnitude lower than the dust mass required for explosions described below.
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5. Prediction study of Isochoric inert gas behavior
5.1. Graphite dust combustion/explosion in PBR

It is evident that during normal operation of a graphite-moderated MHTGR, dust will be generated
due to frictional contact and wear of graphite surfaces. One expects that the magnitude of generated
dust will be different in the two MHTGR designs; the PMR and PBR. In the both primary circuit
configuration, thermo-fluid and thermo-physical conditions, besides transport we expect deposition and
re-suspension (lift-off) of dust. To add further complexity, there will likely be fine particles that migrate
as the fuel form into the primary system. Thus there is the potential for ‘dust/fine particle interaction’.
As noted, this defines the source term of postulated events. In fact, the accumulation of dust and fine
particles determine the initial condition.

In two postulated scenarios, the pressurized loss-of forced circulation (P-LOFC) accident, and
depressurized loss-of-forced circulation (D-LOFC) accidents, the accumulated inventory of dust in the
primary system presents itself as a potential source of a dust combustion/explosion. This is especially
true in the presence of an “ignition source” and source of continuous thermal energy and sufficient
supply of air (oxygen) within and near the dust. Also, the potential for “auto-ignition” increases with
elevated temperatures. In the literature, there is little on graphite itself; however, there are studies on
different grades of coal and carbon in particulate/powder forms. In fact, the body of research spans
many industries, as reviewed, for example, by Cashdollar and Eckhoff. Eckhoff noted the importance of
preventing the ignition of sources and explosion of dust clouds and finally, mitigating the explosion
itself. VDI3673 and NFPA68 Standard may be of relevance to NGNP especially, in terms of vent sizing
methods. Eckhoff, Arntzen and co-workers have developed a multiphase CFD code, Flame Acceleration
Simulator, with partial validation form experiments. However, these are beyond the present scope of
work.

There is limited experimental data on combustion of graphite dust, particularly at elevated
temperatures. Furthermore, data specifically on nuclear grade graphite is likely non-exist or
unpublished. However, from limited data on graphite wear study and past MHTGR programs (i.e. AVR,
Ft. St. Vrain), the dust characteristics indicates that graphite will be generated in quantities sufficient to
support dust auto-ignition and combustion. That is, with respect to the anticipated particle size, dust
concentration, stoichiometry, and temperature, a graphite dust explosion is possible. This thus requires
study with respect to NGNP.

In the literature on (generalized) dust explosion, care has to be exercised in the interpretation of
experimental data where a pressurized source is used to disperse graphite particles. Convective effects
due to strong pressure gradients can lead to significant error in the interpretation of system pressure.
Moreover, the influence of the ignition source on the (P, T, V)- fields must be carefully studied. In
addition, there is evidence that dust layers on a surface may itself have an ignition temperature. This
effect has been demonstrated with certain perspective, the ‘knowledge base’ gaps and needs are as
follows; that is, there is a need for: 1) data based on experiments, modeling and theory specifically on
volatile and non-volatile fission products as retained by bulk graphite and graphite particles., and 2)
experimental data in order to verification and validation models (computational) at NGNP relevant
conditions.

5.2. Graphite Particle Pyrotechnically-induced Dissociation Testing Apparatus

A novel testing apparatus (Fig. 5.1) is used to determine the combustion characteristics of graphite
and air at high temperatures. The apparatus is based on ballistic test fixture already designed,
fabricated, and tested to study confined explosions and detonations. The apparatus is designed such
that individual components may be easily exchanged with minimal effort.
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A key element of the test apparatus is a pair of pyrotechnically-actuated valves used to separate
the graphite powder production chamber from the combustion test apparatus. These “pyro-valves” are
used to separate the pressurized chamber where the powdered graphite is produced from the
combustion test apparatus. Upon actuation, the valves allow gases to flow from the high pressure
region into the lower pressure camber. The performance of these “pyro-valves” is superior to burst discs
because they are unaffected by elevated temperatures, no debris introduced into mixture, and the
mixing characteristics of the gases can be tailored.

