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1. Does this ECAR involve 
a Safety SSC? No Professional Engineer’s Stamp 

 
See LWP-10010 for requirements. 2. 

Safety SSC 
Determination Document 
ID 

NA 

3. Engineering Job (EJ) No. NA 

4. SSC ID NA 

5. Building  NA 

6. Site Area  NA 

7. Objective/Purpose: 
This engineering calculations and analysis report documents the specimen position/elevation 
adjustments from the third capsule of the Advanced Graphite Creep experiment (AGC-3). These 
adjustments are necessary due to irradiation-induced shrinkage and load-induced creep which 
can influence the received dose level of the specimens. These effects are calculated and 
integrated into a table that lists the specimen IDs, their stack number(s), their nominal 
elevation(s), and the average specimen elevation for each reactor cycle. 

8. If revision, please state the reason and list sections and/or pages being affected: 
NA 

9. Conclusions/Recommendations (Note: Clearly state any actions or additional reviews that were 
identified within the body of the report): 
The position data for all specimens from the AGC-3 capsule were analyzed. Quantification of the 
amount of downward movement for each specimen is necessary to make accurate dose 
calculations. The shifting of the specimens is due to irradiation-induced shrinkage and load-
induced creep. These effects are calculated and compiled into a table (see Appendix A) that lists 
the specimen IDs, their stack number(s), their nominal elevation(s), and the estimated specimen 
elevation for each reactor cycle at the mid-cycle power. Position estimates for the compressed 
specimens furthest from the core center line moved as much as 0.84 in., which equated to an 11% 
change in dose, while compressed specimens that were closest to the core center line moved as 
much as 0.449 in., which equated to a 0.2% change in dose. 

 
  



TEM-10200-1 
12/19/17 
Rev. 08 

ENGINEERING CALCULATIONS AND ANALYSIS Page 4 of 14 

Title: AGC-3 Specimen Position Calculations by Stack 

ECAR No.: 4430 Rev. No.: 0 Project No.: 29412 Date: 06/11/2019 
 

 

CONTENTS 

PROJECT ROLES AND RESPONSIBILITIES ........................................................................... 5 

SCOPE AND BRIEF DESCRIPTION ......................................................................................... 6 

DESIGN OR TECHNICAL PARAMETER INPUT AND SOURCES ............................................ 7 

RESULTS OF LITERATURE SEARCHES AND OTHER BACKGROUND DATA ...................... 8 

ASSUMPTIONS ......................................................................................................................... 8 

COMPUTER CODE VALIDATION ............................................................................................. 8 

DISCUSSION/ANALYSIS ........................................................................................................... 9 

SUMMARY AND CONCLUSIONS ........................................................................................... 12 

REFERENCES ......................................................................................................................... 14 

Appendix A – Tabulation of Specimen Center of Mass (CoM) Elevations at each Reactor 
Mid-Cycle ......................................................................................................................... 1 

 
  



TEM-10200-1 
12/19/17 
Rev. 08 

ENGINEERING CALCULATIONS AND ANALYSIS Page 5 of 14 

Title: AGC-3 Specimen Position Calculations by Stack 

ECAR No.: 4430 Rev. No.: 0 Project No.: 29412 Date: 06/11/2019 
 

 

PROJECT ROLES AND RESPONSIBILITIES 

Project Role Name (Typed) Organization Pages covered (if applicable) 
Performer David Rohrbaugh D520 All 
Checkera W. David Swank B120 All 
Independent Reviewerb N/A   
CUI Reviewerc 

INL/MIS-19-53379 
John T. Major II M310 All 

Managerd Scott McBride D520 All 
Requestore William Windes B120 All 
Nuclear Safetye N/A   
Document Ownere William Windes B120 All 

Responsibilities: 
a. Confirmation of completeness, mathematical accuracy, and correctness of data and appropriateness of assumptions. 

b. Concurrence of method or approach. See definition, LWP-10106. 

c. Concurrence with the document’s markings in accordance with LWP-11202. 

d. Concurrence of procedure compliance. Concurrence with method/approach and conclusion. 

e. Concurrence with the document’s assumptions and input information. See definition of Acceptance, LWP-10200. 
 
NOTE: Delete or mark “N/A” for project roles not engaged. Include ALL personnel and their roles 

listed above in the eCR system. The list of the roles above is not all inclusive. If needed, 
the list can be extended or reduced. 

