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Acronyms 

 

AGR  Advanced Gas Reactor 

BWXT  BWX Technologies, Inc. 

CFD  computational fluid dynamics 

gph  gallons per hour 

HCl  hydrogen chloride 

ID  inside diameter 

IPyC  inner pyrolytic carbon 

MTS  Methyltrichlorosilane 

NPT  national pipe thread 

NUCO  natural (enrichment) uranium oxycarbide 

PID  proportional-integral-derivative controller 

PLC  programmable logic controller 

PSD  power spectral density 

psig  pounds per square inch gage 

SiC  silicon carbide 

slpm  standard liters per minute 

TRISO  tri-structural isotropic 
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AGR Fuel Development – Coater and Control System 
Upgrade 

 

1. Introduction 

BWX Technologies Nuclear Products Division (BWXT) is under contract1 to fabricate 425-µm 
natural-uranium oxycarbide (NUCO) kernels and test 6-inch diameter nuclear particle coater designs for 
the Advanced Gas Reactor (AGR) program as part of an effort to “reestablish and demonstrate coated-
particle fuel fabrication capability in the United States”.2   Tri-structural isotropric (TRISO) fuel coating 
technology has not been employed in the domestic production of nuclear fuel since the cessation of Fort 
St. Vrain fuel production in 1985.  The effort to reestablish the technology in a near-industrial scale 
coater has necessitated upgrades to the existing BWXT coating system; including modifications and 
upgrades to the coater furnace, gas supply, off-gas handling, and the process control systems and 
instrumentation.   

 

2. Feed Systems Upgrade 

2.1 Methyltrichlorosilane System 

The former methyltrichlorosilane (MTS) system was sized for use with the 2-inch diameter 
nuclear fuel coater that had been used for fuel coating process development studies.  It was a design by 
TevTech, LLC., that incorporated a variable surface area vaporizer and a mass flow controller with a 
target mass flow of 1.7 gm MTS/min.  Hydrogen sweep gas and carrier gas streams were independently 
controlled to attain the desired MTS mass flow and concentration in the hydrogen carrier at a nominal 
value of 1.5 vol%. 

The system was rebuilt in accordance with a TevTech, LLC., design to accommodate larger 
variable-area vaporizer, gas lines, and mass flow controllers to achieve a nominal MTS flow rate of 42 
gm MTS/min (14 – 70 gm/min range) and to handle the associated hydrogen gas flows. 

Sierra gas detectors were also replaced with MSA detectors and set to alarm if the HCl or 
hydrogen concentrations in the flame cabinet exceeded set points of 2 ppm and 1 vol%, respectively.   

2.2 Gas Supply and Feed Systems 

The 6-inch coater was designed to have two independently controlled gas flow paths; one to 
supply non-reactive gas to an annular orifice that surrounds the gas injector and another to supply the 
coating gases to the injector distributor.  This increased the number of gas flow controllers (by one) that 
were needed to control the flow of argon and hydrogen to the annulus.   
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New flow controllers were purchased to handle the following flow rates: 

Argon:  0-600 slpm for the central gas flow and 0-150 slpm for the annulus 

Hydrogen: 0-700 slpm for the annulus 

Acetylene: 0-600 slpm at 5 psig delivery pressure 

Propylene: 0-300 slpm at 5 psig delivery pressure 

The acetylene storage capacity was doubled to accommodate 24 gas cylinders and the gas 
manifold was replaced with a high-flow manifold.  Storage and flow capacities of the argon, propylene, 
and hydrogen gases did not need modification beyond replacing the flow controllers. 

 

3. Furnace Upgrade 

3.1 Furnace Modifications 

Furnace modifications involved a redesign of the furnace lid to accommodate the placement of 
two hot samplers, a pyrometer viewport, a camera port, and argon purges to all four of these 
penetrations.  The presence of a camera port on the furnace is not new, however a camera has been 
mounted on the port for the AGR program for the first time.    

Hot samplers were added to enable bed samples to be drawn during a coating run for subsequent 
analysis.  As part of the effort to produce high quality coated particle fuel by more closely following the 
German coating process than has been done in the past, AGR particles are to be produced in a 
continuous, uninterrupted coating process.2   Since particle specifications include the thicknesses and 
densities of each layer and layer characterization is (at best) difficult following a full-coating run, hot 
samples of both buffer-coated and IPyC-coated particles are needed.  Besides providing for these quality 
control samples, the hot samplers also enable samples to be taken at any time during the coating 
processes (when no reactive gases are flowing) to capture the coating properties at various stages.  

