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1. INTRODUCTION

The calorimeter in the transfer area in Building 7920 at the US Department of Energy’s Oak Ridge 
National Laboratory is used to measure the amount of 238Pu in the Plutonium Heat Source Oxide. The 
calorimetry measurement is taken after the oxide is packaged in an ORISC (Oak Ridge Inner Shipping 
Capsule)/FSO (Fuel Storage Outer) assembly before loading into the Containment Vessel and shipping 
container. The equipment is used in three specific configurations: zero measurement (nothing in the 
sample cup), FSO measurement (actual measurement of 238Pu), and reference calibration measurement 
(using the reference FSO as a known heat source). System checks were performed in July 2023 in 
preparation for scheduled material loadout. During these checks, personnel discovered that the reference 
FSO had experienced an electrical short in the heater cable and was no longer functional. The calorimeter 
was in the reference calibration measurement configuration at this time. Facility management was notified 
when the damage was discovered. The data from the Yokogawa recorder were pulled and analyzed for a 
span of time between September 2022 and July 2023. An unusual spike was found in the sample cup 
temperature data that started on October 19, 2022, and ended on October 20, 2022. The sample cup 
reached a temperature of 191.1°C. The maximum allowable temperature for the calorimeter thermopile to 
reach is 220°C based on the manufacturer statement provided in Appendix B of this report [1]. The 
calorimeter thermopile and the sample cup thermocouple are physically close to each other; therefore, the 
data suggest that the calorimeter itself never saw a temperature in excess of 191.1°C. Physical damage 
present on the cable, tape, and insulation suggests that the temperature reached a higher value in some 
locations within the sample cup than the data shows. Because of this discrepancy, testing of the 
calorimeter was required to confirm that the calorimeter is functioning the same as it was before the 
electrical short. The intent of this report is to assess the functionality of the calorimeter and determine if it 
is acceptable to use for 238Pu loadout material measurement. Testing showed that the calorimeter is 
functionally equivalent to the initial calibration that was performed in the summer of 2021, and thus, the 
calorimeter was cleared to be used for its intended purposes.
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2. PHYSICAL DAMAGE

The physical damage found in July 2023 affected the heater cable, heater thermocouple (TC) tape, and the 
insulation on the outside of the sample cup. The calorimeter was in the configuration shown in Figure 1 
when the damage took place.

Figure 1. Reference FSO measurement configuration.

The reference FSO is an electric heater inside of an ORISC and FSO that was used to simulate a real 
238Pu-filled FSO. It was supplied with a known wattage and was used to confirm the calibration of the 
calorimeter. All the TCs are type K, and the bare junctions were taped to the metal surface in each 
location. The heater cable was found to be shredded in July of 2023, as shown in Figure 2.

Figure 2. Reference FSO with damaged heater wires.

The cable was damaged by rubbing against the internal threads in the through-hole on the lid of the 
FSO/ORISC assembly. Over time, the threads destroyed the heat shrink, which allowed the wires to 
create a direct short in the circuit, melting the heat shrink casing and creating the temperature spike seen 
in the data analysis. This damage to the heat shrink was determined to be the root cause of the fault 
incident.
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The heater thermocouple was located on the outside of the ORISC and secured in place with high-
temperature tape. This tape was reported to be RG48 high-temperature glass cloth tape from Intertape 
Polymer Group. The RG48 tape spec sheet states that it can “withstand exposure to temperatures up to 
and in excess of 260°C” [2]. Following the discovery of damage to the calorimeter in July 2023, the tape 
had been charred and burned off, suggesting that the ORISC surface temperature has exceeded the tape’s 
rated temperature of 260°C. No photos exist of the tape as found. Although this burnt tape does not 
definitively conclude that the calorimeter thermopile felt temperatures of 260°C or more, it does suggest 
that the reference FSO likely surpassed that temperature for some amount of time.

The final evidence of physical damage was the insulation on the outside of the sample cup. Figure 3 
shows the state of the insulation as found in July 2023.

Figure 3. Discolored insulation outside the sample cup.

The insulation shows general discoloration where it contacted the sample cup along with some charring 
and black residue on top of it. The discoloration could be due to excessive heat or could be where the 
fumes from the melted wire were filtered through the insulation. Very excessive heat would have been 
necessary to char the insulation in this way. More likely, this damage was due to fumes from the electrical 
short. If fumes were present when the wire was shorted, it would have escaped out the top of the 
FSO/ORISC assembly and then exited the assembly out the bottom of the sample cup lid, depositing 
particulate on the insulation layer.

