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AGR Experiment Overview 

• AGR-5/6/7 mission and 
details 
– Fuel qualification (AGR-5/6) 

and margin test (AGR-7) 
 

– Originally envisioned as three 
separate tests 
 

– Covers wide range of 
temperatures and fuel burnup 
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AGR-5/6/7 Lifecycle 
• Single test train spans more than 10 years of effort 
• Conceptual design began October 2013 
• PIE will complete at the end of FY-2024 
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Presentation Outline 

Cross Section of AGR-5/6/7 Test Train in Irradiation 
Housing  (Very Similar to AGR-3/4)  

Northeast Flux Trap 
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• Design Requirements 

• Design Philosophy 

• Neutron Filtering 

• Temperature Measurement 

• Review of Drawings 

• Supplementary Instrumentation 

 



AGR-5/6/7 Irradiation Specifications 
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Parameter AGR-5/6 Specification AGR-7 Specification
Minimum compact 
average burnup                   
(% FIMA)

>6 for all compacts >6 for all compacts

Maximum fuel compact 
average burnup          
(% FIMA)

>18 for at least one 
compact >18 for at least one compact

Maximum fuel compact 
fast neutron fluence 
(n/m2, E > 0.18 MeV)

≥ 5.0 × 1025  for at least 
one compact and   ≤ 7.5 × 
1025  for all compacts

≥ 5.0 × 1025  for at least one 
compact and  ≤ 7.5 × 1025  for 
all compacts

Minimum fuel compact 
fast neutron fluence 
(n/m2, E > 0.18 MeV)

> 1.5 × 1025 > 1.5 × 1025



Temperature Distribution Objectives 
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Parameter AGR-5/6 Specification AGR-7 Specification
Instantaneous peak 
temperature for each 
capsule (°C)

≤1800 ≤1800

≥600 and <900 for about 30% of the fuel

≥900 and <1050 for about 30% of the fuel

≥1050 and <1250 for about 30% of the fuel

≥1250 and <1400 for about 10% of the fuel

Time average, peak 
temperature goal (°C) 1350 ± 50  1500 ± 50  

Time average, minimum 
temperature goal (°C)

≤700 Not specified

Time average 
temperature distribution 
goals (°C)

Not specified  
But we are trying for 
≥1350 and <1550 
for as much of the fuel as 
possible



Design Philosophy (Guiding Principles) 
• Avoid use of refractory metals for thru-tubes and 

gas lines – evidence from AGR-2 suggests they are 
more susceptible to cracking 

• Use a few large thru-tubes rather than many small 
ones 

– Simplifies assembly and sealing at the slip fit 
– May allow for factory potting of thermocouples 

(TCs) which may reduce failures 
• In the trade-off between a large number of smaller 

TCs vs fewer but bigger TCs, lean toward the large 
number 

• Minimize temperatures in thru-tubes to increase TC 
lifetimes (try to keep <900°C) 

• Reuse AGR-3/4 design concepts as much as 
possible 
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AGR-5/6/7  
Representative Capsule 



 

Neutron Filtering – Strategies 
• Reduce the filtering on the end capsules to increase the 

burnup for these two capsules 
• Fabricate a series of filters and reduce the filtering as the 

experiment proceeds.  This allows us to complete the 
experiment earlier and achieve a better fast fluence to 
burnup ratio. 
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Neutron Filtering – Three Filters 

Note: We tried an aluminum filter instead of the SST “light” 
filter, but this doubled the heat rates on the end capsules. 
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Baseline Irradiation Schedule 
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50 Day 50 Day 15 Day 50 Day 50 Day 15 Day
Cycle 1 2 3 4 5 6
Power 14MW 14MW PALM 14MW 14MW PALM
Filter Intermediate Intermediate Heavy Intermediate Intermediate Intermediate

50 Day 50 Day 15 Day 50 Day 50 Day 15 Day 50 Day
Cycle 7 8 9 10 11 12 13
Power 14MW 16 MW PALM 18MW 18 MW PALM 18 MW
Filter Light Light Light Light Light Light Light



 

Fuel Loading Strategy 
• Because of the high heat rates in the middle section of the 

core, we found it necessary to reduce the particle loading 
• The fuel particle packing fraction for the three center 

capsules (2, 3, and 4) is 25% 
• The fuel particle packing fraction for the two outer capsules 

(1 and 5) is 40% 
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Bottom of ATR fuel 

Capsule 1  
900°C – 1400°C 

Capsule 2 
900°C – 1000°C 

Capsule 3  
(AGR-7) 

1300°C – 1500°C 
Capsule 4  

900°C – 1000°C 
Capsule 5  

<900°C 

5 4 3 

Test Train Design 
 

• The test train covers the center 47 inches of the core.  Capsules 5 and 
4 have 6 inch fuel stacks; capsules 3 and 2 have 8 inch fuel stacks; 
and capsule 1 (the bottom capsule) has 9 inch fuel stacks. 

