
LTR/NRC/RES/2010-002 
(NRC Project No. N6668) 

 

  

 

 

 

TASK 1—INSTRUMENTATION IN VHTRS FOR 
PROCESS HEAT APPLICATIONS 

 

 

Contributors: 

S. J. Ball, M. S. Cetiner, and D. E. Holcomb 
Oak Ridge National Laboratory 

 

 

October 2010 

 

 

 

Prepared for the 
Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 

 

 

 

 

 

 

Prepared by 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831-6165 
managed by 

UT-BATTELLE, LLC 
for the 

U.S. DEPARTMENT OF ENERGY 
under contract DE-AC05-00OR22725 



 



iii 

CONTENTS 

 Page 

LIST OF FIGURES ...................................................................................................................................... v 

LIST OF TABLES ...................................................................................................................................... vii 

1. INTRODUCTION .................................................................................................................................. 1 

2. OUTLINE AND SUMMARY OF SUBTASKS .................................................................................... 2 
2.1 Document Collection .................................................................................................................... 2 
2.2 Instrumentation Categorized by Subsystem and Function ............................................................ 2 
2.3 Impacts of Instrumentation Errors or Failures on Plant Safety ..................................................... 3 
2.4 Summary of Major Instrumentation Issues ................................................................................... 3 
2.5 Measurements Needed in TRISO Fuel Manufacture .................................................................... 3 

3. DOCUMENT COLLECTION ............................................................................................................... 3 

4. SURVEY ON INSTRUMENTATION USE AND EXPERIENCE IN PAST HIGH-
TEMPERATURE GAS REACTORS .................................................................................................... 4 
4.1 Introduction ................................................................................................................................... 4 

4.1.1 In-core instrumentation .................................................................................................... 4 
4.1.2 Process instrumentation ................................................................................................... 5 
4.1.3 Analytical instrumentation .............................................................................................. 5 
4.1.4 Other instrumentation ...................................................................................................... 5 

4.2 Arbeitsgemeinschaft Versuchsreaktor (AVR) .............................................................................. 5 
4.2.1 Temperature ..................................................................................................................... 5 
4.2.2 Dust measurements .......................................................................................................... 7 

4.3 Peach Bottom ................................................................................................................................ 8 
4.3.1 Nuclear instrumentation .................................................................................................. 8 
4.3.2 Failed fuel instrumentation .............................................................................................. 9 
4.3.3 Temperature ..................................................................................................................... 9 
4.3.4 Process instrumentation—temperature .......................................................................... 10 
4.3.5 Analytical instrumentation—moisture and gas analyzers ............................................. 10 
4.3.6 Reactor vessel instrumentation ...................................................................................... 11 

4.4 Fort St. Vrain .............................................................................................................................. 11 
4.4.1 In-core instrumentation .................................................................................................. 12 
4.4.2 Nuclear instrumentation ................................................................................................ 12 
4.4.3 Failed fuel instrumentation ............................................................................................ 13 
4.4.4 Process instrumentation ................................................................................................. 13 
4.4.5 Temperature ................................................................................................................... 13 
4.4.6 Analytical instrumentation ............................................................................................ 14 
4.4.7 Moisture ......................................................................................................................... 14 
4.4.8 Gas analysis ................................................................................................................... 15 
4.4.9 Other Instrumentation .................................................................................................... 16 

4.5 High-Temperature Engineering Test Reactor (HTTR) ............................................................... 16 
4.5.1 In-core instrumentation .................................................................................................. 18 
4.5.2 Nuclear instrumentation ................................................................................................ 18 
4.5.3 Fuel failure detection system ......................................................................................... 20 
4.5.4 Temperature ................................................................................................................... 20 
4.5.5 Process instrumentation ................................................................................................. 20 



iv 

4.5.6 Temperature ................................................................................................................... 20 
4.5.7 Pressure .......................................................................................................................... 22 
4.5.8 Flow ............................................................................................................................... 22 
4.5.9 Control rods position instrumentation ........................................................................... 22 

4.6 High Temperature Engineering Reactor—10 MW (HTR-10) .................................................... 23 
4.6.1 Temperature ................................................................................................................... 23 
4.6.2 Pressure .......................................................................................................................... 24 
4.6.3 Gamma thermometers .................................................................................................... 25 
4.6.4 Pebble burn-up and damage measurement systems ....................................................... 26 

5. IMPACTS OF NGNP INSTRUMENTATION ERRORS OR FAILURES ON PLANT 
SAFETY FOR BOTH NORMAL OPERATION AND POSTULATED ACCIDENT 
CONDITIONS ...................................................................................................................................... 27 
5.1 Introduction ................................................................................................................................. 27 
5.2 Normal Operations ...................................................................................................................... 28 
5.3 Postulated Accident Conditions .................................................................................................. 35 

6. SUMMARY OF MAJOR INSTRUMENTATION ISSUES ............................................................... 40 
6.1 The Dust Dilemma (mainly for PBRs) ....................................................................................... 40 
6.2 The Maximum Pebble Temperature Dilemma (Due to the Melt-Wire Mystery 

from AVR).................................................................................................................................. 43 
6.3 RCCS Heat Balance (To Calculate Heat Loss) ........................................................................... 43 
6.4 Other Important (but More Conventional) Instrumentation Issues ............................................. 43 

7. TRISO FUEL MANUFACTURING I&C NEEDS .............................................................................. 43 

8. REFERENCES ..................................................................................................................................... 47 

APPENDIX A ........................................................................................................................................... A-1 
 



v 

LIST OF FIGURES 

Figure Page 

 1 Frequency distribution of maximum temperatures detected by temperature monitor 
spheres passing through the AVR core ..................................................................................... 6 

 2 Measured AVR gas temperature profiles in the hot gas chamber for identical average 
hot-gas temperatures (950ºC) .................................................................................................... 6 

 3 Test facilities of the AVR primary system ................................................................................ 7 
 4 Excess-flow check valve used in Peach Bottom reactor instrument pressure lines .................. 8 
 5 Peach Bottom nuclear detector installation ............................................................................... 9 
 6 Cross section of the stainless steel transducer holder, waveguide, and transducer used in 

the acoustic thermometer at Peach Bottom ............................................................................. 10 
 7 (a) Schematic diagram of the moisture sensor monitor; (b) simplified drawing of the 

electrolytic cell ........................................................................................................................ 11 
 8 Installation of nuclear instrumentation in Fort St. Vrain reactor ............................................. 12 
 9 Simplified cross section of Fort St. Vrain moisture detector .................................................. 14 
 10 Fort St. Vrain moisture detection system connected to the trip system................................... 15 
 11 Schematic diagram of the HTTR reactor control system ........................................................ 17 
 12 Detector arrangements for wide-range and power range monitoring systems in HTTR ......... 19 
 13 Schematic drawing of the precipitator for fuel failure detection system ................................. 20 
 14 HTTR fuel failure detection system ........................................................................................ 21 
 15 High-temperature testing of thermocouples used in HTTR .................................................... 21 
 16 Thermocouple arrangement for core outlet temperature measurement in HTTR ................... 22 
 17 Two types of Class 1E Type K thermocouples used in HTR-10 (Ref. 18) ............................. 23 
 18 Thermocouple penetration assembly for pressure vessel to provide in-core temperature 

measurements .......................................................................................................................... 24 
 19 DY 75 probe that combines a gold/aluminum oxide moisture sensor and an RTD 

temperature sensor for temperature compensation (Ref. 20) .................................................. 25 
 20 Gamma thermometer schematic .............................................................................................. 26 
 21 NGNP reactor core options—prismatic (L) and pebble bed (R) ............................................. 28 
 22 Map of local coolant outlet temperatures calculated (by the GRSAC code) for a 

600 MW(t) GT-MHR operating at 100% power ..................................................................... 30 
 23 Coolant outlet temperatures calculated as in Fig. 22 but with the reactor operating at 

110% power ............................................................................................................................. 31 
 24 Prismatic core average gap width at beginning and end of cycle (BOC and EOC) ................ 32 
 25 Example shutdown cooling system (SCS) in a prismatic core modular HTGR ...................... 33 
 26 Fig. 10 from Ref. 4 .................................................................................................................. 41 
 27 Clarification of large filter proposed solution (part 1) ............................................................ 42 
 28 Clarification of large filter proposed solution (part 2) ............................................................ 42 
 29 Flow diagram of the continuous coating process .................................................................... 44 
 30 SiC structure as a function of coater temperature.................................................................... 46 
 
 



 

 



vii 

LIST OF TABLES 

Table Page 

 1 Fort St. Vrain PCRV instrument penetrations ......................................................................... 13 
 2 Fort St. Vrain reactor and primary circuit thermocouples ....................................................... 13 
 3 Gas analysis at Fort St. Vrain .................................................................................................. 16 
 4 Pre-stressed concrete reactor vessel sensing elements at Fort St. Vrain ................................. 16 
 5 Safety signals for the HTTR Reactor Protection System (RPS) and Engineered Safety 

Features Actuation System (ESFAS) ...................................................................................... 18 
 6 Summary of normal operation measurement aberration impacts ............................................ 35 
 7 Summary of accident scenario measurement aberration impacts ............................................ 40 
 8 Manufacturing process phenomena identified by the PIRT panel .......................................... 44 
 9 Coating layer product factors and typical QC methods ........................................................... 46 
 A.1 Instrumentation used in high-temperature gas reactors ......................................................... A-3 
 



 

 



1 

TASK 1—INSTRUMENTATION IN VHTRS FOR 
PROCESS HEAT APPLICATIONS 

 

S. J. Ball, M. S. Cetiner, and D. E. Holcomb 
Oak Ridge National Laboratory 

October 2010 

 

1. INTRODUCTION 

The objective of this project is to support NRC in identifying and evaluating regulatory issues concerning 
the instrumentation systems proposed for use in the Department of Energy’s (DOE) Next Generation 
Nuclear Plant (NGNP). The NGNP is to provide commercial industries with high-temperature process 
heat for industrial processes including hydrogen production, as well as electrical power. The high 
temperature gas-cooled reactor (HTGR) can provide process heat at temperatures from 700 to 950°C. 
Note that for the upper range of these operating temperatures, the HTGR is sometimes referred to as the 
Very High Temperature Reactor (VHTR). For the purposes of this project, since DOE’s NGNP program 
language refers to a VHTR, the gas-cooled reactor described herein will sometimes be referred to as the 
VHTR even though DOE’s current plans focus on the lower end of that temperature range for ultimate 
deployment of NGNP. 

VHTR and process heat application instrumentation will be required to operate in high-temperature 
environments. This work will provide NRC staff (a) insights and knowledge about instrumentation used 
in other high-temperature reactors, either those operating or that have operated, and what is currently 
considered state-of-the-art; (b) information to assist in developing criteria to qualify instrument hardware 
and embedded software; and (c) input for developing the bases for potentially new regulatory guidance to 
assist in the review of NGNP license applications and providing support in NRC reviews and inspections. 

The main function of Task 1 is to provide information about the instrumentation likely to be used in the 
NGNP primary system. This includes surveys and critiques of instrumentation designs used in prior and 
current HTGRs, as well as looking forward to potential applications of new technologies. Information 
about instrumentation for the process heat supply and delivery systems is covered in Task 2. 

Work has been closely aligned with the companion project on Advanced Reactor Controls (N6177), since 
many of the systems obviously interact closely, and functional requirements involved are often common 
to the two. 

The overall effort was impacted by the fact that the NGNP design and functional requirements have not 
yet been established. In the latter part of this effort, it has appeared that the initial NGNP design will 
likely have a steam generator in the primary loop, with the steam produced used both to power a 
conventional steam-turbine generator and to provide high-temperature steam to a relatively nearby 
industrial process that requires heat in the 600–700ºC range. In addition to the direct steam generator 
option, designs requiring intermediate heat exchangers (IHX) between the reactor primary system and the 
“processes” are also investigated. 
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2. OUTLINE AND SUMMARY OF SUBTASKS 

2.1 Document Collection  

This subtask included literature searches and the creation of a library with collections and organization of 
reports and presentations stored in an internal (ORNL electronic) library. Those reports intended for NRC 
use were forwarded to a SharePoint system accessible to NRC program participants. An organization 
(taxonomy) scheme, with the goal of making it easier for the user to track down information for specific 
missions, is still being developed. Collection topics and important findings gained from the literature 
surveyed are summarized, with emphasis on regulatory and licensing implications. 