  



TEM-10200-1 
12/19/17 
Rev. 08 

ENGINEERING CALCULATIONS AND ANALYSIS Page 6 of 14 

Title: AGC-3 Specimen Position Calculations by Stack 

ECAR No.: 4430 Rev. No.: 0 Project No.: 29412 Date: 06/11/2019 
 

 

SCOPE AND BRIEF DESCRIPTION 

This engineering calculations and analysis report documents the specimen position/elevation 
adjustments from the third capsule of the Advanced Graphite Creep experiment (AGC-3). During 
irradiation the graphite specimens are subjected to both irradiation-induced shrinkage and load-induced 
creep. Because the specimens are stacked end-to-end within each channel the entire specimen stack 
will shrink during irradiation and each specimen’s elevation will continuously change. These 
adjustments to the specimen position within the capsule will improve the accuracy of the estimated 
specimen dose. 

The AGC-3 specimens were irradiated in the Advanced Test Reactor (ATR) during Cycles 152B, 154B, 
155A, and 155B (the AGC-3 capsule was not in ATR for Cycles 153A/B and 154A). During the course 
of the irradiation, the graphite specimens shrink as a result of neutron damage. This shrinkage causes 
all specimens in the capsule to move downward. Along with the irradiation-induced shrinkage in the 
lower specimen stack, specimens located in the upper loaded stacks were subjected to a compressive 
load that causes load-induced dimensional change of the upper specimen stack and lower load 
supporting specimen housing. 

Two methods were considered in this analysis to estimate the average position of the specimens during 
each cycle of irradiation. The first method considered was to estimate the change in length of the lower 
housing experienced during irradiation. The lower housing supports the upper, compressed specimens, 
and therefore experiences shrinkage due to irradiation creep. By knowing how much the lower housing 
shrunk along with the pre- and post-irradiation measurements of the specimens, an estimate of the 
change in position of the specimens in the upper loaded stacks can be made. There are two issues with 
this method. The first is that the lengths of the specimen support components were not measured 
accurately post-irradiation, while the other is that these stressed components are fabricated from NBG-
25 graphite, which is a grade that lacks available data for estimating the loaded dimensional change, or 
creep, of the lower housing. 

The second method considered, and the method applied in this analysis, was to use the data from the 
radiation-resistant linear variable differential transducers (LVDT). Six LVDTs were situated at the top of 
the pushrods on each compressed stack of specimens. It is important to note that the LVDTs and 
pushrods are located in a very low dose position, and therefore the effects due to irradiation on both is 
negligible. The total displacement at the top of each pushrod was measured directly using the LVDT 
data. Knowing the pre- and post-irradiation dimensions of individual specimens in the upper housing 
and the total displacement measured by the LVDT allows the creep displacement of the lower housing 
to be determined. An estimate of the individual specimen positions in the upper housing can be made 
from the pre- and post-dimensional measurements of the loaded specimens and the creep shrinkage of 
the lower housing. An estimate of the lower housing unloaded specimens can be made from just the 
pre- and post-measurements of the individual specimens. 

The LVDT data was recorded in 1-minute intervals and eventually archived in the Nuclear Data 
Management and Analysis System (NDMAS). A plot of the LVDT data as a function of cumulative 
reactor power during the above reactor cycles is shown in Figure 1. Using the LVDT data, estimates of 
the position of the loaded specimens were made at the mid-point (with respect to mega-watt days) of 
each cycle. 

Since the specimens located in the lower portions of Stacks 1–6 and all of the specimens in Stack 7 
were not compressed, they did not move as much as the specimens in the upper housing. They also 
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did not have any LVDT data to measure their displacement during the experiment. The positions of 
these specimens were calculated by using pre- and post-irradiation dimensional measurements only. 

 
Figure 1. Top of pushrod displacements during the irradiation of AGC-3. 

DESIGN OR TECHNICAL PARAMETER INPUT AND SOURCES 

Power, displacement, and load data were obtained from NDMAS from ATR starting at Cycle 152B 
(Nov. 28, 2012) and ending at Cycle 155B (April 12, 2014). 