The pyrometer port was added to enable the bed temperature to be measured optically, when 
coating gases are not flowing, for comparison to the in-bed and external thermometers. Because the 
particle emissivities are not well known and change as the coatings are applied, the pyrometer readings 
will be used more for reference between runs than as definitive temperature measurements. 

3.2 Scrubber Modification 

During the initial phase of the 6-inch coater tests, when SiC was being deposited, a problem 
occurred with the off-gas scrubber as a result of significant salt formation in the caustic scrub solution.  
Sufficient salt was formed to plug the scrubber column.  Previously, the liquid effluent from the 
scrubber was titrated with caustic to neutralize acid and recycled to the scrubber.  The increased flow of 
MTS in this phase of the program resulted in an increased loading of dissolved salt in the scrub solution.  
The scrubber system was modified to use water, not caustic, and to have a continuous spent scrub 
blowdown of 45 gph during silicon carbide deposition, thus avoiding the accumulation of salts on the 
scrubber bed medium. 
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3.3 Coating Tube and Gas Distributors 

The 2-inch inside diameter (ID) coater tube was replaced with a 6-inch ID tube with a threaded 
end to which a curvilinear bottom could be attached.  Two curvilinear bottoms (nicknamed chalices) 
were designed and fabricated based on parabolic and elliptical profiles.  Two conical gas 
distributors/injectors were designed that are inserted into the bottom of the chalice and held in place 
with a threaded concentric tube.  The concentric tube and the injector formed central and annular flow 
channels through which the coating gases and fluidizing gases are passed, respectively.  The injectors 
are shaped like a mushroom with a broad, conical cap and a hollow stem.  The outer cap margins are 
fluted to allow inert fluidizing gases to pass through an annular gap between the injector cap and the 
chalice bottom.  The injector cap has a central coating gas inlet orifice and, in one design, five satellite 
orifices between the central port and the margin flutes.  The satellite orifices are angled to impart some 
vorticity to the bed near the gas injector in an effort to stabilize the gas spout.  Short-stemmed versions 
of the gas injectors have been fabricated to facilitate the addition of a liquid-cooled gas injector line, 
which should help keep the coating gas cool and minimize the formation of accretions in the gas inlets. 

Testing of the uncooled, long-stemmed injectors showed a tendency of long tubular accretions to 
form on the bi-flow nozzle with a single central coating gas inlet (Figure 1a).  These nozzles were not 
used beyond the initial tests of pyrocarbon deposition because the accretion would have interfered with 
bed dynamics and may have occluded during silicon carbide deposition.  The multi-port injector nozzle, 
having one central and five satellite orifices performed much better.  Accretions remained small through 
the end of the inner pyrocarbon deposition and a short SiC deposition run (Figure 1b).  Use of a liquid-
cooled injector may still be warranted. 

 

Figure 1.a  Bi-flow injector with accretions                         
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Figure 1.b  Multi-port injector with accretions 

 

The inert gas is intended to help move bed from the base of the chalice up the surfaces of the 
conical injector cap.  Computational fluid dynamics (CFD) modeling4 showed that the inert fluidizing 
gases would displace gases near the surface of the injector cap to approximately the mid-point where 
they mixed in with coating gases.  The bulk of the inert gas flows against particle movement and climbs 
the outer wall of the chalice (Figure 2). 
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Figure 2.  CFD concentration trace of argon gas injected via the annular orifice of a bi-flow injector (red 
is the highest concentration; blue is the lowest). 