2.2 Instrumentation Categorized by Subsystem and Function 

Some system components will require specific instrumentation for which the attributes will depend on 
function and operational conditions (such as normal range operation and postulated accident conditions). 
Example subsystems are: 

1. reactor core, 
2. reactor pressure vessel (RPV), 
3. shutdown cooling system (SCS), 
4. reactor cavity cooling system (RCCS), 
5. steam generator (SG),*

6. intermediate heat exchanger (IHX), 
 

7. gas turbine,* 
8. heat transport loop (to a process heat plant),* and 
9. containment/confinement systems. 

 
Some core instrumentation would be markedly different for pebble bed and prismatic designs. Since there 
is little information currently available about potential process heat plant design and the I&C needs for 
such a plant would be entirely dependent on features of that selection, work was concentrated mostly in 
areas common to the potential plant designs. Requirements for postulated accident conditions will be 
covered in Task 2. 

Instruments will have varied requirements depending on many things such as sensor installation location, 
environment, accuracy and dependability needs, and safety classification. The requirements may also 
depend on plant design features (e.g., primary system dust measurement and moisture detection needs 
will differ with reactor type). There have been significant advances in many of the relevant technologies 
in the past decades, including better “smart sensors,” and extended capabilities may be needed to operate 
in the high temperature, pressure, and radiation environments. Descriptions of measurement functional 
requirements and the attributes of existing instrumentation are summarized for the following parameters: 

a. temperature, 
b. flow, 
c. pressure, 
d. neutron flux, 
e. gamma, 
f. fission product release (circulating and plated-out activity), 

                                                      

*Covered mostly in Task 2, where appropriate. 
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g. dust concentration, 
h. moisture (in primary system), 
i. pebble burnup (PBRs), 
j. confinement atmosphere chemistry, 
k. position (control rods), and 
l. vibration 

In this report, the nuclear and process instrumentation systems are mostly described as they were applied 
to specific reactor designs, giving the reader both operational and experiential information. 

2.3 Impacts of Instrumentation Errors or Failures on Plant Safety 

Because of the many inherent and passive safety features of the modular HTGR, reactor behavior tends to 
be “self correcting” for many transients and accidents, so instrumentation and control failures are likely to 
be less damaging than for “non-inherently safe” plants. For example, safety demonstration tests at 
HTR-10 and AVR showed how the reactors easily survived a loss of flow without scram test and, for 
HTR-10, an add-on test had a simultaneous control rod withdrawal. In all cases, the reactors shut 
themselves down. However, one can postulate a number of cases where erroneous measurements could 
lead to operator actions resulting in fuel failure. 

2.4 Summary of Major Instrumentation Issues 

Issues covered in this section are those which are of particular licensing interest and which are likely to 
receive special attention. For these items, considerations should include: 

a. perceived gaps between instrumentation needs and the existing capabilities and availabilities, 
b. regulatory and licensing implications of the gaps, 
c. R&D and special experiment needs, and 
d. how variations in the ultimate design features could affect instrumentation requirements.  

2.5 Measurements Needed in TRISO Fuel Manufacture  

A case was made in a proposal (white paper) to include in this project an assessment of TRISO fuel 
measurement (and control) technology as it applies to fuel manufacture. This is based on the fact that the 
fission product barriers in the TRISO particles represent the first line of defense-in-depth arguments for 
plant safety and licensing. While NRC management decided not to include such an assessment as part of 
this project, a case for NRC conducting this study (Sect. 7) is presented. 

3. DOCUMENT COLLECTION 

The document collection subtask involved all Instrumentation (N6668) project participants (as well as the 
participants in the Advanced Reactor Controls Project—N6177), as a part of their usual literature search 
activities. The work also included concerted efforts to build up a specific reference library that would 
focus on instrumentation technology state of the art, as well as on I&C-related experiences with operating 
HTGRs. There was also some useful overlap with another NRC-RES program (Knowledge Management 
for HTGRs—N6217) that covered broader areas of HTGR technologies related to safety and licensing. 
Further contributions to the document collection subtask are expected as more information is found in the 
course of future work on the project. More thought also needs to be given to document organization 
(taxonomy) to aid users of the collections in their specific quests. 
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User goals are expected to include the following elements: 

a. historical uses of instrumentation in gas reactor and related processes; 
b. state-of-the-art instrument technology, including accuracy and reliability; 
c. I&C-related plant design descriptions; 
d. parameters of NGNP operation and postulated accidents that need to be monitored; 
e. assessment of the phenomena for which measurements are crucial; 
f. assessment of the potential consequences of measurement errors (e.g., drift), misinterpretations, 

and instrument failures; impacts on licensing; and  
g. sensor interfaces with control and safety systems.  

To help accomplish these goals, documents are arranged in the following categories or groupings: 

a. instrumentation in gas reactor designs—includes overviews of current designs; instrumentation 
in NGNP/VHTR, MHTGR [1980s 350-MW(t) steam cycle]; HTR-10 and HTR-PM (China); 
HTTR (Japan); GT-MHR and PBMR; Fort St. Vrain; and AVR (Germany); 

b. O&M issues (historical); 
c. new instrumentation—digital design, reliability, ISA-IEC-IAEA standards, software QA and 

validation, and wireless; research activities; 
d. PIRT studies (what’s important, where are the gaps?); 
e. control rooms—HMI, multiple units; 
f. experimental facilities—potential for testing; 
g. accident analyses—determinations of extreme conditions; and 
h. process heat plant and heat transport loop instrumentation. 

4. SURVEY ON INSTRUMENTATION USE AND EXPERIENCE IN PAST 
HIGH-TEMPERATURE GAS REACTORS 

4.1 Introduction 

Information on high-temperature gas reactor (HTGR) instrumentation is presented. Reactor 
instrumentation is typically divided into four major categories: (1) in-core instrumentation, (2) process 
instrumentation, (3) analytical instrumentation, and (4) other instrumentation. 

4.1.1 In-core instrumentation 

In-core nuclear information provides data on the status of key nuclear parameters, such as neutron flux. 
Out-of-core sensors in gas-cooled reactors are generally the same as those used in water reactors except 
for their installation. High temperatures involved in these reactors create challenges in the design of in-
core neutron detectors. 

Neutron sensors used for most gas-cooled reactors are (1) low-level pulse proportional counters (boron or 
fission counters) for the source or start-up range, (2) compensated DC ionization chambers for the 
intermediate or log power (log N) range, and (3) uncompensated DC ionization chambers for the linear 
power range. These technologies are mature, and relevant design information can be found from 
manufacturers’ technical specifications. 

Fuel element failure detection in HTGRs depends on the fuel element design. The graphite coatings 
prevent the release of long-lived gaseous and metallic fission products into the coolant. The short-lived 
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fission products are not released unless the graphite structure fails and exposes the fuel. Since the primary 
coolant is helium, no corrosive effects are involved, and operation with a relatively small number of failed 
fuel elements (TRISO particles) presents no immediate hazard. 

Temperature measurements could be used in prismatic core fuel assemblies. Nuclear reactors are 
generally provided with multiple temperature sensors across the core to generate a two- or three-
dimensional temperature profile of the core. This is especially challenging in high-temperature reactors 
because of the much harsher operating conditions involved in these systems. As the operating temperature 
of the system increases, the response of thermocouples starts to exhibit drift as well as much higher 
temperature uncertainty primarily due to increased thermal noise. 

In addition to the challenges due to the operating environment, pebble-bed reactors bring additional 
difficulties for measurement. In a prismatic high-temperature gas reactor, the fuel columns could provide 
space to accommodate the requisite sensors. In a pebble-bed reactor, however, this access is not available 
since the fuel elements (pebbles) are not stationary due to the on-line refueling.  

4.1.2 Process instrumentation 

This report presents information on process instrumentation that was used in earlier gas-cooled reactors. 
Information on instrumentation used in the Peach Bottom and the Fort St. Vrain reactors was mostly 
compiled and summarized from Refs. 1 and 2. 

The process instrumentation is considered in two major categories: (1) primary coolant instrumentation 
and (2) secondary coolant instrumentation. 

Primary coolant instrumentation is generally manufactured to higher quality specifications to be 
operational in a much harsher operating environment—such as higher temperatures, much higher neutron 
and gamma fields, etc.—as well as to meet the regulatory requirements. 

4.1.3 Analytical instrumentation 

Gas analysis, other than moisture determination, in the primary system is necessary to measure both the 
radioactivity and concentrations of contaminant gases in the main coolant, the helium dryer, and the 
purification system. 

4.1.4 Other instrumentation 

Other reactor instrumentation includes sensors and associated equipment provided for gathering 
additional plant data. These include reactor vessel instrumentation, reactor vessel cavity instrumentation, 
etc. 

4.2 Arbeitsgemeinschaft Versuchsreaktor (AVR) 

4.2.1 Temperature 

The AVR was used to test specially designed neutron flux detectors that can function up to temperatures 
of approximately 800ºC. These chambers were tested at different locations in a temperature range up to 
500ºC and over the entire power range from startup to full power operation (Ref. 3). The chambers 
functioned satisfactorily as per specifications and were made available for high-temperature applications 
in addition to the self-powered neutron detectors (SPND) developed at the Nuclear Research Centre 
Jülich of the Federal State of North Rhine-Westphalia (KFA). 

There is no conventional technique for measurement of active core temperatures in pebble bed reactors, in 
contrast to other reactors, because the pebble movement would destroy any standard detection equipment. 
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An average coolant gas core outlet temperature is generally specified as the reference parameter for the 
hot-coolant temperature of the AVR, which is calculated from the core power, coolant gas inlet 
temperature, and helium mass flow. No direct measurement of the gas temperature was done in the AVR 
core. Hot-gas temperature profiles outside of the active core were measured occasionally, but core 
temperatures were based on calculations only. 

An unorthodox experiment was developed to determine the radial distribution of the maximum hot-gas 
temperature in the core. The experiment “HTA-8—Maximum Gas Temperatures in the Core” aimed to 
create a radial temperature profile of the core, for which 200 unfueled spheres containing meltable wires 
were inserted into the core (Ref. 4). 
Each monitor sphere contained 20 
melt wires with different melting 
points from 655 to 1280°C. The 
radial position of the pebble in the 
core was derived from its exit time. 
For this purpose, labeled monitor 
spheres were selectively loaded via 
the fuelling machine. X-rays made 
the wires visible (melted or not), 
giving the maximum temperature 
during the core passage. Post-
irradiation examination indicated 
that approximately 20% of all 
spheres had all wires melted and 
had, therefore, seen surface 
temperatures in excess of 1280ºC. 
Unfortunately, 1280ºC was chosen 
as the highest melting point. In 
contrast, for an average passage of 
pebbles, a maximum surface 
temperature of 1150ºC had been 
predicted by calculations during the 
950ºC operation. Figure 1 shows 
the frequency distribution of 
temperatures determined by the 
melt-wire examination at the end of 
the experiment at full power and an 
average hot-gas temperature  
(Fig. 2) of 950ºC. The spheres that 
experienced hot-gas temperatures 
in excess of 1280ºC passed through 
the core zone between the graphite 
noses where a locally elevated 
power density prevails. 

For average AVR hot-gas temperatures of 950ºC maximum, core temperatures were originally calculated 
to be between 1070 and 1123ºC. In the inner core maximum, temperatures are about 75 K lower. 
Depending on the fission power of the fuel element, maximum coated particle temperatures are up to 
120ºC higher than core temperatures. 

The AVR was also used for testing advanced techniques for measuring hot-gas stream temperatures in the 
region near the core. One example is the combined thermocouple/noise thermometer developed by KFA 

 
Fig. 1.  Frequency distribution of maximum temperatures 

detected by temperature monitor spheres passing through the AVR 
core. 
 

 
Fig. 2.  Measured AVR gas temperature profiles in the hot gas 

chamber for identical average hot-gas temperatures (950ºC). 
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and Interatom for reliable and accurate high-temperature measurements of long-term stability near the 
core region. The principle of the noise thermometer is based on the temperature dependence of the 
thermal noise of selected resistance material. The noise thermometry can be used either as a standalone 
technique or in combination with thermocouples. A combined system was deployed in the top reflector of 
the AVR and was successfully tested. Due to demonstrated stability and accuracy, the system was 
proposed for in-situ calibration of thermocouples. [Refs. 5 & 6]  

4.2.2 Dust measurements 

In PBRs especially, graphite dust generated from abrasion in passing through the core is of significant 
concern in its transport and deposition of radioactive fission and activation products. To measure and 
evaluate dust phenomena, AVR developed the Vampyr test facilities (Fig. 3 and Ref. 7). 