The heater TC was disconnected during this time, thus, no data exists for the temperature attained. 
Facility management was notified by email on July 17, 2023 when the damage was discovered.
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3. INITIAL DATA ANALYSIS

Once the damage was discovered, data were pulled from the Yokogawa logger and analyzed with the 
universal viewer software. The last known test of the calorimeter with the heater thermocouple connected 
was between September 28, 2022, and October 3, 2022 (this disconnection occurred to test the 
calorimeter calibration before measuring the actual 238Pu FSO). The heater TC was only connected during 
the test, so no heater TC data were recorded for the time before or after.

These data line up with the data sheet dates and times shown in Figures 4 and 5. The calorimeter was 
known to be functioning properly during this time.

Figure 4. Heater temperature data plotted over time.
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Figure 5. Data sheet for calorimetric determination of watts per FSO.

Some data exist from the calorimeter thermopile and sample cup temperature that correspond to the actual 
238Pu FSO measurements between October 3 and 8, 2022, but after October 8, the heater controller 
appears to have been turned down to 0 W, and the sample cup temperature lowers to room temperature. 
The heater controller appears to have never been fully turned off during this time. The unit remained at 
room temperature until a spike was seen on October 19, 2022. On October 19 at approximately 3:00 p.m., 
the sample cup temperature started a spike from room temperature up to a maximum of 191.1°C on 
October 20 at approximately 8:40 a.m. On October 20 at approximately 8:40 a.m., the temperature rapidly 
decreased from 191.1°C to the water bath set point temperature of approximately 57°C and remained at 
that set point temperature for several weeks. On December 2, 2022, the unit appears to have been turned 
off, and the sample cup temperature lowered to room temperature. Because this electrical short happened 
between campaigns, the damage was not found immediately. The data are shown in the graphs in Figure 
6.
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Figure 6. Sample cup temperature data during heater spike.

Although the data presented in Figures 4, 5, and 6 were exported to Microsoft Excel and formatted for 
ease of viewing, the raw data from the universal viewer software demonstrates the heater wattage and 
calorimeter thermopile voltage at the exact time that the temperature spike began, on October 19. The 
data are shown in Figure 7 (the red line is the calorimeter thermopile voltage, the green is the sample cup 
temperature, and the purple is the heater wattage).
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Figure 7. Raw data plot when temperature spike began.

The raw data also show what happened when the temperature dropped, on October 20. The data are 
shown in Figure 8 (the red line is the calorimeter thermopile voltage, the green is the sample cup 
temperature, and the purple is the heater wattage).

Figure 8. Raw data plot when temperature spike ended.

Gaps exist in data logs from December 23, 2022, to March 28, 2023, and again from April 18, 2023, to 
July 5, 2023, but data before December 23, 2022, and between March 28, 2023, and April 18, 2023, show 
that the sample cup temperature was at room temperature. No uses of the calorimeter were recorded after 
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December 2, 2022. This suggests that the calorimeter remained at room temperature until the damage to it 
was discovered in July 2023.
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4. HARDWARE AND SOFTWARE CHANGES

After the data had been analyzed and the physical damage had been evaluated as detailed in the previous 
sections, several hardware and software changes were made to the calorimeter prior to testing again to 
ensure that this fault case would not be repeated. The following changes were made to the calorimeter 
components.

 The threads were machined out of the threaded hole at the top of the FSO and ORISC assembly to 
ensure that they would not fray the cable over time.

 The heater TC was replaced with a new one and new high-heat tape was used to hold it in place.
 The alumina beads were replaced with new, equivalent, alumina beads.
 A new heater was installed into the ORISC and the ends were crimped and heat-shrunk to replace the 

failed heater.
 A maximum allowable sample cup temperature cutoff of 100°C was added to the Yokogawa program 

to prevent future failures due to overheating (the maximum sample cup temperature during normal 
testing was determined to be 87.5°C).

 Ambient temperature logging was added to the Yokogawa program.
 The water level was confirmed to be at the correct level.
 The sample cup insulation was replaced.

In addition to hardware and software changes, a configuration drawing was made for the reference FSO. 
This drawing is presented in Appendix C.
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5. TESTING PERFORMED

To confirm that the calorimeter was fully functional and ready for use, a full reference test was completed 
and compared with the results from the previous, summer 2021, calibration. The raw data tables are 
presented in Appendix A. The testing completed during the summer of 2021 was used as a baseline for 
comparison because it was completed as a functional test of the equipment upon receipt of the calorimeter 
from the manufacturer. The testing to check the calorimeter after the overheat event occurred from 
December 4 to 11, 2023.