 

4. Control System Upgrade 

Initial testing of the upgraded coater was conducted using the antiquated coater control system3 
that had been used during the fuel-development tests with a 2-inch coater.  This control system was a 
GE Fanuc Programmable Logic Controller (PLC) integrated with an operator interface computer and a 
Centorr furnace controller that had been in service for well over a decade.3  The system had reliability 
and maintainability issues because replacement parts have limited availability.  Furthermore, gas control 
and delivery systems were not integrated into a single programmable control system, but relied on 
operator intervention to establish gas flows and flow control from multiple control panels.  A control 
system upgrade was warranted to promote surety of operations, improve monitoring and delivery of 
coating and fluidizing gases, and to enable the system to be more readily maintained.  In addition to 
updating the control system, new instrumentation (optical pyrometer, pressure transducer, and 
differential pressure transmitter) were added to provide additional data input and insight into the 
operation of the coater with the objective of enhancing coater operation in terms of the quality and 
reproducibility of particle coatings. 
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The upgrade integrated all of the control functions into a single operator station and 
is based on Allen Bradley/Rockwell technologies, which are in wide use throughout 
industry.  Objective evidence for the completion of the furnace and control system upgrades 
is provided by the results of the control system testing (Appendix A, “Control System Test 
Results”) completed by BWXT and subsequent coating runs (Appendix C, “Documentation 
of Coater Runs Following Upgrade Modifications”).  The pressure transducer system 
(discussed below), being experimental and not for process control, is not part of the 
upgraded control system. 

 

5. New Instrumentation 

5.1 Optical Pyrometer 

The top of the coater furnace enclosure was modified during the upgrade for the 6” coater tube to 
accommodate an optical pyrometer with a view of the bed media.  It is recognized that the pyrometer 
will not give accurate readings during application of some coatings because the vapor space opacity will 
conceal the bed and bias the readings, but it should be useful during transition periods when coating 
gases are not flowing.  It is at these times that the optical pyrometer can be compared with in-bed and 
external thermocouple measurements. 

The new pyrometer is an Ircon Mirage fiber optic thermometer with a flexible optical fiber probe 
that peers through a 1/8” NPT port on the top of the coater flange.  The pyrometer is equipped with a 
digital readout and superfluous proportional-integral-derivative (PID) controller.   

5.2 Pressure Instrumentation 

One means of monitoring the behavior of a fluidized bed is through observation of the pressure 
fluctuation signals produced as bubbles form, collapse, and as bed media circulate in the bed.  The 
pressure fluctuations propagate upstream into the gas supply line where they are isolated from the harsh 
process environment of the coater and can be easily monitored by a high precision pressure transducer.  
Data from the transducer is filtered through a band pass filter to eliminate aliasing and low frequency 
signals of little import.  The data are processed, using a fast Fourier transform to produce a power 
spectral density (PSD) of the pressure fluctuations.  The PSD serves as a fingerprint for the bed 
dynamics. 

Another pressure tool for observing bed behavior is that of the bed differential pressure, which 
can provide information regarding the bed mass and whether the bed is fluidized or stagnant.  Spouted 
beds can exhibit a range of differential pressures for a given bed mass depending on gas flow rates, 
spouting regimes, and the relative quantities of particles that are levitated and those that are not.  It is 
expected that the general trend will be toward increasing bed differential pressure as bed mass and depth 
increase during the coating process.   

The combination of the pressure transducer and differential pressure data provides insight into the 
bed dynamics.  Changes from stable to unstable spouting regimes should manifest themselves by 
changes in the PSD and possibly in the differential pressure.  This information should be helpful in 
selecting and/or adjusting gas flow rates to attain fluidization patterns that are most conducive to 
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forming particle coatings with the desired properties (isotropy, sphericity, etc.) and with a high degree 
of uniformity. 

The pressure transducers purchased and installed at BWXT were KOBOLD KPK compact high 
precision pressure transducers with response times of < 1 ms for the electronics (within 10% - 90% of 
full scale) and up to 150 Hz.  One transducer has a 0 – 5 psig range and the other is 0 – 10 psig.  The 
two ranges were purchased because the maximum backpressure on the gas inlet has not been quantified 
for the 6” coater.  Because the backpressures from the bed depth after full TRISO coating and potential 
accumulation of particulates on the off-gas filters, the pressure transducer having the 0 – 10 psig range 
was installed and the transducer with the lesser range held in reserve as a spare. 

The differential pressure transmitter is an Omega PX771A series transmitter with a 6:1 turndown 
ratio on the range, which allows it to be sufficiently flexible that a backup instrument is not needed.  
The signal is filtered with a low-pass filter (nominally at 3 Hz) to reduce “noise” from pressure 
fluctuations in the fluidized bed so that trends can be more easily discerned.  Gradual increases in the 
differential pressure are the result of increasing bed mass as coatings are deposited and abrupt changes 
are the result in changes in the spouting behavior of the bed. 