Routine testing of coolant activity showed noble gas radioactivity dominating (by orders of magnitude) 
other major elements; however, they are readily removed by the gas purification system. Noble gas 
circulating activity, which can be measured continuously, was shown to be an excellent indicator of the 
major (exposure concern) isotope levels (131I, 137Cs, 90Sr,…), whose detection typically requires 
accumulation filters with batch measurements following week-long collection periods. 

The Vampyr facilities enabled measurements of dust grain-size distributions, long-term contamination 
profiles as functions of various incidents (water ingress), and bad fuel batches. These required generally 
quite complex testing procedures [Ref. 8] that would likely be models for dust characterization systems 
for modern PBR designs. Details of the testing that showed the very large increase in circulating dust 
activity with blower speed changes are also described (see also Sect. 6.1). A planned test of dust releases 
in a (simulated) sudden depressurization accident was not executed, perhaps because of the uncertain 
consequences. 

 
Fig. 3.  Test facilities of the AVR primary system. 
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4.3 Peach Bottom 

As a precaution, nearly all instrument pressure lines from the main coolant system and other large helium 
volumes in Peach Bottom were provided with excess-flow check valves as shown in Fig. 4. These valves 
were specifically designed for HTGR conditions and operated to shut off automatically any instrument 
pressure or flow line should the pressure drop across the valve exceeded 96.5 kPa (~0.95 atm), as might 
happen in a downstream line rupture. The valve is a self-actuated spring-loaded type in which the spring 
holds the poppet off the seat until high flow rate through the valve closes it. Seat leakage at closure is less 
than 30 cm3/min. These excess-flow check valves were installed as close as possible to the helium 
pressure source.2  

 
Fig. 4.  Excess-flow check valve used in Peach Bottom reactor instrument pressure lines. 

 
Peach Bottom in-core instrumentation includes nuclear instrumentation, failed fuel instrumentation, and 
temperature sensors. 

4.3.1 Nuclear instrumentation 

Peach Bottom was equipped with nine channels of permanently installed nuclear instrumentation. These 
included three source-range channels—10B-lined proportional counters, two intermediate-range channels, 
and four power-range channels. Additional temporary in-core instrumentation was used for the first core 
loading. Installation of nuclear instrumentation is shown in Fig. 5. 

As typically used in most reactors, approximately two decades of overlap were provided between adjacent 
ranges. Comparators between redundant channels were used to alarm excessive deviation. The system 
used solid-state electronics for the count-rate logarithmic and rate circuits, the linear power channels, and 
all channel bi-stables, comparators, and power supplies. Online testing of each channel is possible at any 
time during operation. 

The neutron sensors were shielded with lead around the bottom to reduce the gamma field. The 10B-lined 
chambers also employed motor-driven cadmium shields to limit neutron exposure during power 
operation. For low-level start-up readings, one source channel had triple the sensitivity of the other two. 

The intermediate-range instruments covered approximately eight decades down from 500% power. Flux 
level was indicated, recorded, and compared between the channels. The rate of change in the channels 
was indicated, compared, and used for scram. 

The four power-range channels covered 0 to 150% full power with linear indication. The measurements 
from the four channels were also used for inter-channel comparison and a variety of special functions. An 
automatic interlock at 10% power provided protection to inhibit the rate-of-change scram. High-power 
alarm was set to 120% power, power setback was at 130%, and high-power scram was set to 140%. In 
addition, all four channels were made available to the automatic flux controller with the possibility of  
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Fig. 5.  Peach Bottom nuclear detector installation. 
 

using any single channel, the average of four, or the highest (auctioneered) value of the four. The 
averaging circuit was arranged so that, on excessive deviation of one channel from another, both channels 
were automatically removed from the average to prevent hazardous control actions. 

Because all neutron sensor wells were water filled, each sensor was hermetically sealed in a waterproof 
housing. These housings were made of aluminum with welded and O-ring-sealed flanged connections. 
Each housing was tested for leak tightness by helium mass spectrometry. 

4.3.2 Failed fuel instrumentation 

In the Peach Bottom reactor, a small purge stream (approximately 1/2 kg/h per element) was drawn from 
the primary coolant over the compacts inside the fuel element tubes to sweep fission products out to an 
external trapping system. Should a tube crack, this purge flow becomes ineffective and the primary 
coolant activity rises. A cracked fuel element tube raises the primary coolant activity by about 
3 to 4 Ci—compared to the full-power activity of about 0.5 Ci—which can be monitored on gas flow 
ionization chambers sampling the bulk primary coolant. 

4.3.3 Temperature 

For the Peach Bottom reactor, the hot junction of the chromel–alumel thermocouples was formed by 
brazing No. 28 AWG wires. The hot junction was then insulated with high-purity, reactor-grade 
magnesia, sheathed in 300-series stainless steel and swaged to 1/16-in. diameter. Ninety-seven 
thermocouples of this type were used to measure reflector, vessel metal, reactor coolant, and fuel element 
temperatures below 538°C. 

For thermocouples exposed to higher fuel temperatures (up to 1310°C), 59 tungsten-rhenium 
thermocouples were installed in 36 of the 804 fuel elements. The thermocouples were originally formed 
by brazing the hot junction, but many open circuited during installation due to tungsten embrittlement. A 
sheath of high-purity seamless molybdenum tubing clad with seamless high-purity niobium tubing was 
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used for insulating the hot junction. These were essentially the identical thermocouples used in the first 
HTGR in the UK, the Dragon reactor. 

As an added in-core temperature measurement system, acoustic thermometers were installed in eight 
selected fuel element spines. These were installed to supplement in-core thermocouple measurements 
during start-up and to provide at least minimal hot-spot temperature indication following anticipated 
failure of the adjacent thermocouples near the end of life (approximately 3 years). A cross sectional 
drawing of the transducer is shown in Fig. 6 along with a graphite fuel element (Ref. 5). 

4.3.4 Process instrumentation—temperature 

Peach Bottom process instrumentation includes primary coolant sensors and secondary coolant sensors 
for temperature, pressure, and flow measurements. Chromel–alumel thermocouples were used to measure 
the primary coolant temperature. 

4.3.5 Analytical instrumentation—moisture and gas analyzers 

The moisture detector used in the Peach Bottom reactor was of the electrolytic hygrometer type. These 
detectors are used to monitor the outlet helium stream from each steam generator. A two-out-of-three 
coincidence circuit is used in the protection system for automatic isolation of a loop if high moisture 
content is detected. A simplified drawing of a single monitor and a cell element is shown in Fig. 7. 

 

 

 

 

Fig. 6.  Cross section of the stainless steel transducer holder, waveguide, and transducer used in the 
acoustic thermometer at Peach Bottom.1  
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Fig. 7.  (a) Schematic diagram of the moisture sensor monitor; (b) simplified drawing of the electrolytic cell. 
 
Accuracy with the moisture monitoring system was within ±5% full scale in the 0 to 1000 parts per 
million by volume or 10-1 volume % range with a resolution of 1 part per million by volume and a 
repeatability of ±2%. After a prolonged exposure to very dry gas (<1 part per million by volume), these 
detectors lose their response and must be reconditioned periodically. 

Further monitoring was obtained by an additional hygrometer that sequentially sampled helium purge 
flow from both steam generator tube sheet baffles. The joints between tubes and tube sheet are the more 
likely sources of leakage. Detection at this point facilitated an orderly manual shutdown. Four other 
moisture detectors monitor the purification system at points downstream of the water-cooled delay beds, 
purified helium, and helium transfer compressors and at the dehydrator beds. Finally, a secondary 
measurement was made to detect small water leaks in the 0 to 100 parts per million by volume range by 
using redundant infrared monitors to detect the presence of carbon monoxide (formed in the reaction of 
water with core graphite) in the main loops. 

Peach Bottom used an automatic process gas chromatograph for continuous monitoring of the helium gas 
for CO2, CO, O2, N2, H2, and CH4, measured in the few parts per million range. Samples are taken from 
the main coolant loop and the exits of the liquid-nitrogen-cooled trap, oxidizer bed, and dehydrator beds. 
In addition, a non-automatic laboratory chromatograph was made available in the secondary containment 
air room for analyzing samples from various points in the system. 

4.3.6 Reactor vessel instrumentation 

Peach Bottom reactor vessel was highly instrumented to monitor vessel temperature and stress. Peach 
Bottom is typical of a system with a steel pressure vessel. The Peach Bottom pressure vessel internal 
structure employed eight strain gauge elements, 34 thermocouples that monitor Charpy test samples—to 
evaluate possible radiation damage to the steel—and 13 thermocouples on the vessel steel. The exterior of 
the vessel was monitored by 10 strain gauges and 12 thermocouples. These elements sent signals to 
control room indicators or recorders. They were used during initial startup to prove the design of the 
vessel; they were occasionally monitored during operation. 

4.4 Fort St. Vrain 

The Fort St. Vrain reactor used a prestressed concrete reactor vessel (PCRV), which significantly changed 
the installation of all reactor instrumentation. The PCRVs can be built in a variety of shapes, and the 
steam generators are usually placed within the vessel. The water content in the steam generators shields 
the normal neutron sensor location so that the sensors must be mounted within the pressure circuit (i.e., 
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either in the core reflector or the inner steam generator shield wall. The steel tendons and reinforcement 
steel in PCRVs imposed additional difficulties than in a normal concrete biological shield wall. 

4.4.1 In-core instrumentation 

The installation of nuclear instrumentation in Fort St. Vrain is shown in Fig. 8. 

 

 
Fig. 8.  Installation of nuclear instrumentation in Fort St. Vrain reactor. 

4.4.2 Nuclear instrumentation 

Fort St. Vrain introduced several advances in nuclear instrumentation design. In addition to two start-up 
channels, the Fort St. Vrain employed three wide-range log-and-linear power-level channels and three 
separate linear power-level channels (Refs. 9–11). Each of the wide-range channels derived a wide-range 
logarithmic power signal and an independent linear power signal from the same fission chamber. The log 
power readings covered 10 decades and consisted of a conventional log count-rate circuit reading up to 
3 × 105 counts/s (~2 × 105 neutrons/cm2/s) and a log mean square (mean-square voltage) circuit to cover 
from 2 × 105 to 2 × 1010 neutrons/cm2/s. The linear power signal is a separate channel using the upper two 
decades of fission-chamber current for linear power measurement. 

The six linear power-level output and the three wide-range log power rate outputs were used as inputs for 
the protection system. Six separate fission chambers were located in the wide-range log and linear power-
range sensor wells and were connected to an averaging circuit to produce the flux controller input signal. 

The start-up channels used high-sensitivity 10B-lined chambers. These channels were designed to trip with 
low count rates to prevent control rod withdrawal without source indication. A high-count-rate scram was 
also provided for use in the core loading and physics tests. 
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4.4.3 Failed fuel instrumentation 

In Fort St. Vrain, gaseous activity of the primary coolant was monitored with a flow-through ionization 
chamber to detect failed fuel elements. The failed fuel element was located by physical inspection during 
refueling operations. Generally, the older and more suspect fuel was carefully inspected. The inspection 
was extended to newer fuel regions until a failed fuel block was located. 

4.4.4 Process instrumentation 

Fort St. Vrain included 18 instrument penetrations located at two different elevations in the PCRV. These 
penetrations contain the connecting piping, tubing, isolation valving, and transducers associated with 
primary coolant monitoring. A list of penetrations is given In Table 1. The measurements made included 
primary coolant pressure, core differential pressure, fuel-region outlet temperatures, circulator inlet 
temperatures, reactor and loop moisture, temperatures of various PCRV internals, and differential 
pressures across various portions of the circulators. The circulator inlet pressure drop was calibrated to 
give a measurement of helium flow. 

Table 1.  Fort St. Vrain PCRV instrument penetrations 

Name Purpose Quantity 

Moisture and process 
instrument penetration 

Reactor and coolant-loop moisture monitors; 
reactor pressure and core ΔP measurements 6 

Outlet coolant thermocouple 
penetration 

Each assembly redundantly monitors outlet 
temperature from several fuel regions 7 

Thermocouple penetration 24 non-replaceable thermocouples 1 

Circulator instrument 
penetration ΔP transducers for helium circulators 2 

Spare instrument penetrations Possible for future use 2 

4.4.5 Temperature 

Thermocouples in Fort St. Vrain to measure various core, coolant, and steam generator temperatures 
within the cavities of the prestressed concrete reactor vessel (PCRV) are of Geminol-P and Geminol-N 
type. These thermocouples supported service temperatures up to 1093°C. Others within the reactor vessel 
to measure the circulator and core support structure temperatures were of chromel–constantan type, which 
were for temperatures up to 538°C. A list of reactor and primary loop thermocouples used in Fort 
St. Vrain is given in Table 2. 