Combustion experiments are conducted using different ballistic test vessels connected to the
pyro-valves. The choice of vessel depends on the objective for a particular test. Combustion parameters
that can be measured include: minimum ignition energy, flame speed, flammability and detonation
limits, detonation cell size, and deflagration-to-detonation transition (DDT) lengths. These fixtures can
withstand repeated exposures to dynamic pressures of 207MPa (30kpsi). The vessels feature several
ports to accept pyrotechnic or electrical initiators, multiple pressure transducers, strain gauges, and
various optical instruments.
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Fig. 5-1. Visual representation of the 100 cm? reactor vessel.
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Fig. 5-2. Evolution of heat generated during the pyrotechnically-induced dissociation of
nitrous oxide.

5.3. Pressure Sensors and Data Acquisition

Static pressure sensors measure the pressure of the gases the fixture at the initial fill conditions
and during temperature conditioning. Since the static sensors are susceptible to damage from the
dynamic pressures generated in an explosion, they are isolated from the internal environment during
testing by valves. Dynamic pressures are monitored using piezoelectric sensors. Signals are fed to a data
acquisition system (DAQ) capable of sampling up to 2x10® samples/second. With a typical 2ps rising
time, this is sufficiently fast dynamic events anticipated in graphite combustion.

Thus, this task includes conducting the experiments that simulate air-ingress accident in PBR upon
depressurization transport of generated graphite dust. Compare experimental data using the call to
‘map’ the minimum explosible limit range of at least the nominal particulate size, concentration, and
additional prioritized parameters of relevance to the air ingress accident in PBR. Since there is a
common initiator for ignition devices with graphite, Zirconium Potassium Perchlorate (ZPP) is reviewed
and selected for this task.

5.4. ZZP combustion

ZPP is commonly used in automotive airbag initiators, aerospace initiators and other ignition
devices [Forman. 1991]. ZPP is comprised of zirconium, potassium perchlorate, Viton B and graphite.
The following table provides the composition of ZPP as given by Hohmann, Tipton and Dutton [Hohman,
2000].



63

Table 5-1. Composition of zirconium potassium perchlorate [Hohman, 2000].

Ingredient | % By Wt.
Zirconium 52
Potassium 42
Perchlorate
Viton "B" 5
Graphite 1

Viton “B” is a rubber binder comprised of tetraflouroethylene, hexaflouropropylene and 1,1
diflouroethylene with weight percentages of 20, 15, 65 respectively. According to Hohmann et al
[Hohman, 2000], Viton “B” serves a dual purpose, one is the binding of the metal powders to the
potassium perchlorate, and the other is to extend the age life of the pyrotechnic mixture. Further, it is
mentioned that graphite is added to the mixture in order to increase its density thereby increasing the
reaction rate of the pyrotechnic mixture [Hohman, 2000]. The potassium perchlorate is used to provide
oxygen for the redox reaction during the decomposition of ZPP, and the zirconium is used as the
reducing agent [Hohman, 2000]. It is also reported that the caloric content of the ZPP mixture ranges
from 1340 to 1450 calories per gram.

Gillard and Roux [Gillard, 2002] studied the ignition and combustion characteristics of a 40 mg ZPP
mixture in a closed volume. They found that the mixture burns in about 200 microseconds at
approximately 3000 K and transfers energy to the chamber walls via radiation from the hot ZPP
particulates. This study is significant as it provides experimental parameters, in particular the burn rate
and temperature, associated with ZPP combustion.

5.5. Energy Release Characteristics of ZZP combustion

The total energy released by ZPP combustion has been thoroughly studied, and previous work by
Richardson and Rink [Richardson, 2001] indicate the energy content of ZPP is approximately 5455 J/g.
This value is within the ranges quoted by Hohmann et al [Hohmann, 2000], for various ZPP formulations.

In order to estimate the amount of time required for ZPP to deliver its sensible energy to the
surrounding nitrous oxide mixture, a transient analysis of the initiator function is required. However, it
should be noted that only an estimation of this time is required. A detailed analytic model describing the
heating and energy release from the ZPP is beyond the scope of this paper, but is the subject of future
research.