Some data from the pressure transducer and differential pressure transmitter are presented in 
Appendix B, “Sample Pressure Transducer Data” as evidence of the successful installation and testing 
of the pressure instruments. 
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On March 20th, pressure response data were collected for a 750 gram charge of nominally       
400-µm zirconia beads in the coater tube.  Two matrices of gas flows to the main distributor and the 
annulus at gas temperatures near coating temperatures were used for argon (1312ºC - 1383ºC) and for 
hydrogen (1426ºC - 1518ºC) fluidization.  Changes were noted in the amplitude of the pressure 
fluctuations and the mean frequency as flow rates were changed.  The power spectral density, however, 
remained monomodal.  This may have been due to the relatively shallow bed; matching bed charge used 
for coating trials, but less than the depth achieved by the end of coating.  A screenshot of the human-
machine interface for the pressure instrumentation and an example of the changing PSD as annular gas 
flow rate is changed are shown in Figures B-1 and B-2, respectively. 

Figure B-1.  Screenshot of pressure transducer and differential pressure transmitter data. 
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Figure B-2.  Graph of the pressure transducer PSD at a constant distributor Ar gas flow and 
variable annular Ar gas flow. 

The screenshot in Figure B-1 shows three graph windows.  The top window shows a plot of the 
differential pressure transmitter data filtered to eliminate fluctuation “noise” over 3 Hz.  This is seen as 
a relatively smooth line in the window.  Raw (unfiltered) data from the pressure transducer is also 
shown in the top window.  The second window displays the pressure transducer data after being 
conditioned by a band-pass filter to remove high frequency noise, aliasing, and low frequency variations 
that are not related to bed movement.  The bottom window is a plot of the power spectral density of the 
filtered pressure transducer data. 

Figure B-2 shows the changes in the PSD when fluidizing the 750 grams of 400 µm zirconia 
kernels with argon.  Gas flow to the coating gas distributor was held constant at 72 slpm while the flow 
to the annulus was varied from 0 – 40 slpm.  The character of the PSD remained monomodal with the 
change in gas flows, for the shallow bed, but a shift in the rise in the power and a shift in the 
characteristic frequency are evident. 

Figure B-3 shows the PSD for a 750 gm charge of 400-µm zirconia kernels and the PSDs for the 
bed during coating conditions within 1 minute of termination of each of the successive coatings.  
Particles coated with a buffer and with a buffer and IPyC layer exhibited a bimodal distribution while 
the others were largely monomodal.  The bed and coating conditions that produced the PSDs are given 
in Table B-1.  After the coating run was initiated, it was discovered that full argon flow could not be 
achieved to the annulus.  This resulted in less annular flow than would be normally had during IPyC and 
OPyC coatings and somewhat diminished flow during the buffer coating. 
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Power Spectral Density
Run G73F-NF-92009
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Figure B-3.  Comparison of bed PSD toward the end of each successive coating. 

Table B-1.  Coating parameters for coating run G73F-NF-92009 

Particle Properties 
Coating Temperature Bed 

Mass Density Diameter 
Distributor Gases *Annulus 

Gas 

Kernel 1379°C 0.75 kg 6.0 gm/cc 400 µm 37 slpm Ar 4 slpm Ar 

Buffer ~1460°C ~1.0 kg ~2.5 gm/cc ~590 µm 37 slpm Ar 
61.4 slpm C2H2 

2 - 4 slpm 
Ar 

IPyC 1215°C ~1.4 kg ~2.3 gm/cc ~675 µm 
109 slpm Ar 

27.5 slpm C2H2 
23.5 slpm C3H6 

~2.3 slpm 
Ar 

SiC 1510°C ~2.1 kg ~2.5 gm/cc ~750 µm 178 slpm H2 
1.2 kg MTS/hr 

18.3 slpm 
H2 

OPyC 1225°C ~2.6 kg ~2.4 gm/cc ~800 µm 
98 slpm Ar 

24 slpm C2H2 
21 slpm C3H6 

~4 slpm Ar 

* Annulus was apparently restricted by embedded kernels from the “flow ladder” testing, conducted the 
day before the coating run, and could not deliver the full flow of argon (11 slpm).   
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Batch 92008 Particle Photos 
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Batch 92009 Particle Photos 
 

 
 

 