Table 2.  Fort St. Vrain reactor and primary circuit thermocouples1 

Service Quantity Type Remarks 
Primary coolant 37 Geminol-P and N N/A 

Reactor internals 24 Geminol-P and N 30-year life; 
4 × 1018 n/cm2 

Coolant outlet gas 148 Geminol-P and N Service to 1093°C 
Steam generators 220 Geminol-P and N Service to 1093°C 
Steam sub-header 216 Chromel–Constantan N/A 

Core support floor 35 Chromel–Constantan Water-cooled 
concrete structure 

Helium circulator 
bearings 60 Chromel–Constantan Helium, water, and 

steam environment 
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All of the Fort St. Vrain thermocouples used magnesia insulation and Inconel seamless sheath. Lead wire 
sizes varied from No. 18 to No. 26 AWG depending on the service life and intended use. 

4.4.6 Analytical instrumentation 

The Fort St. Vrain analytical instrumentation included fluid chemistry and moisture measurement systems 
and primary coolant gas analysis systems. 

4.4.7 Moisture 

The Fort St. Vrain moisture detector system used the measurement of dew point of a continuously 
flowing gas sample that passed through it. The dew-point detector head is shown in cross section in 
Fig. 9. The primary sensor is a rhodium-plated mirror onto which the sample stream of 20 cm3/s is 
directed after passing through a sintered metal inlet filter and fixed orifice. The sample stream is in the 
temperature range of 66 to 121ºC. A beam of light is also directed at the mirror, and the light reflected 
and scattered from the mirror is detected by photocells. Fiber-optic light pipes are used as part of the 
moisture detector to allow the light source and photocells to be placed in an area that is accessible during 
reactor operation. The mirror temperature is measured with a thermocouple and is controlled by a 
combination of electric heating and gaseous nitrogen cooling flow. The reflected-light signal is used for 
moisture detection, and the scattered-light signal measures mirror contamination. 

 
Fig. 9.  Simplified cross section of Fort St. Vrain moisture detector. 

 
The system was designed to operate in two modes: (1) indicating mode and (2) trip mode. In the 
indicating mode of operation, the temperature of the primary sensor surface is varied to the point where 
condensation is detected. In the trip mode of operation, as shown in Fig. 10, the primary sensor surface is 
kept fixed at the desired trip temperature and causes a trip when condensation is detected. The trip mode 
has a shorter time constant since it is not affected by the time delay inherent in changing the sensor 
temperature to reach a trip condition. 
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Fig. 10.  Fort St. Vrain moisture detection system connected to the trip system. 

 
 
In the trip mode of operation, dew points are detected from –2.8 to 53ºC, corresponding to moisture 
concentrations of 100 to 3000 parts per million by volume at approximately 5 MPa. Mirror temperature 
can be controlled to better than ±0.6ºC. The monitor operating in this mode trips in less than 1 s for a 
signal 25% above the trip setpoint. 

4.4.8 Gas analysis 

At Fort St. Vrain, continuous monitoring was required only for CO, for which an infrared analyzer was 
used. Total gaseous activity of the main coolant was measured, as was the 85Kr activity at the outlet of the 
helium-purification system, to check for noble gas breakthrough. Gas concentration measurements 
Table 3 were made for CO, CO2, N2, H2O, and H2. These measurements were required for regular check 
on the performance of the purification system and on the graphite reaction rates due to steam ingress. 
They also provided indication of any air ingress during refueling operations at atmospheric pressure. 
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Table 3.  Gas analysis at Fort St. Vrain 

Component Instrumentation Sensitivity 

Primary coolant 
radioactivity 

NaI(Tl) scintillation 
crystal 

5 × 10–7 to 5 × 10–3 
µCi/cm3 for 85Kr 

Purification system 
radioactivity Plastic scintillator 

5 × 10–6 to 5 × 10–1 
µCi/cm3 for 85Kr 

CO Infrared analyzer 50 ppm 
CO2 Gas chromatograph 20 ppm 
N2 Gas chromatograph 15 ppm 
H2O Optical dew point 20 ppm 

H2 
Oxidizer bed and dew 
point 20 ppm 

4.4.9 Other Instrumentation 

Fort St. Vrain used a prestressed concrete reactor vessel (PCRV). Being the first nuclear installation with 
a PCRV, the vessel was highly instrumented to support data collection for this new technology and to 
provide additional monitoring capability. 

Reactor vessel instrumentation 

A list of sensors used is given in Table 4. The liner strain gauges and the load cells used to measure 
PCRV tendon strain—typical loading ~4.5 MN—are standard bonded resistance wire type. The Carlson 
gauges are also resistance-sensitive devices used for various concrete strain measurement applications in 
the construction industry. The vibrating-wire strain gauges have more than an order of magnitude better 
resolution—0.1 microstrain, twice the range—3000 microstrains, are about half the size of the Carlson 
gauge and are ruggedly designed for long life in concrete. 

Table 4.  Pre-stressed concrete reactor vessel 
sensing elements at Fort St. Vrain 

Element Quantity 
Liner strain gauges 111 
Carlson strain gauges 25 
Vibrating-wire strain gauges 110 
Thermocouples 235 
Load cells 27 
Moisture detectors 25 

4.5 High-Temperature Engineering Test Reactor (HTTR) 

The HTTR reactor core is designed to generate 30-MW thermal power and consists of an array of 
hexagonal graphite fuel assemblies, control rods, and graphite reflectors. The fuel element of the HTTR is 
‘pin-in-block type,’ which is made up of fuel rods and a hexagonal graphite block. 

The HTTR employs approximately 4000 sensors. The signals from these sensors are centralized by the 
plant computer. A schematic diagram of the HTTR control system structure is shown in Fig. 11. 

Table 5 gives a listing of safety signals for the HTTR Reactor Protection System (RPS) and Engineered 
Safety Features Actuation System (ESFAS). 
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Fig. 11.  Schematic diagram of the HTTR reactor control system. 
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Table 5.  Safety signals for the HTTR Reactor Protection System (RPS) 
and Engineered Safety Features Actuation System (ESFAS) 

Reactor scram signals 
in reactor protection system 

 

Engineered 
safety features Signals 

WRMS High 

CV isolation 

CV pressure High 

PRMS High CV radioactivity High 

IHX primary coolant flow rate Low 
Primary/pressurized 
water differential 
pressure 

Low 

PPWC He flow rate Low Primary purification 
flow rate High 

Primary coolant radioactivity High SA radioactivity High 

IHX outlet primary coolant 
temperature High Manual – 

Reactor outlet temperature High 
ACS startup 

Reactor scram – 

Core differential pressure Low Manual – 

PPWC pressurized water flow rate Low Auxiliary 
water isolation 

Primary/auxiliary water 
differential pressure Low 

Primary/pressurized water 
differential pressure High Manual – 

Primary/pressurized water 
differential pressure Low 

 

Primary/secondary He differential 
pressure Large 

Secondary He flow rate Low 

Seismic acceleration Large 

Manual – 

4.5.1 In-core instrumentation 

HTTR in-core instrumentation includes neutron detectors, fuel failure detection system, and control rod 
position instrumentation. 

4.5.2 Nuclear instrumentation 

Two types of neutron detectors were used in the HTTR: (1) a fission counter that is prepared for the wide-
range monitoring system (WRMS) and (2) an uncompensated ionization chamber that is prepared for the 
power range monitoring system (PRMS), which can detect a low neutron flux level outside of the reactor 
pressure vessel. 

The WRMS operates under a high-temperature environment placed at the top of the permanent reflector. 
The WRMS is required to be available as a post-accident monitor under accident conditions such as 
rupture of the primary concentric hot gas duct. For the WRMS, high-temperature fission counter 
chambers were developed by JAERI. Accelerated irradiation tests were conducted at up to 600ºC at the 
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JMTR. The WRMS is designed for operation from 10–8 to 30% rated power. Three fission chambers are 
installed in the permanent reflector blocks through the standpipe as shown in Fig. 12. The temperature 
around the wide-range detector becomes about 600°C, and the neutron flux level around the power range 
detector becomes about 107 n/cm2/s during the rated power operation of 30 MW. 

 
Fig. 12.  Detector arrangements for wide-range and power range monitoring systems in HTTR. 

 

The neutron detectors for the WRMS are required to be able to detect neutron flux at 400 and 600ºC for 
normal operation and during a design-basis accident, respectively. The accelerated irradiation test at 
600ºC; long-term, in-core operation test at 600ºC for 1000 days; and overheating test at 800ºC for about 
500 h to simulate an accident condition were all carried out. The monitoring system was demonstrated to 
withstand the test conditions and perform as per specifications. 

The signal from WRMS is also used as scram initiator by the reactor protection system (RPS) in the event 
of a high value. 

The PRMS employs high-sensitive gamma-uncompensated ionization chambers that operate in the power 
range from 0.1 to 120%. The PRMS also drives the control signal for the power control system. The 
signals from each channel of the PRMS are transferred to three controllers using microprocessors. In the 
event of a deviation between the process value and the set value, a pair of control rods is inserted or 
withdrawn at the speed from 1 to 10 mm/s in proportion with the deviation. The relative position of 
13 pairs of control rods, except for 3 pairs of control rods used only for scram, are controlled within 
20 mm of one another by the control rod pattern interlock to prevent any abnormal power distribution. 

The PRMS is located outside the reactor pressure vessel, also shown in Fig. 2, due to increased 
temperature and neutron flux level within the pressure vessel during full-power operation. The neutron 
detectors for the PRMS are required to have high sensitivity because of their location outside the RPV 
where the neutron flux is about 107 neutrons/cm2/s, which is lower than that of LWRs by almost 2 orders 
of magnitude. In order to improve sensitivity, a 3He counter was developed and used for the PRMS. The 
sensitivity of the detector was measured to be 4.7 × 10-12 A/nV. Post-irradiation tests showed no 
noticeable deviation from output linearity. 

The PRMS output is also used by the RPS to scram the reactor. 
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4.5.3 Fuel failure detection system 

The fuel failure detection system (Figs. 13 and 14) monitors the primary flow for indication of failure of 
coated particles. The primary method is detection of short-life fission products, such as 88Kr and 138Xe. 

The fuel failure detection system consists of two precipitators, a preamplifier, a compressor, and other 
supportive components. Helium gas from the primary heat transport system from the seven regions in the 
hot plenum is transferred to the precipitator chambers. Fission products in the helium gas are collected by 
the precipitating wire. Collected fission products are transferred to the front of the scintillation detector by 
wire. The scintillation detector counts beta rays emitted by short-lived gaseous radionuclides. 

4.5.4 Temperature 

Type-N thermocouples were used to monitor the condition of fuel elements. 

4.5.5 Process instrumentation 

HTTR process instrumentation utilizes standard temperature, pressure, and flow sensors. 

4.5.6 Temperature 

Thermocouples used for in-core temperature measurements are required to have long lifetime and high 
reliability. Performance tests were conducted to monitor the stability of thermo-electromotive force at 
1200ºC for about 20,000 h. The test results are shown in Fig. 15. The N-type thermocouple was chosen 
because the deviation of thermo-electromotive force was found to be small compared to other 
thermocouples in a high-temperature environment (Ref. 12). The coating materials for the N-type 
thermocouple were developed to avoid carburization of sheath material by carbide deposits. 

 

 
Fig. 13.  Schematic drawing of the precipitator for fuel failure detection system. 
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Fig. 14.  HTTR fuel failure detection system. 

 
 

 
Fig. 15.  High-temperature testing of thermocouples used in HTTR. 
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Four N-type thermocouples were arranged at each hot plenum block to monitor the primary coolant 
temperature as shown in Fig. 16. The maximum coolant temperature around the thermocouples was 
calculated to be around 1100ºC.  

 
Fig. 16.  Thermocouple arrangement for core outlet temperature measurement in HTTR. 

4.5.7 Pressure 

Primary coolant pressure is monitored by safety-grade Class 1E pressure transmitters. 

4.5.8 Flow 

The core differential pressure instrumentation measures the change in primary coolant flow through the 
reactor core between the inlet and the outlet. The signal from this instrumentation is transmitted to the 
central control room and is used by the safety protection system. 

4.5.9 Control rods position instrumentation 

The control rods position instrumentation monitors the position of 16 pairs of control rods. The position is 
measured by the encoder sensor in the control rod drive mechanism, and the signal from this 
instrumentation is used for the reactor control system and the safety protection system. 