The details concerning the combustion of ZPP are quite complex and knowledge of relevant
associated rate parameters is limited. However, in order to estimate the rate at which the energy is
released from ZPP combustion, the heating and decomposition times of the material need to be
estimated. It has been found that ZPP follows first order kinetics and an Arrhenius equation can be used

to represent its dissociation [Helmy, 2004]:
E

_ RT
szp =Ze (5.1)

where:

K., is the reaction rate constant (min™)
Zis the pre-exponential factor (min™)

R is the universal gas constant (cal/mol/K)
E is the energy of activation (cal/mol)

T is the temperature of the ZPP (K).
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Helmy found the pre-exponential factor and the activation energy to be 1.55x10'® min™ and 50.5
Kcal/mol, respectively [Helmy, 2004].

The expression for the specific rate constant Equation (5.1) can be combined with concentration
to express the rate law. If the control volume is taken to be the closed vessel chamber and assuming no
leaks, then a simplified first order reaction is:

dc,
dtpp =~KzppCazpp

(5.2)
where:

C,pp is the concentration of solid ZPP (mol/cm?)

tis the time (ms)

K,pp is the reaction rate constant from Eq. (5.1).

Further, the solution to equation (5.2) is:

Capp,

Ln :—szp *t

Czpp
° (5.3)

where:

C,ppois the initial concentration of ZPP

C,ppr is the final concentration of ZPP at some time t.

The solution of Equation (5.3) yields the time required for complete combustion of the
pyrotechnic charge. However, to evaluate the reaction rate constant from Equation (5.3) the
temperature of the ZPP as a function of time must be known.

In modern pyrotechnic initiators, the pyrotechnic charge is ignited by a small, electrically-heated,
bridge-wire in intimate contact with the ZPP [Nyer, 1997]. Details concerning the mechanical and
electrical design of the initiators are available in the literature [Forman, 2006, Rink, 2006, Thompson,
2007]. The temperature of the bridge-wire increases as a function of time according to:

2
Ty =To + 02wy
My Cpw (5.4)
where:
T, is the temperature of the wire (°C)
T, is the initial temperature of the wire at ambient conditions (°C)
I, is the current passing through the (amps)
m,, is the mass of the bridge-wire (g)
Cp,, is the heat capacity of the bridge-wire (J/g/°C)
R is the resistance of the wire (ohms)
tis the time the current is passed through the wire (ms).

According to Beyer [Nyer, 1997] the mass and heat capacity of a typical bridge-wire is 1.804E-5 g,
and 0.44 J/g/°C respectively. Further, a typical current sent through a bridge-wire for this work is 3 amps
[Rink, 2009].

Equation (5.4) is developed assuming a constant bridge-wire resistance. To account for more
realistic variable resistance bridge-wires, Davenport [Davenport, 1967] expressed the temperature
dependency of the wire resistance as:

Ry =Ro@+aT) (5.5)

where:
R, is the initial resistance of the bridge-wire (ohms)
a is a constant (ohms/°C)
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T is the temperature of the bridge-wire (°C).

Because a is typically in the range of 1x107 to 4x10® ohms/°C for bridge-wires [Davenport, 1967],
a value of 2.5x10° ohms/°C is assumed to be reasonable. Further, since the resistance of the wire is 1
ohm at the temperature of the surrounding ZPP, assumed to be 25 °C, a value for R, is estimated to be
0.94 ohms. Then, to find the temperature of the wire as a function of time, Equations (5.5) and (5.4) are
combined to give:

lw?Roy, @+aTw)
Ty =To + t

MwCPw (5.6)

Rearranging to obtain an explicit expression for the temperature of the wire as a function of time
yields:

 1wRoyt+CPwmyTo

Tw =
aIW2 Royyt —CPwMw

(5.7)

For the values stated above a discontinuity occurs at 0.373 ms. The presence of this discontinuity
suggests an infinite wire temperature, which obviously is not physically possible. Although more
accurate formulations of bridge-wire heating have been developed [Nyer, 1997], this simplified model is
shown to be sufficient for estimating the time required for ZPP ignition and combustion.