• The plenum regions between capsules have been extended compared 
to AGR-3/4 to accommodate bending of larger and stiffer 
thermocouples  

• The design provides for 170 compacts (514,000 particles) in AGR-5/6 
and 24 compacts (51,800 particles) in AGR-7.  (There are about 3450 
particles per compact in capsules 1 and 5, and 2150 particles per 
compact in the other capsules.) 
 
 

Top of ATR fuel 

2 1 
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Capsule Cross Sections 
• Capsule 1 (bottom capsule) has 10 fuel stacks and no thru tubes  
• Capsule 3 (AGR-7) has three fuel stacks and two graphite holder 

segments 
• Capsules 2, 4, and 5 have four fuel stacks each and hollow centers to 

reduce heat rate 
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Capsule 3 Capsule 1 Capsules 2, 4, 5 



 

Gas Impurities 
• The design requirements for the AGR-5/6/7 test specifies 

that the capability for injecting gas impurities must be 
available 

• Capsules 4 and 5 have been designed to accommodate 
gas impurities (no refractory metals are present in these 
two capsules) 

• Note that gas impurities were injected into Capsule 11 in 
AGR-3/4 and there was no appreciable affect 

• Therefore we may elect not to inject impurities into any 
AGR-5/6/7 capsules 
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Capsule Target Temperatures and Gas Gaps 
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Length 
(in)

Number of 
Compacts

Number of 
Particles

Target
Temperature 

Range

Hot gas gap top half 
/ Hot gas gap 
bottom half

Capsule 5 6 24 82,800 < 900C 0.013 / 0.008
Capsule 4 6 24 51,750 900C - 1050C 0.010 / 0.008
Capsule 3 8 24 51,750 1350C - 1500C 0.008 / .006 / 0.008
Capsule 2 8 32 69,000 900C - 1050C 0.007 / 0.008
Capsule 1 9 90 310,500 900C - 1350C 0.006 / 0.008
Totals 37 194 565,800

Capsule Summary



Temperature Control Tools 
• Gas gaps are smaller than we planned.  This will result in more 

variability in the thermal resistance of the gas gaps than is ideal  

• We have three knobs we can turn to control temperature 

– He/Ne gas blend 

– Lobe power 

– Neutron filter 

• There is more flexibility in the neutron filter than we have used in the 
past.  We can use any of three filters.  We can choose to sit out or stay 
in each high power PALM cycle.   
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IG-430 May Help Maintain a Constant Gas Gap 
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IG-110 Stressed
IG110 Unstressed
H-451 Stressed
H-451 Unstressed
IG-430 Stressed
IG-430 Unstressed
NBG-17 Stressed
NBG-17 Unstressed
PCEA Stressed
PCEA Unstressed
NBG-18 Stressed
NBG-18 Unstressed

Unstressed

Stressed

IG-430 

IG-110 

Graphite Shrinkage Measurements from AGC-1 

We would like to use  
IG-430 because of its 
lower shrinkage 
 
 
Less shrinkage might 
allow us to increase lobe 
power in the latter stages 
of irradiation and 
decrease irradiation time 
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Further Discussion on Capsule 1 

• Capsule 1 is unique in that no thru-tubes are 
needed.  For previous AGR experiments, thru-
tubes were part of the bottom capsule.  But for 
AGR-5/6/7 we propose no thru-tubes in the bottom 
capsule.  With no thru-tubes this capsule can be 
fully sealed. 

• Capsule 1 should be the hottest of the AGR-5/6 
capsules.  This is because we do not want 
instrumentation from lower capsules passing 
through the hot capsule. 

• With no thru-tubes there is more room for fuel 
stacks.  