23 

4.6 High Temperature Engineering Reactor—10 MW (HTR-10) 

The thermal hydraulic instrumentation system of the HTR-10 conforms to the requirements of various 
international standards such as IEC 60231 (Ref. 12) and the supplementary publication IEC 60231E 
(Ref. 13). All the safety-related instrumentation used in the HTR-10 conforms to the Class 1E 
requirements and were fabricated and tested according to the criteria as per IEEE 323 (Ref. 14) and 
IEEE 344 (Ref. 15). The in-core temperature measurement system and thermocouple penetration 
assembly conform to the requirements of ASTM E 235 (Ref. 16) and IEC 60772 (Ref. 17), respectively 
(Ref. 18).  

The thermal hydraulic instrumentation system in HTR-10 provides thermal parameters to monitor and 
control the operation of the reactor. It also provides safety-related thermal parameters to the protection 
system to initiate protective actions. The system is designed to transmit safety-related parameters prior to, 
during, and after accident conditions to plant operators for monitoring and control of the plant (Ref. 18).  
The safety classification of functions and components of the instrumentation and control system is given 
in Ref. 19.  

4.6.1 Temperature 

HTR-10 uses Type K (NiCr-NiAl) sheathed thermocouples throughout the high-radiation environment. 
The outer diameter is 3.17 mm, the shell material is stainless steel 316L, and the isolation material is 
MgO. The thermocouple measurement error is rated ±1.5°C for temperatures below 375°C, and ±0.4% of 
the measured temperature for temperatures between 375 and 800°C. Two main types of Class 1E 
thermocouples used in HTR-10 are shown in Fig. 17. 

 
 

 

 

Fig. 17.  Two types of Class 1E Type K thermocouples used in HTR-10 (Ref. 18). 
 
In-core component temperature measurement was provided in HTR-10 to monitor the temperature 
distribution of the core graphite and metal components. Forty temperature measurement locations are 
made available for this purpose. Thermocouples penetration assemblies were used to prevent helium leak. 
Each assembly consisted of a penetration body, ten sheathed thermocouples, a middle transition pipe, and 
a protective tube as shown in Fig. 18. The penetration body is welded to the tube on the reactor pressure 
vessel. The penetration body, sheathed thermocouples, and whole thermocouple penetration assembly 
passed the water pressure test at 5.5 MPa for 15 min. The helium leak rate test was also performed and  
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Fig. 18.  Thermocouple penetration assembly for pressure vessel to provide in-core temperature 
measurements. 

 
found satisfactory (Ref. 18). Pressure vessel surface temperature is also monitored to assure that the 
vessel has not been subjected to temperatures beyond the specification limits. The surface temperature at 
normal operating conditions is to be below 250°C. During off-normal operating conditions such as 
anticipated transient, the surface temperature can rise to 350°C for limited periods of time. Fifty-seven 
thermocouples were installed on the surface, four of which were Class 1E thermocouples. The heads of 
the surface thermocouples are bolted on the pressure vessel to ensure heat conduction. 

4.6.2 Pressure 

The primary coolant pressure was measured at the outlet section of the helium blower. Three tubes are 
connected with three Class 1E pressure transmitters in the confinement (Ref. 18).  

Flow 

The flow rate in the HTR-10 was not measured directly by ordinary flow meters, primarily due to space 
limitations. Instead, the flow rate was calculated using the pressure head of the helium blower, helium 
pressure, and the helium temperature by the protection system. The pressure head of the helium blower 
was measured by three Class 1E pressure transmitters between the inlet and outlet sections (Ref. 18). 

Moisture 

The primary coolant humidity was monitored for potential steam generator tube rupture incident. The gas 
was extracted from the outlet of the helium blower. The hot gas was cooled before it entered the humidity 
sensor. A valve is provided to protect the sensor from hot gas. The transmitters process the pulse-
modulated signals from humidity sensors and transmit the data to the protection system. 
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The humidity measurement instrumentation consisted of the Hygrotec™ MMY 170 transmitter and DY 75 
probe by GE General Eastern (Fig. 19, Ref. 20). The probe combines a planar capacitive gold/aluminum 
oxide moisture sensor and an RTD temperature sensor in a single package. The temperature signal is used 
for temperature compensation of the moisture reading as well as for the measurement of the process 
temperature. 

The MMY 170 operates with a 24 V DC power supply and can measure dew point temperatures from 
–100°C to +20°C with ±2°C accuracy. The DY 75 sensor supports humidity measurements up to 50% at 
dew points above 0°C. The temperature coefficient is less than 0.2°C/°C over the entire operating range of 
–20°C to +40°C. 

 

 
Fig. 19.  DY 75 probe that combines a gold/aluminum oxide moisture sensor and an RTD temperature 

sensor for temperature compensation (Ref. 20). 
 
The safety-related thermal parameters of the secondary loop are steam pressure and feedwater mass 
flowrate. These measurements are obtained through conventional process measurement devices (Refs. 19 
and 21).  

Other Instruments 

4.6.3 Gamma thermometers 

While gamma thermometers have existed in some form since the 1950s (Refs. 22 and 23) and, indeed, the 
NRC approved their use for local power measurement in PWRs in 1982, gamma thermometers are only 
now beginning to emerge into widespread use in commercial nuclear power plants. Of particular note, 
gamma thermometers are currently being proposed for LPRM calibration in the ESBWR.  Gamma 
thermometers, however, remain an emerging technology in that they have not yet achieved widespread, 
long-term deployment within U.S. commercial nuclear power plants.  

Gamma thermometers function based upon the heating of the sensor assembly by gamma rays and the 
subsequent controlled differential cooling of the sensor body (Fig. 20). The temperature differential 
developed along the cooling path is proportional to the rate of heating by the incident gamma rays, which 
is in turn proportional to the local power generation rate during power range operation. An electrical 
heating element is included within the gamma thermometer to provide an alternate heating source for 
calibration.   
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Fig. 20.  Gamma thermometer schematic. 

 

4.6.4 Pebble burn-up and damage measurement systems 

The on-line refueling feature of pebble bed reactors comes with the requirement that the burn-up of each 
fuel sphere be measured after each pass through the reactor core. The burn-up value is used to determine 
whether the pebble has reached its full target burn-up or whether it should be recirculated for another pass 
through the core. When a pebble reaches its target burn-up, it is routed to a spent fuel tank. The detection 
system also has the (easier) job of determining if the pebble is “all graphite,” since in the early stages of 
operation, PBRs typically have a population of moderator pebbles to reduce the average power density of 
the otherwise fresh-fuel core. 

Each discharged sphere is also checked for physical damage. A candidate PBMR system for damage 
detection automatically diverts (rejects) the sphere if it doesn’t arrive at its destination within a preset 
time period.  

The burn-up measurement and analysis process has relatively little time to decide the fate of each pebble, 
since (at full power) typically a pebble would need to be discharged every 20–30 seconds. There are 
several candidate measurement methods. A proposed PBMR burn-up measurement system (Ref. 24) is 
based on the principle of measuring the concentration of the fission product 137Cs, which has some unique 
properties that make it an ideal nuclide to measure burn-up. Its burn-up measurement accuracy 
requirement is to be within 5%. 

The PBMR system is a gamma spectroscopic instrumentation system with key subsystems that includes: 

• photon collimator to ensure that the photons reaching the detector represent an accurate sample 
of the photons emitted from the entire fuel sphere, 

• high-purity germanium coaxial detector system, 
• electromechanical detector cooling system, and 
• digital signal processor and burn-up analysis computer. 

A PBMR prototype system was developed based on preliminary data obtained in Germany using fuel 
spheres similar to PBMR fuel spheres. Since no data on actual fission product gamma spectra from high 
burn-up fuel existed within the PBMR project and no irradiated PBMR fuel spheres were expected for “a 
few years,” PBMR used irradiated SAFARI reactor fuel elements for validation. The test results 
confirmed the feasibility of the principle. Further validation tests were planned to demonstrate that the 
specifications could be met using fuel spheres that emit the gamma spectra representative of that expected 
in the PBMR and in a geometrical set-up similar to PBMRs. 

A potential complication in the use of the 137Cs gamma spectrum is the interference of the intense 
658 keV line from 197Nb with the signature 662 keV line from 137Cs. Using Monte Carlo simulations 
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(Refs. 25 and 26), detailed gamma-ray spectra of pebble bed reactor fuel at various levels of burn-up were 
calculated. A fuel depletion calculation was performed using the ORIGEN-2.1 code, which yielded the 
gamma-ray source term as the input to an MCNP-4C simulation that accounted for detection and 
geometric factors. A means of avoiding the 197Nb interference problem was proposed by using the 
1333 keV line of 60Co (introduced as a dopant) and selected 137Cs lines, which are free from spectral 
interference, thus enhancing the possibility of their utilization as relative burn-up indicators. 

An alternative method using neutron emission rate has also been proposed (Ref. 27). The investigation 
assessed the feasibility of using passive neutron counting techniques to analyze fuel pebbles in real time 
that provide the speed, accuracy, and range required for the burn-up determination. Numerical simulations 
of the correlation between passive neutron emission rate of an irradiated pebble and its burn-up level, the 
detectability of passive neutron emission from an irradiated fuel pebble, and the ability of the detectors to 
discriminate the gamma interference. The overall conclusion was that there is an acceptable correlation 
between burn-up and passive neutron emission rate of an irradiated pebble, at least at high-burnup levels, 
and passive neutron counting could be used to provide the on-line, go/no-go decisions. 

5. IMPACTS OF NGNP INSTRUMENTATION ERRORS OR FAILURES ON 
PLANT SAFETY FOR BOTH NORMAL OPERATION AND 

POSTULATED ACCIDENT CONDITIONS 

5.1 Introduction 

Because of the many inherent and passive safety features of the modular HTGR, reactor behavior tends to 
be “self correcting” for many transients and accidents, so instrumentation and control errors and failures 
would tend to be less of a safety problem than for “non-inherently safe” plants. For example, safety 
demonstration tests at HTR-10 and AVR showed how the reactors easily survived loss-of-flow without-
scram tests and, for HTR-10, an add-on test even had a simultaneous control rod withdrawal. In all those 
cases, the reactors shut down automatically due to inherent feedback mechanisms. Studies have 
concluded that the safety of modular HTGRs is primarily determined by initiating events of very low 
probability (e.g., structural failures due to rare external events). However, one can postulate a number of 
cases where erroneous measurements or interpretations could lead to conditions or operator actions 
resulting in some core damage. 

The potential for problems that impact plant safety depends on plant design and, in particular, the 
proximity of the reactor primary system to components such as a steam generator, intermediate heat 
exchanger (IHX), or direct cycle gas turbine. For the DOE MHTGR design [circa 1980, 350 MW(t) steam 
cycle plant], the dominant accident sequence initiator was steam ingress (from a steam generator tube leak 
or break) (Ref. 28). The core design (pebble bed or prismatic) could also have a bearing on postulated 
accident sequences, as could the IHX secondary heat transport fluid. The reference design for modular 
HTGRs is considered (here) to have a confinement, rather than a “sealed” containment building 
surrounding the primary system. 

This report includes descriptions of cases of interest for both normal and accident conditions for HTGRs 
of potential relevance for DOE’s Next Generation Nuclear Plant (NGNP). A comprehensive study of 
safety concerns for a full range of reactor conditions and accidents may be found in an IAEA TECDOC 
reporting on a consultancy that developed safety requirements for modular HTGRs (Ref. 29). At this time, 
the design features of the NGNP have not been established, and the core may be either a prismatic block 
design such as the gas turbine modular helium reactor (GT-MHR) or a pebble bed design (such as the 
PBMR). Versions of these two alternatives are shown in Fig. 21. 
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Fig. 21.  NGNP reactor core options—prismatic (L) and pebble bed (R). 

 

5.2 Normal Operations 

The reactor’s three top-level safety considerations are the effective control of heat generation (reactivity), 
core heat removal, and confinement of radioactive material. This is a general maxim for both normal and 
accident conditions.  

Radioactive material (fission products) first need to be confined within the TRISO fuel particles (the first 
line of defense), where the barriers in these particles are typically maintained as long as their operating 
limits (primarily temperature and time-at-temperature constraints) are not exceeded. However, the reactor 
might be operated with the heat generation and core heat removal well under control (“equal with 
opposite signs”), but with some of the fuel running too hot or exposed to excessive moisture or other 
chemical attack, thus releasing radioactive material.  

Observations for instrumentation issues under normal operations in this section are summarized in  
Table 6 following the discussions. 