Finally, since the current through the wire is constant, the power delivered from the wire can be
found by substituting Eq. (5.5) into the power expression from Ohm’s law:

2
Typical bridge-wire initiators are characterized by resistances of 2 ohms and currents between 1

and 3 amps [USCAR, 2004]. Further, the transport properties of typical bridge-wire materials are well
known [Nyer, 1997]. Therefore, as shown in Figure 6 the temperature of the wire can be estimated.
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Fig. 5-3. Temperature of the bridge-wire as a function of time.
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As the bridge-wire heats, it releases energy to the surrounding ZPP charge. Therefore, for the sake
of simplicity, it is assumed that a certain amount of ZPP in intimate contact (denoted as “ZPPIIC”
throughout this thesis) is thermally equilibrated with the bridge-wire. Using this assumption it is possible
to estimate the rate at which ZPP reacts. This estimate is fundamental to the development of the
analytical model described in this thesis, and is explained in the following paragraphs.

In order to estimate the rate at which the ZPP burns, it is necessary to describe how the bridge-
wire heats the charge. The auto-ignition temperature of ZPP is 775 K [Lee, 1990]. Further, when the
bridge-wire heats to the auto-ignition temperature of the charge, the ZPPIIC will begin to burn. As the
ZPPIIC begins to burn, it is assumed that enough energy to heat the remaining charge of ZPP is liberated.
Although this is not a physically realistic description of the process, it not only provides a conservative
estimate for the time required for ZPP combustion. But, it also provides an expression for the rate of
sensible energy transferred to the nitrous oxide-bearing mixture.

In order to estimate the amount of ZPPIIC required to heat the remaining charge the following
heat transfer model applies:

where:

E,,p is the energy of the pyrotechnic charge (J/g)

Xm,,, is the mass of ZPP in intimate contact with the wire (g)

(1-X)m,p, is the mass of remaining ZPP (g)

Cp.p, is the heat capacity of the ZPP mixture (J/g/K)

AT is the temperature rise from ambient to the auto-ignition of ZPP (K).

By using the values given earlier in this thesis and estimating the heat capacity for the pyrotechnic
charge, the amount of ZPPIIC is estimated to be 8.25 mg.

As the ZPPIIC burns, hot gaseous products at approximately 3140 K are generated [Berger, 2005]
and, as a result, high pressures are produced within the ZPP charge. This pressure gradient forces the
products from both ZPPIIC and ZPP combustion through void spaces in the remaining charge. As the
combustion products progress through the remaining charge and the ZPP reaches its auto-ignition
temperature of 775 K, additional hot gas is produced. In this situation the model of Hohmann
[Hohmann, 2000] can be modified to include the void fraction () to yield:

= —Kypp *e*m
it zpp zpp (5.10)

Following Belyaev ( 1975] the void fraction (€) is estimated to be 0.04. This agrees with prior
estimations for the void fraction of ZPP as given by Rink [Rink, 2006]. However, before an estimate of
the rate of combustion for the entire ZPP mass is calculated, it is first necessary to estimate the rate at
which ZPPIIC charge burns. Equation (5.2) can be used to estimate the rate of reaction of the ZPPIIC as a
function of time. The results of this are shown in the following figure.
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Fig. 5-4. Mass of ZPPIIC with the bridge-wire as a function of time.

Recall that the bridge-wire and the ZPIIC are assumed to be in thermal equilibrium. Because the
model for the bridge-wire temperature (Figure 5-3) indicates that the ZPP ignition temperature (775 K) is
reached in 0.2 ms, Figure 5-4 indicates that ZPPIIC ignition begins after a further delay of approximately
0.02 ms. At this point, the products of combustion from the ZPPIIC are forced through, and heat, the
remaining charge. Assuming that these gaseous products heat the remaining mass uniformly; the

amount of time required to dissociate the remaining mass is estimated by using Equation (5.10). Results
of this analysis are shown below in Figure 5-5.
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Fig. 5-5. Mass of remaining ZPP as a function of time at 3140 K.
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Figure 5-5 shows that approximately 99% of the remaining charge is completely burned in 0.27