The linearity of the position sensors that were used for this experiment was 0.25% of full scale. The full 
scale for this model is ± 10 inches, thus the linearity is ± 0.025 inches. During the assembly of the 
experiment, these LVDTs were verified by Quality Assurance to be calibrated (Engineering Work 
Instructions for Assembling the AGC-3 Experiment1). Table 1 provides the position instrumentation 
information for the experiment. 

Table 1. Position instrumentation. 

Instrument Manufacturer Model/ Part No. Accuracy or Linearity Repeatability 

Position Sensor 
(LVDT) 

Macro 
Sensors 

PRH 812-1000-080 ≤ ±0.25% of full range 
output 

<0.01% of full scale 
output 
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RESULTS OF LITERATURE SEARCHES AND OTHER BACKGROUND DATA 

N/A 

ASSUMPTIONS 

For this analysis, it was assumed that the specimens in each stack did not become lodged or stuck in a 
position that would alter the LVDT readings for the remainder of the specimens in the stack. To help 
prevent this from happening, during reactor outages, the compressive loads were removed from the 
specimen stacks and each graphite stack was raised vertically via the use of lower pneumatic rams. 
Stack raising was performed at the end of Cycle 152B, between Cycles 154B and 155A, and at the end 
of Cycle 155B (which was the end of the capsule irradiation). No evidence of sticking was observed 
during any of those events.2,3 In addition, the position of each stack remained unaffected between 
cycles, as observed from Figure 1. 

The condition of the position sensors was checked during the assembly of the compressive load control 
system by performing wire-to-wire resistance checks. The LVDT resistance values were measured and 
recorded for both the excitation and signal lines.3 It was impossible to make similar checks on the 
position system after the completion of the experiment due to disassembly actions and high levels of 
radiation; however, the position data are consistent within itself indicating that the LVDTs operated 
properly for the entire experiment. 

Since there was no position data measuring specimen displacement for Stack 7 and the lower portions 
of Stacks 1–6, only pre- and post-irradiation dimensional measurements were used to calculate the 
displacement of the specimens. 

It was assumed that the compressed specimens and the compressed lower housing shrunk linearly 
with respect to position and reactor integrated power. This is a reasonable assumption based upon the 
received dose levels of the NBG-25 graphite housing. 

Dimensional measurements were not performed on the flux monitor holders (CANs) that were located 
in the uncompressed stacks. These CANs are made of NBG-25, which is similar to IG-110 in grain size, 
forming process, and coke source.4 Therefore, estimates of the dimensional changes of the CANs were 
made using IG-110 data. 

As documented in INL/EXT-14-32425, “AGC-3 Experiment Irradiation Monitoring Data Qualification 
Final Report,”3 the initial specimen elevations listed in the experiment assembly documents do not 
accurately represent the actual specimen positions in relation to the reactor core mid-plane. The 
heights of the specimens in relation to the core mid-plane are 0.313 in. higher than the nominal 
dimensions. Thus, the position of all specimens in the capsule are initially increased by this amount. 

COMPUTER CODE VALIDATION 

Excel software results were validated by random hand calculation checks performed by the checker as 
allowed per LWP-10200, Appendix E.5 
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DISCUSSION/ANALYSIS 

For the specimens located in the compressed portions of the stacks, time, power, load, and 
displacement data were obtained from NDMAS. The LVDT data were used to estimate the compressed 
specimen’s position throughout the irradiation process. These data were recorded in 1-minute 
increments. The data were then subsequently reduced to 10-minute increments by averaging. 
Following the averaging, the position data were plotted and inspected for abnormalities. The first 
265 megawatt-days of the irradiation, highlighted in Figure 1 (see the light red region), show extreme 
instability in the LVDTs. This is due to a gas leak that occurred in the compressive load system, as 
documented in TFR-510, “Advanced Graphite Capsule Compressive Load Control Gas System.”2 In 
order to troubleshoot the leak, the loads on the stacks were lifted and adjusted a few times, thereby 
causing the LVDT readings to fluctuate. This initial troubleshooting period takes place just as the 
specimens are beginning to receive a neutron dose and is only 6% of the total irradiation time. 
Therefore, these data were ignored for this analysis. 