Fuel and coolant temperatures 

The core (fuel) operating temperatures normally span a very wide range (e.g., ~400–1200ºC) depending 
on the design and the fuel’s location within the core. However, if fuel in a hotter region is subjected to a 
combination of higher than expected coolant temperature or power peaking or lower (localized) coolant 
flow rate, fuel temperature limits may be exceeded. Power peaking can also vary widely, depending on 
location in the core and burnup. Local coolant flows can vary as functions of bypass paths, localized 
packing fractions (pebble-bed), and temperature.  

Fuel temperatures are not easily measured in prismatic cores and cannot (currently) be measured in 
pebble-bed cores. Thus, operation within prescribed limits typically relies on design and calculations, as 
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well as adding margins for error and uncertainties. For new core designs especially, it is advisable to 
provide as many measurements as practical (e.g., coolant outlet and outlet plenum temperature 
distributions, and temperatures within the reflectors) to aid in the estimations of actual fuel temperatures. 
“After-the-fact” measurements can be made using melt-wires (e.g., wires embedded in dummy graphite 
pebbles), and, in fact, some surprisingly high core temperatures were found this way in the AVR 
(Germany) (Ref. 30). The final report on AVR operation (Ref. 31) concludes that the melt-wire results 
were not predicted well because “only 2-D calculations were used, which underestimated the influence of 
the graphite ‘noses’ in the core on the shutdown rods.” There remains some “heated” controversy about 
the ultimate safety of PBRs due to the apparent inability to predict maximum fuel temperatures (Refs. 32 
and 33). 

Measurements of total nuclear power are typically based on a heat balance calculation since neutron level 
measurements tend to drift long term (i.e., P = WCpΔT, where P = power, W = mass flow rate of the 
primary helium, Cp = helium specific heat, and ΔT = mean coolant temperature rise through the core). An 
accurate reading of mean coolant outlet temperature may be difficult to obtain because of wide local 
(spatial) variations in core outlet temperatures and imperfect mixing in the outlet plenum. Temperature 
variations at a downstream measurement point may be fluctuating as well as biased. Backup heat balances 
(e.g., in the secondary system) are often used to help calibrate primary power calculations. 

Primary flow rate and temperature sensor calibrations are, therefore, crucial. At the high coolant outlet 
temperatures typical of NGNP and VHTR designs (noting also that some local temperatures could be at 
least 100ºC higher than the mean), thermocouple drift might be a significant problem. (A separate section 
of the final letter report will cover characteristics of various thermocouple types, thermocouple output 
drift, and other errors.)  

To give an idea of the effect nuclear power measurement errors could have on peak fuel temperature 
estimates, Figs. 2 and 3 show calculations by the ORNL GRSAC code (Ref. 34) of coolant outlet 
temperatures that one could expect from a 600 MW(t) prismatic core GT-MHR with a nominal mean 
outlet temperature of 850ºC and with the reactor at 100% and 110% power. The calculated peak fuel 
temperatures for these two cases are 1066 and 1124ºC, respectively. Peak fuel temperature increases in 
the 50 to 60ºC range are typical for 10% increases in power level (or 10% decreases in flow rates). 

The outlet temperature distributions shown are for an annular core. A pebble bed NGNP alternative 
proposed recently has a cylindrical core (and lower rated power). Cylindrical-core PBRs tend to have 
higher radial power peaking, which would result in larger differences in individual coolant outlet 
temperatures than those shown in Figs. 22 and 23, thus making it more difficult to obtain reliable and 
accurate mean temperatures.  

Hence, thermal power estimates can be affected by both sensor (thermocouple and flowmeter) errors and 
difficulties calculating true mean (outlet) temperatures given the wide variations in individual outlet 
plenum coolant temperatures. Individual measurements of coolant outlet temperatures could be used to 
help estimate regional fuel temperatures. As a result of all these factors, maximum fuel temperature 
uncertainties would need to be accounted for in setting requirements for operation with additional margin. 

There is another point of interest in the two figures—the large differences between adjacent (local) 
coolant outlet temperatures. The core support structures would also experience these gradients, which 
would clearly need to be considered in thermal stress estimates, both for steady state conditions and 
normal operation transients. 
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Fig. 22.  Map of local coolant outlet temperatures calculated (by the GRSAC code) for a 600 MW(t) 

GT-MHR operating at 100% power. The lower values of outlet temperatures shown in the center (purple) are 
from the central reflector, while numbers in the outer three rings are outlets from the active annular core regions. 
Outer (side) reflector coolant temperatures are calculated but not shown. 
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Fig. 23.  Coolant outlet temperatures calculated as in Fig. 22 but with the reactor operating at 110% power. 

 

Primary flow rate 

In addition to the direct effect that the primary system flow measurement has on the total reactor power 
calculation (noted above), peak fuel temperatures are also sensitive to the amount of flow bypassing the 
coolant channels (prismatic) or the fueled section flow path (pebble) in normal operation. Bypass flows 
are those cooling the reflector regions, in control rod holes, through gaps between fuel blocks (prism) and 
reflector blocks, and those flows bypassing the core entirely. It is very difficult to estimate, and 
impossible to measure, the bypass flows since pathway gaps depend on differential expansions, graphite 
block deformations from temperature gradients and irradiation, lateral pressure differences, and perhaps 
other factors as well. As an example, the calculated peak fuel temperature in the example shown above (at 
100% power) increased by 20ºC when the assumed bypass flow was increased from 18 to 24%. As noted 
before, such peak temperature uncertainties would need to be accounted for in the operating margin. 
Figure 24 shows representative changes in the cumulative width of gaps in a prismatic core design as it 
varies with exposure (and temperature). 
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Fig. 24.  Prismatic core average gap width at beginning and end of cycle (BOC and EOC). 

 
Besides the effects of bypass flows, the flow nonuniformities in the fueled regions need to be considered. 
These are due to the changes in flow resistances due to temperature effects: gas viscosity (and, hence, 
flow resistance) increases with temperature, which results in reducing the cooling in the hotter regions—a 
positive feedback effect. 

Neutron and gamma power level detectors 

Neutron power level detectors in HTGRs have typically been located outside the vessel (due to 
temperature limitations) and used to detect changes in overall power level. Since their output signals tend 
to drift, they would usually be recalibrated continuously using heat balance measurements. For the very 
tall cores typical of NGNP designs, a string of neutron detectors spaced axially could be used to detect 
(and correct) for axial xenon oscillations. Gamma thermometry, as noted previously, might be used to 
measure localized power levels at very high (nearly in-core) temperatures.  

Primary system pressure 

Primary pressure measurement is essential for helping to keep track of the helium coolant inventory. A 
rapid (unplanned) decrease in pressure would indicate a primary system leak or break, and a rapid 
increase could be signaling a steam ingress event. For direct Brayton cycle designs, helium pressure is 
routinely varied with power levels (via inventory changes) typically between 20 and 100% power. This is 
done to maintain high-turbine efficiency by keeping gas velocities nearly constant. In this case, 
interpretations of pressure variations as possible signs of leaks or steam ingress would need to account for 
normal pressure variation control. 

A failure of the pressure signal (and its interpretation) to detect a depressurization (and scram the reactor) 
would probably not be a critical safety problem since a core heatup that could result from the event 
(depending on control actions) would shut down the reactor due to the large negative reactivity-
temperature feedback. On the other hand, a failure to detect a steam ingress event (and isolate the water 
side of the offending steam generator) could be a significant safety problem, although the moisture 
detection system (see below) should be a backup and able to effect the isolation. 
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Primary system moisture 

Most NGNP designs will have at least one water-cooled heat exchanger as part of the primary system. In 
shutdown cooling systems (SCS) in prismatic core designs (see Fig. 25); the water pressure in the heat 
exchanger is typically less than primary helium pressure (except during shutdown). Thus, tube leaks and 
ruptures would not be likely to introduce much steam/water into the primary. Likewise, this would be the 
case for the water in precoolers and intercoolers in direct-cycle gas turbine designs. For designs with 
steam generators in the primary system, however, pressures on the coolant side are typically much greater 
than helium’s. Therefore, steam generator tube leaks (and ruptures) present a much more significant 
source of accidental moisture ingress, as discussed later in the accident section.  

 

 
Fig. 25.  Example shutdown cooling system (SCS) in a prismatic core modular HTGR. 

 
Some low levels of moisture are likely to be present in the core normally. There is a large amount of 
moisture initially in the graphite structures that will eventually be removed during operation. Also, a 
small moisture concentration is desirable to enable an oxygen potential to maintain an oxide film on 
metallic surfaces. Large, rapid increases in moisture levels would be detected and used to isolate the 
steam/water side of the steam generator (probably with a corresponding primary pressure signal increase 
as a backup). Undetected failures of moisture monitoring systems may lead to misinterpretations of 
otherwise unexplained increases in primary pressure or increases in circulating activity measurements. 

Primary system activity 

Radioactivity levels in the primary system are monitored continuously. Low levels of releases are 
expected from releases of tramp uranium embedded in TRISO fuel outer coatings and from modest 
leakages from defective particles. Any significant upswings in activity could be due to failures in a “bad 
batch” of fuel or to localized hot spots causing fuel failures and would be a cause for concern that might 
prompt a reactor shutdown. Some increase in activity could also be due to moisture ingress that reacts 
with graphite structures, releasing previously absorbed fission products. 

Circulating dust in the primary system 

A high level of radioactive circulating dust in the primary system is a safety concern, more likely in 
pebble bed core designs where dust is generated by pebbles rubbing as they pass through the core during 
the continuous refueling process. Dust releases (in a depressurization) were categorized as one of the 
major accident sequences for the German 200 MW Modul design. Unexpectedly large quantities of dust 
were also found in the AVR after operations were completed. Determining the amount, activity, and 
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physical characteristics of dust that would be discharged in a depressurization is a difficult task. 
Measurements (during normal operation) that could reasonably characterize the potential source term are 
yet to be established and are currently the subject of pebble bed reactor safety research efforts. 

Vibration (earthquake detectors included) 

Quake detectors may be needed in high activity sites. Aside from major quakes that could damage core 
support and other critical structures, quakes could cause compacting of pebble bed fuel, introducing 
positive reactivity, and possibly a power surge. Studies have shown such surges to be inconsequential, 
however, due to the strong negative temperature feedback coefficient for the fuel. Vibrations from other 
events could cause releases from otherwise stable pockets of dust or edifices with significant fission 
product plateout. Core overcooling events (during normal operation) that cause positive reactivity 
insertions (due to the negative reactivity-temperature feedback) have, likewise, been shown (by 
calculation) to cause benign responses. 

Rod control and operator actions 

The large negative reactivity-temperature feedback and the wide margin between fuel operating and 
damage temperatures both help to reduce the consequences of inadvertent rod withdrawals or faulty rod 
position indications. Reliable position sensors would be essential to prevent inadvertent power peaking. 
Scenarios would need to be evaluated on a case-by-case basis. 

RCCS monitoring 

The reactor cavity cooling system (RCCS), the modular HTGR’s “ultimate heat sink,” is usually 
classified as a safety-grade system. Typically, it is operating during normal operation as well as 
(assumed) during all postulated accident sequences. Its operation, at least during accidents, is “passive,” 
not relying on any active systems or operator action to perform any critical functions (at least within a day 
or so of the accident). RCCS requirements typically include providing adequate cooling to the reactor 
pressure vessel (RPV) and reactor cavity internals during normal operation and ultimate cooling of the 
RPV and core during long-term loss of (primary system) cooling accident scenarios. The fact that its 
proper functioning can (probably) be verified continuously during normal operation implies that it would 
be able to perform its intended functions during an accident, at least barring any catastrophic external 
events. Heat balance measurements on the RCCS, from coolant flow and temperature rise, would also be 
used in the overall reactor heat balance calculations. 

Reactor cavity (atmosphere) monitoring 

Cavity atmosphere monitoring during normal operation would probably be mainly for helium leak 
detection (but possibly for other reasons?). Pockets of helium concentration in the higher elevations of the 
confinement can be hazardous to maintenance personnel. 

Pebble bed fuel burnup monitoring 

There are a variety of techniques that can be used to determine the extent of burnup in pebbles discharged 
from the core during operation. The monitor will categorize the pebble’s degree of burnup to determine if 
it can be recycled for another pass through the core or sent to spent fuel storage. In the reactor startup 
phase, where a large fraction of the core’s pebbles are pure graphite, the detector would signal that the 
dummy fuel ball should go to the graphite bin. In the detector considered for the PBMR, the spectroscopic 
evaluation system is an integral part of fuel handling and storage system operations. It uses a germanium 
detector along with spectral analysis signal processing to determine the cesium-137 gamma peak. With 
that information, it classifies spheres as graphite, used fuel, or spent fuel. It is comprised of three major 
components—a high-purity germanium (HPGe) detector assembly with positioning table and cryogenic 
refrigeration system, a digital signal processor (DSP)-based burn-up analysis system, and a photon 
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collimator. The analyses performed are first a graphite/fuel discrimination and then (if not graphite) a 
discrimination between low burn-up and high burn-up fuel including the categorization of higher burn-up 
fuels as either used fuel to be recycled or spent fuel. Given the recycle rates projected at full power 
operation, the detector would have only about 10 seconds to make a decision and disposition for each 
pebble.  