ZPP measured to be approximately 0.2 ms [Gillard, 2002].

ms. Although this estimate is considered to be conservative, it is in agreement with dissociation rates of
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In summary, a 275 mg charge of ZPP is found to react in approximately 0.27 ms while providing

5455 J/g [Hohmann, 2000, Richardson, 2002] and producing combustion products at 3100 K [Berger,
2005]. The validity of the ZPP combustion temperature is confirmed. This predictive capability is an
important input for the analytical model of nitrous oxide dissociation developed in the following section.

5.6. The Density Limit of ZPP and Shell Model

The model presented by Turns [Turns, 2000] is derived combining the First Law of
thermodynamics and the principles of chemical kinetics. Assuming ideal gas behavior and homogeneous
mixtures, Turns [Turns, 2000] derived the following relations for the transient temperature and pressure
within a closed vessel:

dP dT
R TS @ +R XX
uT5 o Ry bt

dt (5.11)
9+R TY o - (h.w)
dl_ v u RO ah
dt  X;(Cpj-Ry)
I (5.12)
where:

P is pressure (MPa)

Tis temperature (K)

tis time (ms)

R, is the universal gas constant

w is the reaction rate of the i chemical species (mol/cm?®/ms)
X: is the concentration of the i chemical species (mol/cm?)

Q is the heat transfer rate (J/ms)

Vis the volume (cm?)

h; is the specific enthalpy of the i™ chemical species (J/mol)
Cp; is the heat capacity of the i™ chemical species (J/mol/K).

However, a complication arises in applying the homogeneous model of Turns [Turns, 2000] to the
heterogeneous, pyrotechnically-induced dissociation of nitrous oxide. In other words, because the
sensible energy from ZPP combustion is introduced to the nitrous oxide-bearing mixture at a finite rate,
the initial temperature of the mixture cannot be taken as uniform. In order to account for the transient
temperature increase due to heat transfer from the burning ZPP to the nitrous oxide-bearing mixture,
an exponential relationship of the following form is suggested:

% _ -a*E
dt (5.13)

where:

E is the energy released by ZPP (J)

tis time (ms)

a (the transfer coefficient) is a constant (ms™).

In order to evaluate Equation (5.13) the transfer coefficient (a) needs to be determined. Recall the
mass of solid ZPP decreases by 99.99% in 0.27 ms. Further, the energy of the ZPP particles is transferred
primarily via radiation [Gillard, 2002]. Therefore, it can also be assumed that 99.99% of the sensible
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energy of the ZPP is released into the nitrous mixture in 0.27 ms. Using this value in solving Equation
(5.13) for the transfer coefficient (a) yields a = 32 ms™.

The expression for the thermal capacity for the nitrous oxide mixture is differentiated with respect
to time to yield:

dE dT

— = NoCPpmjx —
dt dt (5.14)

where:

N, is the initial number of moles of the nitrous oxide-bearing gas mixture

Cpmix is the heat capacity of the nitrous oxide-bearing gas mixture (J/mol/K)

Tis the temperature of the nitrous oxide-bearing gas mixture (K)

tis time (ms).

Combining Equations (5.13) and (5.14) and solving for the rate of temperature change of the
nitrous oxide mixture yields:

dT  a*E*Exp[-at]

dt  Ng*Cppiy (5.15)

Since an expression for the time rate of change of temperature has been derived the model of
Turns [Turns, 2000] can be modified to account for the non-homogeneous temperature distribution.
Since Equations (5.14) and (5.15) are two ordinary differential equations describing the temperature rise
of the system from two different coupled sources; the principle of superposition allows their solutions
to be added together to express the overall temperature change of the system:

geerer o
A s A RRRET R

dt XX (ChiRy) No *CPix

(5.16)

A logical check on the applicability of Equation (5.16) is provided through consideration of the
functional group (-at). The second term of Equation (5.16) will approach zero when the time is 0.28 ms
(the estimated time of complete ZPP combustion), this indicates that the temperature contribution of
ZPP to the increase in system temperature is complete.