• Another reason to make Capsule 1 the hottest of 
the AGR-5/6 capsules is that the problem of 
needing to use refractory thru-tubes in the hottest 
capsule is eliminated. 
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Further Discussion on Capsule 1 

• Capsule 1 has 60% of the AGR-5/6 
particles 

• Capsule 1 has a substantial axial 
temperature gradient – we can only 
control temperature at one elevation 
(probably the peak temperature near 
the top of the capsule).  The rest of 
the capsule temperatures will float to 
some degree 
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Unique Capsule 3 (AGR-7) 
Cross-Section 

 

• By separating the graphite holder 
into two pieces the center can run 
hot, but the thru-tubes run cool 

• Thermocouples in the hot inner 
section provide temperature 
measurements near the compacts 
– unlike AGR-3/4 which required 
thermal calculations across the 
inner gas gaps 

Two piece graphite with 
gas gap between 
(keeps thru-tubes cool) 
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Unique Features of Capsule 5 
• Capsule 5 is unique from the other capsules in that its instrumentation 

does not have to pass through any thru-tubes and the heated lengths 
are very short.  All thermocouples from the top capsule in AGR-1 
survived the entire irradiation period of 600 days  

• We can place additional instrumentation (for evaluation) in Capsule 5 
(more discussion on this later in presentation) 
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It is Difficult to Measure Very High Temperatures 
in a Reactor Environment 
 
Why? 

 

• Standard base metal thermocouples (Type K and Type N) drift at 
high temperatures due to metallurgical changes (above 600°C for 
Type K and above 1000°C for Type N) 

• High temperature refractory thermocouples such as Types C, S, B, 
and R have high cross section alloying elements and are subject to 
rapid decalibration (drift) because their alloying elements 
transmute into other elements with different electromotive 
properties 
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Summary of Thermocouple Performance 
(survival) from the Three Previous Fuel Tests 
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Results from 2005 Bakeoff Tests 

1200°C Furnace  
Temp 

Best Type N 

Worst Type N and K 

Mo/Nb - I600  
Sheath MgO Insulation 

Mo/Nb - Nb Sheath 
HfO Insulation 

Testing by other researchers indicates that Type N thermocouples start drifting at about 1000°C 24 



Thermocouple Varieties That Were Tested for 
Use in AGR-5/6/7 
 
  • Type N with I600 Sheath (standard – baseline against which others 

were compared against) 

• Type N .092” dia vs .062” 

• Type N with Haynes 214 Sheath 

• Type N with Spinel (MgAl2O4) Insulation 

• Type N with Cambridge Low Drift Special Alloy Sheath  

• Type N with Moly Sheath and Loose Pack Ceramic Insulators 

• Mo/Nb with HfO and Nb Sheath (HTIR-TCs) 

• Other varieties of Mo/Nb thermocouples* 
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2014 TC Test – Test set up 
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2014 TC Furnace Test Campaign Summary 

The furnace test was conducted as follows:  
• 2060 hrs at 1157°C  

• 2006 hrs at 1207°C 

•  201 hrs at 1258°C 

•  266 hrs at 1301°C (with a 77 hr excursion at the beginning 
of this period to 1311°C) 

 

This represents more than 6 months at temperature 
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Results from Furnace Testing 

•  Changes involving: Increased size, spinel insulation, and Haynes 214 
sheath produced only a limited improvement in drift rate versus 
standard 1.57 mm Type N thermocouples.  

• The special sheath material developed at Cambridge University 
reduced the drift rate markedly, and this thermocouple design offers the 
advantage of being just as flexible and physically robust as a standard 
Type N thermocouple. This Cambridge design appears well suited to 
operating in the 1000°C–1200°C range (and perhaps higher).  

• The loose assembly Type N design was also drift resistant (arguably 
better than Cambridge), but is more prone to open circuit failure than 
the Cambridge design.  

• The HTIR-TC design again demonstrated that it exhibits low drift; 
however, we are having some trouble with calibration inaccuracy. 
Another furnace test is currently in operation to test variations on the 
HTIR-TC design. 
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Results 2014 TC Test – Cambridge Special Alloy 
Sheath Instead of Inconel 600 
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Drift 



Results 2014 TC Test – HTIR-TC 
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Drift 



Results 2014 TC Test – HTIR-TC 
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Refractory Sheathed Thermocouples have been 
Hard to Braze in the Past 

 
• We plan on using both Nb 

and Mo sheathed 
thermocouples  

• We used both of these 
materials in AGR-1 and they 
posed some problems when 
we tried to braze them to the 
stainless steel head 
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Problem of Brazing Refractory Sheathed 
Thermocouples Seems to be Solved 

 

• With our nickel 
based filler metals 
these materials no 
longer pose a 
challenge 
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Cross Section of Braze Buttons with Mo and Nb 
Tubes 
 