Fuel manufacturing monitoring 

Fuel particle (TRISO) coating integrity provides the first line of defense against release of fission 
products into the primary system. Consequently adequate instrumentation and control of the 
manufacturing process (particularly the fluidized bed coating and fuel compacting steps) is essential. 

Summary 

Results from the qualitative assessment of the safety implications for key measurements during normal 
operation as discussed in this section are summarized in Table 6. The impact ratings are the relative and 
“approximate” opinions of the author. 

 
Table 6.  Summary of normal operation measurement aberration impacts 

Parameter 
measurement Comment Backup 

measurement? 
Safety consideration Impact 

(H, M, L)* 
Fuel temperature Calculated None Fuel failure mechanisms (H) 
Coolant outlet 
temperatured 

High-temperature drift, 
fluctuations, bias 

Other heat balance 
calculations 

In heat balance power 
calculation. Operating margin 
affected (M) 

Primary flow rate Primary cooling Other heat balance 
calculations 

In heat balance power 
calculation. Operating margin 
affected (M) 

Neutron,s,d power 
level 

Fast response; ex-vessel signal 
strength 

Heat balance Reactivity transients (M) 

Primary pressure Detect leakage, steam ingress; 
big variations normal for direct 
Brayton cycle 

Moisture (for steam 
ingress) 

Steam ingress (H) 
Depressurization (M) 

Primary moisturea,f Detect steam ingress; maintain 
O2 potential 

Pressure (for steam 
ingress) 

Reactivity, graphite corrosion, 
fuel failure (if exposed) (H) 

Primary activity Liftoff potential Filters Primary source term (M) 
Circulating dust—
primarya 

Escape potential Filters A primary source term—for 
pebble bed (H) 

Pebble burnup on-
line monitoring 

Decide to recycle or store each 
discharged pebble 

Reactivity balance Minor effects (L) 

Vibration (quake) Pebble bed compacting Power level Minor effects (L) 
RCCS performance 
monitoringa 

Safety grade, ultimate 
heat sink 

Vessel temperatures Slow response (L) 

Reactor cavity 
atmosphere 

Helium leak Pressure loss Minor effects (L) 

*Impact: H = high, M = medium, L = low). 
Note:  Superscript keys for sensor concerns:  d = decalibrate/drift potential; f = failure concerns; a = availability 

(development?) concerns; s = signal strength concerns. 

5.3 Postulated Accident Conditions  

In this section, the consequences of instrumentation errors or failures during accident progressions are 
described. Although for modular HTGRs, where the safety case is typically made that operator actions are 
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not required, it is extremely unlikely that during the hours and days following any of the typically slow-
moving events there would be little or no operator action taken. Hence, in some of the sequences, one 
should consider possible operator responses, which in some cases could make the situation worse, 
particularly if instrumentation errors or failures provided them with misleading information. 

More detailed descriptions of the postulated accident sequences described here are given in other sources 
including an ORNL /NRC letter report (Ref. 35) and in Section 6 of an IAEA Safety Reports Series report 
(Ref. 36). These cover the important accident sequences for the reactor but not necessarily those that 
would involve a yet-to-be-determined heat process connected to an NGNP reactor design. 

While the Normal Operation section was organized by “measurement type,” this section looks at the 
major categories of initiating events and sequences of interest, noting the roles of pertinent 
instrumentation with postulated errors and failure modes plus the possibilities of misinterpretations and 
subsequent errors in operator response. 

Pressurized loss of forced circulation (P-LOFC) accidents 

Long-term P-LOFCs may result from a variety of initiating events or event sequences. In fact, in typical 
HTGR designs, along with a scram signal, the primary helium flow is intentionally stopped by the reactor 
protection system to avoid a rapid overcooling of the core. Subsequently, the shutdown cooling system 
(SCS) or equivalent reactor pressure vessel (RPV) cooling system is started up to remove the afterheat. In 
a P-LOFC, it is assumed that the SCS (or equivalent) fails to provide forced cooling. A station blackout 
can also result in a long-term LOFC. 

In a P-LOFC, the reactor core will heat up due to the decay heat but, because the primary system is still 
under pressure, natural circulation of helium within the core will help equalize the core temperatures with 
the maximum temperatures appearing near the top of the core. The maximum fuel temperatures typically 
remain well below prescribed limits. Some metallic structures, such as the core barrel and RPV, could 
heat up enough to approach limiting values. In this and other long-term LOFC scenarios, proper operation 
of the RCCS is essential, in particular, to mitigate adverse heatup effects on the RPV and reactor cavity. 
In-core and RPV temperature instrumentation, where available, plus primary pressure and RCCS 
performance calculations during LOFCs, are all essential in monitoring the plant safety status. If primary 
pressure is maintained, there would be minimal concern for any fission product releases to the 
confinement building and beyond. 

Depressurized loss of forced circulation (D-LOFC) accidents 

The major consequence of long-term D-LOFC accidents is the core heat-up and a potential radioactivity 
release (prompt and delayed) into the confinement and eventually to the environment. Compared to 
P-LOFC conditions, ambient pressure helium natural circulation in the core is ineffective in averaging out 
core temperature distributions. Maximum fuel temperatures typically reach peak values in a few days, 
near the middle or beltline of the core, and then begin a long, slow decrease. In general, the reactor is 
designed so that the maximum fuel temperature does not exceed an allowable level such that no 
significant fuel failure is expected. The heat-up of metallic structures also needs to be evaluated. Reactor 
and RPV temperatures and RCCS performance measurements would be the same as those required for the 
P-LOFC but with an expectation of significantly higher temperatures. 

During the initial depressurization process, some of the circulating activity and other fission products 
“lifted off” from the primary system components may be released along with the outgoing helium. 
Depending on the break size, the exiting helium would also take with it some of the radioactive graphite 
dust residing in the primary system. A measurement of the rate of pressure decrease would be useful in 
estimating the extent of the releases. The effects of vibration and shocks related to a break also need to be 
considered in estimating the dust and other releases. Instrumentation characterizing dust contamination 
and other activity discharged to the cavity and beyond would need periodic monitoring.  
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Piping breaks and the depressurizations that follow cause pressure distribution transients within the 
primary system that could be very dynamic for large breaks. Pressure redistributions (especially shock 
waves) need to be evaluated to ensure structural stability of the system components and reactor internals. 
It may be necessary to analyze pipe whipping effects on surrounding structures or equipment and to check 
the potential impact of out-blowing hot helium on safety-related equipment. Pressure and temperature 
transients at different places inside the reactor confinement need to be evaluated to check the functionality 
of relevant equipment and structures. Closed-circuit TV monitoring of affected areas would be essential 
for evaluating damage and devising repair strategies. 

The potential for air ingress following a D-LOFC is discussed in a later section.   

Anticipated transients without scram (ATWS) accidents 

Normally the initiating event for an ATWS event sequence is an anticipated occurrence that calls for a 
scram (also triggering a loss-of-forced helium flow) followed by a failure to shut down the reactor. There 
are normally two safety-grade reactivity shutdown systems in a modular HTGR in addition to the control 
rods. The first shutdown system (rods) actuates automatically on a scram signal, while the second, a 
backup system typically employing neutron-absorbing balls, is a reserve shutdown system that is actuated 
manually. 

With a loss-of-forced helium flow, for either a P-LOFC or D-LOFC, the average fuel temperature will 
increase quickly, and the effect of the negative temperature reactivity coefficient will quickly make the 
reactor subcritical, reducing the fission power to zero. This loss of power causes the maximum fuel 
temperature to decrease, temporarily, even as the average fuel temperature increases. 

Due to the buildup of xenon poisoning, the reactor would typically remain subcritical, at least until the 
xenon decays (1–2 days). Once the xenon concentration drops sufficiently (and assuming no scram has 
occurred), the reactor becomes critical again. Then, following recriticality, the increasing reactor power 
may oscillate and gradually achieve a stable core temperature and low power level that depend on the 
total residual reactivity and the net core heat removal rate. 

Instrumentation requirements for these sequences are those which allow the operators to evaluate the 
progression of the accident and develop strategies for accident management. Most important would be 
monitoring of neutron flux indications of recriticality and any progress made to turn it around. Without 
some primary flow, outlet temperature measurements are not likely to give useful information about 
actual core (fuel) temperatures, and, likewise, primary activity sensors may not detect fuel failures 
resulting from over-temperature. The good news in this sequence is that there is a very long time to effect 
a “scram” or equivalent. 

An interesting ATWS variation is one in which, after recriticality, an operator succeeds in restarting the 
SCS (with still no scram). This added cooling reduces the core nuclear average temperature and, thus, 
increases reactivity and the power level. However, in the hotter (higher power peaking factor) channels or 
regions, the convection cooling flows would be lower than average (a higher gas temperature leads to 
increased viscosity, which leads to a higher friction factor that, in turn, leads to a reduced localized 
coolant flow). This effect is called “selective under-cooling.” In typical accident simulations where a SCS 
restart at reduced capacity occurs after recriticality, increases in peak fuel temperatures are predicted over 
the period of extra “emergency” cooling, significantly adding to, rather than mitigating, fuel failure rates. 

Reactivity accident sequences also include pebble bed core compaction during an earthquake (noted in the 
“during normal operation” section and dismissed as relatively inconsequential), plus reactivity increases 
due to inadvertent rod withdrawal and reactivity increases due to major steam/water ingress events, 
discussed in a later section.  
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An inadvertent rod withdrawal during a LOFC-ATWS accident has been shown to cause only minor and 
temporary increases in core temperatures, again due to (1) the strong negative reactivity-temperature 
feedback coefficients and (2) assuming a scram is implemented before the recriticality from xenon decay. 

If an “undetected” withdrawal occurs during full power and flow conditions, the core temperature would 
increase enough to compensate for the added rod reactivity, resulting in a higher power level. This could 
be detected in several ways, including rapid increase in flux signals and coolant outlet temperatures and 
probably not result in any fuel damage. 

Steam/water ingress accidents 

While most postulated modular HTGR accidents are slow moving and relatively benign, large 
steam/water ingress events are not. Some effects from a steam generator tube leak or break that quickly 
result in a steam/water ingress into the core could be (1) an increase in primary pressure; (2) an 
endothermic chemical reaction with the core and support graphite that could release some radioactivity; 
(3) an increase in (neutron) moderation that could cause an increase in reactivity (and power, if a scram 
does not occur); and (4) a decrease in control rod worth. In the case of heat exchanger tube leaks from an 
SCS or Brayton cycle cooler, the likely steam ingress would be minimal due to their lower water-side 
pressures. 

The extent of ingress effects is, of course, very dependent on core design and operational features and the 
total quantity and flow rate of steam entering the core. The reactivity increase depends on the degree of 
under-moderation of the core. In any case, the ability of moisture monitors to detect in-leakages (early) 
and prompt a rapid isolation of the water source could be essential to avoiding serious damage. If the 
pressure increase were large enough to pop the pressure relief valve, there would be a depressurization 
event added to the mix and a dispersal of the primary system activity (plus other plated-out fission 
products that lift off and desorb from the primary graphite and metallic components). If the relief valve 
fails to re-seat following the depressurization, there would be an open path to continue the releases into 
the confinement building (and beyond). 

For these events, there would likely be scram signals from several sensors— high-fission power, high 
pressure, and high moisture (and possibly high primary activity and short period). These measurements 
and trips would all be safety grade, redundant, and likely sufficient to bring the reactor to a safe state. 
Periodic measurements of building confinement atmosphere activity and chemistry would be essential for 
accident characterization and for accident management planning. Such accident progressions would be 
very slow, and using (external) lab sampling would probably be sufficient. 

The Fort St. Vrain reactor had 12 steam generators, so the moisture detectors were designed to act quickly 
to determine which one of the 12 to isolate. In the NGNP designs (ones with a single steam generator in 
the primary loop), high-moisture detection requirements would be much simpler. 