Equation (5.16) describes the temperature rise rate during the dissociation of nitrous oxide and is
the primary equation in the shell model. However, the accuracy of Equation (5.16) is limited to initial
densities of the nitrous gas mixture that are approximately 0.0267 g/cm®.

The applicability of Equation (5.16) to model the dissociation of nitrous oxide is limited to
situations in which the pyrotechnic provides sufficient sensible energy to heat the gas to the auto-
ignition temperature of nitrous oxide. In the case of pyrotechnically-induced nitrous oxide dissociation,
sufficiently high temperature regions exist in close proximity to the reacting pyrotechnic. However,
regions far removed from the influence of the pyrotechnic may not be sufficiently heated to result in
any appreciable nitrous dissociation.

As the initial gas density of the nitrous oxide is increased, more energy must be supplied from the
ZPP to dissociate the nitrous oxide. This suggests that a density limit exists for which Equation (5.16) will
no longer accurately approximate the temperature and pressure rise rates during the dissociation of
nitrous oxide, because the reaction rate will become infinitesimally small. At the same time this density
limit, found to be 0.0267 g/cm?, is an order of magnitude lower than the highest density case (0.2042
g/cm’) tested by Rink [Rink, 2009]. To model the dissociation of the nitrous oxide mixture at these high
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initial densities, and to simulate the locally high temperature regions surrounding the burning
pyrotechnic, the domain is split into smaller volumes, or “shells”. Ultimately the number of shells is
dependent upon the initial density of the nitrous oxide-bearing mixture.

5.7. Conclusion of Chapter 5

An analytical model was developed to describe the pyrotechnically-induced dissociation of nitrous
oxide in isochoric reactors. The model incorporated a variable number of equal density concentric
reactant shells, the number of which was chosen through consideration of their volume in conjunction
with energy input from the pyrotechnic.

The results from the model were compared to experimental data. At low initial densities (0.026
g/cm’) the extent of nitrous oxide dissociation determined experimentally was accurately predicted by
using the model with one shell. Therefore, a classical batch reactor model with global first order reaction
kinetics, modified to include the rate of energy deposition from a pyrotechnic source, was capable of
describing the dissociation of nitrous oxide at low densities. However, at high initial densities (0.026
g/cm® to 0.205 g/cm’) it was found that 20 shells were required to replicate the experimental data.
Therefore, the classical batch reactor model with a discretized domain was shown to predict the
dissociation of nitrous oxide at high densities. It was further shown, that the analytical value of the
extent of reaction converges to experimentally measured values as the number of shells is increased.

The inclusion of more shells into the current model significantly increases its complexity.
Therefore, in order to simplify the implementation of the model, it is recommended that the code be
modified to incorporate a numerical looping scheme, thereby allowing for a more convenient means of
changing the number of shells. In addition, for the high initial density cases the number of shells should
be increased in order for the experimentally measured extent of dissociation and the analytically
predicted value to converge.

5. Conclusion

An experimental and computational study, consisting of modeling and simulation (M&S), of key thermal-
mechanical issues affecting the design and safety of pebble-bed reactors (PBR) was conducted. The
objective was to broaden understanding and experimentally validate thermal-mechanic phenomena of
nuclear grade graphite, specifically, spheres in frictional contact as anticipated in the bed under reactor
relevant pressures and temperatures. The contact generates graphite dust particulates that can
subsequently be transported into and circulated in the flowing gaseous (He) coolant. Under postulated
depressurization transients and with the potential for leaked fission products to be adsorbed onto
graphite ‘dust’, there is the potential for fission products to escape from the primary volume.
Furthermore, there is the distinct possibility for the dispersed dust to combust if sufficient conditions
are met. The team designed and conducted two separate effects tests to study and benchmark the
potential dust-generation rate, as well as study the conditions under which a dust explosion may occur
in a standardized, instrumented explosion chamber. The project started August 2009 and concluded
September 2013.