The draft procedure NNFD-7920-OP-264 [4] was used as a guide for the testing. The recirculating water 
bath was turned on and set to 60°C, and a zero-measurement voltage reading was taken once the system 
had equilibrated. After the zero measurement was acquired, the heater was turned on and set to 40 W. 
Once the system had equilibrated to 40 W, the measurement was taken. This process was repeated at both 
60 W and 75 W.
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6. DATA ANALYSIS OF TESTING PERFORMED

After collecting all the voltage measurements, the data were shifted to account for the offset of the zero 
reading. Then, the data were plotted, and a linear regression line applied, shown in Figure 9.

Figure 9. Data plot from December 4–11, 2023.

The 2021 calibration data were also zero-adjusted and plotted using the same method as that used for the 
data in Figure 9. This data is shown in Figure 10.

Figure 10. Data plot from summer 2021 calibration.

The percent error between the new data and the 2021 calibration data was determined by implementing 
the new data wattages in the calibration equation (y = 0.0135x + 0.0066) to calculate the expected 
voltages for each point. Then, percent error was calculated using the equation;

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 ― 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 × 100.

The average percent error between the new data and 2021 calibration data was calculated as 0.72%, as 
shown in Figure 11.
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Figure 11. Average percent error table between new data and 2021 calibration.

While investigating data from previous testing, the test data from September 28, 2022, to October 3, 
2022, was also compared with the initial 2021 calibration data. These data were used to determine if the 
calorimeter was functioning properly prior to measuring the first shipment of 238Pu. The average percent 
error between the pre-238Pu shipment testing and the 2021 calibration data was calculated to be −3.46%, 
as shown in Figure 12.

Figure 12. Average percent error table between pre-238Pu shipment testing and 2021 calibration.

This figure shows that the data collected after the overheat event were actually closer to the initial 
calibration than the data collected to confirm that the calorimeter was functioning properly prior to 
measuring the initial shipment of 238Pu. Both percent errors fall within the 5% calibration accuracy 
claimed by the manufacturer.
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7. CONCLUSION

After assessing the physical damage and analyzing the data from the Yokogawa data logger, an overheat 
event clearly occurred between October 19 and 20, 2022. After this event, typical damage associated with 
an overheat event was observed with the FSO/ORISC assembly, as well as with the surrounding 
insulation. The damaged parts of the unit were replaced, and actions were taken to prevent future 
reoccurrences.

Though there is no way to confirm the exact temperature the calorimeter thermopile experienced, the data 
show that the sample cup TC registered 191.1°C. The sample cup TC location and the calorimeter 
thermopile location are close enough to each other that the temperatures can be expected to be nearly 
equal. The two locations are roughly the same distance away from the heater, with the calorimeter 
thermopile located closer to the temperature-controlled water bath, which implies that the use of the 
sample cup TC reading is a conservative estimate for the calorimeter temperature. The data and location 
of the TCs suggests that the calorimeter TC did not surpass 191.1°C.

The physical evidence of the overheat event suggests that some parts of the FSO and ORISC assembly 
did reach a higher temperature than 191.1°C; however, the calorimeter thermopile itself was insulated 
against the temperature spike equivalently (if not more insulated) to the sample cup TC. Because the data 
showed that the sample cup temperature did not reach 220°C (the maximum allowable temperature for the 
calorimeter thermopile to experience), testing was completed on the unit, clearing it for use.

Testing demonstrated that the calorimeter functioned equivalently to initial calibration data, with a 0.72% 
error. The test data, in addition to the data analysis from the logger during the temperature spike, show 
that the calorimeter is not malfunctioning and is cleared to be used for intended purposes. Additional 
safeguards have been put in place to prevent future reoccurrence of this fault scenario.
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APPENDIX A. TEST DATA

Figure A-1. Raw data of initial calibration at Oak Ridge National Laboratory.
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Figure A-2. Data sheet from December 4–11, 2023, testing.

Figure A-3. Data sheet from pre-238Pu shipment testing on September 28–October 3, 2022.
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APPENDIX B. INTERNATIONAL THERMAL INSTRUMENT COMPANY DOCUMENTATION

Figure B-1. Manufacturer information.
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APPENDIX C. REFERENCE FUEL STORAGE OUTER CONFIGURATION DRAWING

Figure C-1. Fuel Storage Outer configuration drawing.
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APPENDIX D. WORK PACKAGE PROCEDURE

Figure D-1. Page 9 of NNFD-7920-OP-264 [3] that includes the draft procedure for checking the calibration 
of the calorimeter.
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Figure D-2. Page 10 of NNFD-7920-OP-264 [3] that includes the draft procedure for checking the calibration 
of the calorimeter.
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Figure D-3. Page 17 of NNFD-7920-OP-264 [3] that includes the data sheet for recording the wattages and 
voltages.

 