Also noted is that approximately midway through Cycle 152B, Stack 5 LVDT starts to diverge from 
Stack 2 LVDT. These two LVDTs should track similarly since they have the same applied load and a 
similar distribution of specimens by grade. By the end of the irradiation, Stack 5 LVDT has 
displacement values larger than that of Stack 6, which had the highest applied load. Thus, it is 
assumed that Stack 5 LVDT displacement readings are suspect during the entire AGC-3 irradiation. To 
verify this assumption, the total specimen shrinkage (the sum of the change in specimen lengths) for 
each stack of specimens was calculated and plotted, Figure 2. Contrary to the LVDT data, this plot 
shows that Stack 5 and Stack 2 had very similar total shrinkage values. This confirms the assumption 
that the LVDT displacement measurements on Stack 5 were not correct during the irradiation. Thus, the 
displacement values from Stack 2 LVDT are used as a replacement for the shrinkage values in Stack 5. 
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Figure 2. Total specimen shrinkage in the loaded portions of each specimen stack showing that 
specimens in Stack 2 and Stack 5 had similar dimensional changes. 

The position readings for each sensor were adjusted to set the zero position at the first logged data 
point (after the removal of the first 265 megawatt-days due to pressurization issue with Stack 4). After 
the initial position is assigned, the LVDT data were broken into four sets, one for each reactor cycle. 
The mid-point of each cycle was calculated with respect to integrated reactor power. The final 
displacement value of each specimen stack was taken to be the point right before the loads were 
removed at the end of the irradiation. 

Figure 32 shows the final displacement values for the pushrods on each stack. After discounting Stack 
5, Stacks 3 and 6 showed the most displacement, while Stack 2 had the lowest total displacement.  

 
Figure 32. Displacement measured by LVDT on the compressed stacks of specimens during the 
irradiation of AGC-3 specimens. Note, that Stack 5 displacement was replaced with Stack 2. 

The total shrinkage of the lower housing was estimated by using the displacement values from the 
LVDTs and subtracting the total amount of specimen shrinkage of each stack. These data were then 
averaged to get a single displacement value for the lower housing. Once the lower housing 
displacement was estimated, total displacements for each specimen in the loaded stacks were 
calculated. 

Next, for each compressed specimen position in each stack, interpolations were performed between 
the initial specimen position and the end of test specimen position (calculated above) as a function of 
integrated reactor power. The positions of all the compressed specimens were then estimated at the 
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middle of each cycle, with respect to integrated reactor power. Figure 3 shows an example of this 
process for the top specimen (initial center of mass position of 19.813 inches) in Stack 1. 

 
Figure 3. Interpolation of compressed specimen position with respect to integrated reactor power for the 
top specimen in Stack 1. 

The uncompressed specimen’s positions (lower portions of Stacks 1–6 and all of Stack 7) were 
calculated using pre- and post-irradiation dimensional measurements. Figure 4 below shows the total 
displacement after the irradiation-induced shrinkage for each uncompressed stack. Since the center 
channel of specimens (Stack 7) extends the full length of the capsule, it had the most overall 
displacement, while Stack 6 shrunk the least. Interpolations were performed between the initial 
specimen position and the end of test specimen position as a function of integrated reactor power. The 
positions of all the uncompressed specimens were then calculated at the middle of each cycle. 
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Figure 4. Total stack displacements for the uncompressed specimens in each stack. 

SUMMARY AND CONCLUSIONS 

The position data from the AGC-3 capsule were analyzed. Quantification of the amount of downward 
movement for each specimen is necessary to make accurate dose calculations. The shifting of the 
specimens is due to irradiation-induced shrinkage and load-induced creep. These effects are calculated 
and compiled into a table (see Appendix A) that lists the specimen IDs, stack number(s), nominal 
elevation(s), and the estimated specimen elevation for each reactor cycle at mid-cycle power. Position 
estimates for the compressed specimens furthest from the core center line moved as much as 0.84 in., 
while compressed specimens that were closest to the core center line moved only 0.449 in. Using 
ECAR-3051,6 a summary of the AGC-3 specimen’s change in dose with respect to initial position is 
shown in Figure 5. A shift of 0.84 in., for specimens furthest from the core centerline, corresponds to an 
11% change in dose, while a shift of 0.449 in. of the specimens on the core centerline result in a 
0.2% change in dose. 
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Figure 5. Estimate of the percent change in dose due to specimen shrinkage and total specimen 
displacement as a function of initial specimen position for specimen Stacks 3 and 7. 
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Appendix A 
 

Tabulation of Specimen Center of Mass (CoM) Elevations at each Reactor 
Mid-Cycle 
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