As noted, both the PBR’s moving bed reactor core and its online refueling system with extracted
graphite fuel pebbles (spheres) eliminates fueling outages both raise safety concerns. Due to frictional
contact of pebbles as the bed (slowly) moves, graphite dust is generated and subsequently, its ‘lift-off’
and transport in the primary circuit becomes a safety concerns because graphite dust can be laden with
fission products. As the bed contains a large number of pebbles, one anticipates fuel failure from which
fission products are released. To understand graphite dust generation, this project custom-designed,



71

constructed and conducted an experimental study, concurrently M&S, to assess the thermal-mechanics
of pebbles leading to dust generation. Additionally, an experimental study on the pyro-mechanics,
specifically the pressures produced during the discharge of burning pyrotechnic (graphite dust) into
inert gas was investigated. From pressure results, the minimum combustible mass of graphite dust
needed during a design basis air ingress accident was estimated.

Thus the project objectives in terms of tasks, as outlined in the proposal were as follows, to:

(1) Design and construct an experimental apparatus to study the thermal-mechanics of graphite spheres
in frictional contact during relative motion; that is, the generation of graphite dust as a result of this
frictional wear.

(2) Conduct experiments with the apparatus at higher temperatures and (helium) gas pressure of
relevance to a PBR

(3)Model and simulate the thermal-mechanics of graphite spheres in frictional contact to be partially
verified by experimental data and to estimate the graphite dust generate per reactor year

(4) Experimentally investigate the possibility of graphite dust combustion; that is, the minimum
combustible conditions (nominal particulate size, concentration and so forth) and its relation to
situations following an air ingress accident in PBRs.

Thus the team designed, constructed and operated a wear testing experimental apparatus and reliably
measured the frictional wear generated graphite dust under a range of conditions including at higher
temperatures and pressures of relevance to a PBR. The results of wear tests revealed there were two
different wear modes for the nuclear grade graphite spheres tested. First at higher temperatures and
(helium) pressures as applied, the data yielded what we call “large wear” which was not reported in the
past. “Large wear” is distinguished from “lubricated friction” by a degraded surface morphology as a
result of the wear test and further SEM/XRD supported data on crystalline structure. “Large wear”
results in a higher wear rate and a posteriori estimate of the coefficient of friction. XRD analysis of pre-
and post-experiment graphite showed there was a loss of well-organized crystalline structure due to
frictional contact under higher pressures and temperature. The graphite dust generated however under
“large wear” (and “lubricated wear”) was still small per reactor years as estimated. The lubricate wear
results were in good agreement with two previous studies, generally under lower pressures and
temperatures.

Computational modeling and simulations were developed in parallel to the experimental study. A
phenomenologically-based model explaining experimental results was developed and predicted the key
non-linear trend relative to the traditional, linear model. The constants in the proposed analytical wear
model were obtained by fitting with the experimental results. Then, the model was used to further
predict experimental data. The M&S results revealed that there is approximately 20% difference
between the analytical model and the experimental data. However the phenomenological trend agreed
well. This difference in magnitude was explained in terms of observations and SEM/XRD data obtained.
The model lacked a surface-level lubrication sub-model, thought to be induced by gas adsorption as well
as relocation of surface-adhering (dislodged) graphite particulates. Though the former was not
experimentally verified, it is our opinion that surface-adhering graphite particulates can function as a
‘lubricant’ and thus limit the graphite dust generate as a result of frictional contact.

Thus the experimental results showed that the wear-generate graphite mass under room to higher
temperatures and pressures is small and on the order of grams per reactor year. Finally, dust explosion
combustion experiments were performed by Poulsen and Rink to investigate the smallest amount
(mass) of graphite dust that can lead to explosions under idealized combustive conditions. Based on
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their tests, they estimate that the minimum graphite dust concentration is on the order of 0.0267g/cm?>.
This is thus some 220 times more than the dust generated from frictional wear as measured. Thus the
pebble-pebble frictional contact is not a plausible source of dust generation and subsequent explosion
hazard under normal operating conditions or even accident scenarios.
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