• Nearly perfect fill around 
both Mo and Nb tubes 

Mo Tube 

Nb Tube 
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Capsule 2 Drawing Excerpt 

SPND placed in 
skirt of capsule 
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Capsule 2 Drawing Excerpt 
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Capsule 2 Drawing Excerpt 
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Capsule 1 Thermocouple Placement 

• Capsule 1 has 
60% of the AGR-
5/6 particles, so a 
large number of 
TCs is appropriate 

• The TCs around 
the outside of the 
fuel operate at 
~900C so they 
should survive 
well 

• Inside the fuel ring 
the operating 
temperatures are 
borderline for 
Type N 
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CAMB-N = 8 
HITR-TC = 5 
Moly-N    = 2 
Ni-N        = 1 
STD-N    = 1  



Capsule 2 Thermocouple Placement 
• Capsule 2 TC 

temperatures are 
within the range of 
standard Type N 
TCs ~ 900°C 

• Average thru tube 
temperatures are 
~800°C, so the TCs 
from Capsule 1 
should tolerate 
them well 

39 

STD-N    = 8  



Capsule 3 Thermocouple Placement 
• Most of the inner 

graphite has 
temperatures 
beyond the 
capabilities of 
Type N TCs 

• HTIR-TCs are 
proposed for the 
hottest locations 

• The outer 
graphite has 
much lower 
temperatures and 
standard Type N 
TCs are 
acceptable here 
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CAMB-N = 3 
HITR-TC = 6 
Moly-N    = 2 
Ni-N        = 1 
STD-N    = 5  



Sleeving of Thermocouples 
• Concerns have been raised that transition metals such as Fe, Ni, Cr 

when placed closer than 3 mm to the fuel can migrate through the 
graphite and attack the SiC layer of the fuel particles  

• We plan on sleeving any TC that has a non-refractory sheath when it is 
closer than 5 mm to the fuel 

• We were planning on using Nb sleeves, but based on the TC furnace 
testing, molybdenum appears to be the better option 

 

41 



Complete Test Train Assembly 

Instrumentation Stalk 

Shielding at 
transition piece 

Shielding above 
capsules 

Seal plug at Rx top 
head 

Capsules 

Locator tie 
bearing pad 

Transition to soft 
cable in here 
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Shielding at Transition 
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Shielding Above Core Section 
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Core Section 
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Cut Line Cut Line 



Self Powered Neutron Detectors 
• Motivation for SPNDs 

– Provide real-time measurements of local neutron flux and local 
gamma flux 

– Data can be used in thermal analysis as independent check on 
heat rate data 
 

• Weaknesses of SPNDs  
– May not last entire irradiation period  
– Provide a relative (not absolute) magnitude of gamma or neutron 

flux 
– Signal processing more difficult than thermocouples (nanoamps) 
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Supplementary Instrumentation Summary 
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Instrument and 
Purpose 

Qty Supplier Location in 
Test 

Status 

Self Powered 
Neutron Detector 
(thermal flux) 

4 Thermocoax Slid down into 
the thru-tubes 
of capsules 2 
– 5 

Order placed - 
due any day 

Micropocket Fission 
Detector (thermal 
flux) 

1 Kansas 
State Univ & 
Troy Unruh 

Slid down in a 
thru-tube of 
capsule 5 

Due this calendar 
year 

Ionization Chamber 
(gamma flux) 

1 CEA Slid down in a 
thru-tube of 
capsule 5 

Due this calendar 
year 

Ultrasonic 
Temperature 
Sensor 

1 INL – Josh 
Daw 

In graphite 
holder in 
capsule 5 

Due this calendar 
year 

Fiberoptic 
Temperature 
Sensor 

1 CEA In graphite 
holder in 
capsule 5 

Due this calendar 
year 

 



Questions? 
 

Joe Palmer Idaho National Laboratory 
Joe.palmer@inl.gov (208) 526-8700 
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Results 2014 TC Test – Loose Assembly with 
Hard-fired Alumina Insulation and Mo Sheath 
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Drift 
For the surviving TC 
virtually no drift after 
the initial transient 

Two other TCs of 
this design were 
installed at about 
3500 hrs.  They 
lasted only 800 hrs. 



Results 2014 TC Test – Loose Assembly with 
Hard-fired Alumina Insulation and Mo Sheath 
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Absolute 
temperature 
comparison  



Loose Assembly Type N Design Details 
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Loose Assembly Type N can be bent 
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