Air ingress accidents 

Air ingress into the primary system is a safety concern because of the damage it could cause by oxidizing 
graphite structures within the vessel and by potential oxidation damage to the fuel (TRISO particles). 
Although these accidents are typically categorized as very low probability events, beyond design-basis, 
there is still considerable interest in them due to false perceptions of “graphite burning.” At the operating 
and accident temperatures in the core following a D-LOFC, however, significant oxidation is possible. 
The extent of the air ingress flow rates and the oxygen content of the available air depend on a wide 
variety of reactor and reactor cavity design features, initiating event factors, and details of the subsequent 
accident progression scenarios. The high core flow resistances and resistances in other parts of potential 
air ingress flow paths tend to limit convection ingress flow rates to relatively low values.  
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The major variations in accident scenarios include the sizes and locations of the breaks, which affect 
initiation time delays and magnitude of the potential air ingress flow rates from natural convection and the 
oxygen content (vs. time) of the “air” at the intake point.  

In the D-LOFC sequence, vessel or other primary system breaches would likely result in blowdown of the 
helium into the reactor and/or power conversion unit (PCU) cavity, displacing cavity air. The resulting 
atmosphere for the duration of the potential ingress event depends on confinement system releases from 
the initial discharge to the atmosphere, outside air ingress after the confinement re-seals, and subsequent 
leakage to the outside (which would be filtered upon exiting). 

Typical scoping calculations of air ingress accidents have indicated that although the oxidation rates for 
reactor grade graphite are quite low, the oxygen in the entering gas is typically completely consumed, 
generating heat and forming CO2 well before the gas exits the core. In fact, at least for the first several 
days of any significant ingress, analyses typically show it to be mostly consumed in the lower support 
blocks and lower reflector with relatively little oxygen reaching the active core (Ref. 37). Also, any heat 
released from oxidation in the active core typically affects only the lower regions and does not add to the 
peak fuel temperatures that would be reached in non-air-ingress D-LOFC accidents. CO2 entering the 
mid-to-upper part of the core is likely to encounter higher temperatures that can cause an endothermic 
(Boudouard) reaction with core graphite and produce CO. Sustained large-scale oxidation of the core 
graphite could cause structural damage and expose fuel to potential chemical attack. Structural damage 
from oxidation in the lower-temperature (chemical) range is substantially greater for a given oxidation 
weight loss than for the higher temperature (mass transfer limited) range, where most loss from oxidation 
is near the surface. Periodic analyses of confinement gas chemistry and activity would be especially 
crucial during the course of such accidents to help assess the damage occurring in the reactor and to help 
determine appropriate remedial action strategies. Due to the very slow progression of these types of 
accidents, the analyses could probably be done via periodic sampling and lab test results. 

If the oxygen in the confinement volumes could be limited to approximately that initially present in the 
confinement space (and less, considering air initially displaced by the helium), scoping calculations have 
shown that the total damage to the core would probably not be significant. Analyses of other scenarios 
have also shown that if the onset of significant oxidation occurs late in the D-LOFC accident sequence 
(e.g., several days), the lower core regions may have cooled down to temperatures below the range of 
significant oxidation rates, in which case oxidation would be more likely to occur further up the core and 
into the fueled regions. Some Japanese studies have shown that TRISO SiC fuel still retains fission 
products even when the outer pyrolytic carbon layer is oxidized in those temperature ranges (below 
~1300–1400ºC) that are predicted for the lower core regions (Ref. 38). 

Another potentially significant accident sequence occurs when a SCS is operated following 
depressurization, in which case forced circulation flow rates (possibly containing air) could be much 
greater than in the natural circulation flow cases. Primary coolant activity and temperature 
instrumentation, along with heat balance anomalies, should provide proper guidance to the operators for 
such situations. There are a number of cases in reactor (and other process) accident histories where the 
operator response to an accident has proven to be counterintuitive, such as the Chernobyl accident and the 
Windscale reactor fire in 1957. 

Because of the likelihood of very limited access to critical areas during air ingress accidents, provisions 
should be made for ad hoc measurements of gas chemistry within the confinement areas and possibly for 
injection of inert gas to reduce oxidation rates. Meaningful sampling of the confinement atmosphere 
would be challenging because of the likely wide variation of gas compositions within the space (e.g., 
helium would rise to the top areas). Confinement gas analyses should be designed to determine the extent 
of oxidation damage of the core and support structures, the amount of radioactivity potentially available 
for (filtered?) release to the environs, and compositions that may result in explosive mixtures.  
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Summary 

Some of the accidents described are quite complex. Due to the reactor core geometry, it would be 
especially difficult to make direct measurements to assess the conditions and progressions of beyond-
design basis accidents. It appears that a useful tool to help with such assessments and accident mitigation 
planning would be an “on-line simulator” tied in to the reactor’s I&C to help operators evaluate the 
scenarios and predict outcomes for candidate mitigation strategies.  

Results of this section are summarized in Table 7. As before, the impact ratings are the relative and 
“approximate” opinions of the author. 

 
Table 7.  Summary of accident scenario measurement aberration impacts 

Parameter 
measurement Comment Backup 

measurement 
Safety consideration 
impact (H, M, L)* 

Fuel temperature Calculated None Fuel failure mechanism (H) 
Coolant outlet 
temperatured 

High-temperature drift, 
fluctuations, bias 

Heat balance, 
overpower detection 

In heat balance power 
calculation (L) 

Primary flow rate Scram on low flow 
(adaptations for direct 
Brayton cycle) 

Pressure Trip signal (L) 

Neutrons,d, power level Fast response; ex-vessel 
signal strength 

Heat balance Reactivity transients (L) 

Primary pressure Detect D-LOFC, steam 
ingress 

Moisture (for 
steam ingress) 

Steam ingress (M) 
Depressurization (L) 

Primary moisturea,f Detect steam ingress for 
major leaks  

Pressure (for 
steam ingress) 

Reactivity, graphite 
corrosion, fuel failure (M) 

Primary activity Liftoff potential D-LOFC Filters Primary source term (H) 
Circulating dust—
primarya 

Escape potential—for 
D-LOFC events 

Filters A primary source term—
for pebble bed (H) 

Vibration (quake) Pebble bed compacting Power level Minor effects (L) 
RCCS performance 
monitoringa 

Safety grade, needed for all 
LOFC events 

Vessel temperatures Heat balance, slow 
response (M) 

Reactor cavity 
atmosphere chemistry 
and activity 

Air and steam ingress 
effects; accident mitigation 
planning 

None Major needs for very 
unlikely scenarios (H) 

*Impact: H = high, M = medium, L = low.  
Superscript keys for sensor concerns:  d = decalibrate/drift potential; f = failure concerns; a = availability 
(development?) concerns; s = signal strength concerns. 

6. SUMMARY OF MAJOR INSTRUMENTATION ISSUES  

6.1 The Dust Dilemma (mainly for PBRs)  

The major problem—from a safety and licensing standpoint—is mainly the uncertainty in how much 
contaminated dust would be ejected into the confinement (and subsequently into the environs) in 
postulated rapid depressurization accidents. The reference confinement building designs typically allow 
for a rapid discharge of the primary helium (from a large break) to exit the building unfiltered. Any 
subsequent or small-leak (low-flow) discharges would pass through filters before exiting the building. 
The safety case here postulates that releases of both the (primary system) circulating dust-borne activity 



41 

and any additional contaminated dust “stirred up” by the event (due to velocity changes or vibrations) 
would result in a minimal offsite dose. In addition to dust-borne contamination there may also be releases 
of other forms of circulating activity and from lift-off of plated-out fission products.  

From an instrumentation standpoint, there would need to be on-line means for (semi-) continuous 
detection of circulating dust concentrations in the primary system. Measurements done in AVR (see 
Sect. 4.2.2) successfully showed dust concentrations and variations in circulating dust with blower speed 
changes (Fig. 26, Ref. 4).  

 
Fig. 26.  Fig. 10 from Ref. 4. 

 
Dust experiments are being designed and conducted for the NGNP project and for other foreign projects. 
Detector designs for eventual use in the reactor could best be tested for accuracy and reliability if used in 
the experiments. If the NGNP design included a direct Brayton cycle (gas turbine), variations in dust 
circulation might be detectable with the changes in helium mass flow rates (via inventory changes) that 
would normally accompany power level changes. 

A proposed (partial) solution for fission product release capture during postulated rapid depressurization 
accidents (with a confinement building) has been suggested by R. N. Morris (ORNL). This involves the 
use of large, relatively inexpensive filters that would capture any rapid initial discharges from a 
depressurization accident (see Figs.27 and 28 for clarification). This approach takes advantage of recent 
major improvements in filter technology and would reduce the uncertainties in EAB dose estimates. The 
system would be applicable to both prismatic and pebble bed designs. The South African PBMR test 
facilities HTF (Helium Test Facility) and/or HTTF (Heat Transfer Test Facility) may be good candidates 
for conducting dust capture experiments. Experiments are amenable to small-scale (modular) testing. 
Instrumentation requirements for the tests include, at a minimum, rapid response temperature, flow, and 
particulate concentrations at the inlet and outlet. Other measurements of fission product absorption could 
be made after the transient tests to determine absorption profiles within the filters. Such tests could be part 
of an instrument development program for a prototype system. 
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Fig. 27.  Clarification of large filter proposed solution (part 1). 

 
 
 

 
Fig. 28.  Clarification of large filter proposed solution (part 2). 
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6.2 The Maximum Pebble Temperature Dilemma (Due to the Melt-Wire Mystery 
from AVR) 

Unexpectedly high temperatures of AVR fuel (detected via melt-wire pebbles) have cast doubt upon PBR 
designers’ ability to predict maximum pebble fuel temperatures during operation (see Moormann and 
Koster articles—Refs. 32 and 33). In addition to refined calculations, PBMR instrumentation plans should 
clearly include provisions for melt-wire pebbles. 

6.3 RCCS Heat Balance (To Calculate Heat Loss) 

In addition to the more conventional primary system measurements needed to calculate gross thermal 
nuclear power generation (flow and temperature rise), the power dissipated by the “passive” RCCS is 
relatively more important in modular HTGRs than in other reactors because it is a greater-than-usual 
percentage of the total power generated (by design). Usual means of getting power estimates from 
secondary side measurements would not account for RCCS power. The degree of difficulty in RCCS 
power measurements depends greatly on the specifics of the design. Designs that rely on natural 
circulation flows and relatively large spatial coolant flow cross-sections would make it difficult to 
measure accurate mean flow rates and temperatures. 

6.4 Other Important (but More Conventional) Instrumentation Issues 

These are addressed in Sects. 4 and 5 and include: 

a. thermocouple drift, failure, measurement of non-mean values, and fluctuations; 
b. helium mass flow (to get heat balance); 
c. neutron power (from detectors outside the vessel); and 
d. primary system moisture. 

As noted previously, the instrumentation involved in TRISO fuel manufacture, crucial to the safety case’s 
“First line of defense,” is discussed in Sect. 7. 

7. TRISO FUEL MANUFACTURING I&C NEEDS  

[Extracted from NUREG/CR-6844, Vol. 1, TRISO-Coated Particle Fuel PIRTs for Fission Product 
Transport Due to Manufacturing, Operations, and Accidents (main report), July 2004, by R. N. Morris 
(ORNL) et al.] 

The purpose of this letter report section is to establish the case that instrumentation (and control) of the 
TRISO fuel manufacturing process deserves licensing scrutiny at a level comparable to that given I&C 
systems involved in reactor operation, although not covered as part of N6668. 

Table 8 (Table 2-16 from NUREG/CR-6844, Vol. 1) summarizes the major TRISO fuel manufacturing 
process issues, as identified by the PIRT panel members, and Fig. 29 (Fig. 2-17 from NUREG/CR-6844, 
Vol. 1) shows the steps involved in a continuous coating process. 
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Table 8.  Manufacturing process phenomena identified by the PIRT panel 
(Table 2-16 taken from NUREG/CR-6844, Vol. 1) 

Manufacturing factor Rationale 
Layer coating process specifications: Gases 
(levitation gas and coating gas) 

The gases used in the coater directly influence the quality of 
the layer and the operation of the coater. 

Layer coating process specifications: Ratio 
of gases 

The gas mixtures affect the layer properties and production 
rate. 

Layer coating process specifications:  
Temperature 

The properties of the coating layer are dependent on the 
coater temperature. 

Layer coating process specifications:  
Coating rate 

The microstructure of the coating layer is influenced by the 
coating rate. 

Layer coating process specifications: 
Pressure 

Pressure affects reaction rates. (The coaters are generally 
operated at atmospheric pressure.)   

Layer coating process specifications:  
Coater size 

Coater size affects the distribution of layer properties. 

Layer coating process Continuous versus interrupted coating may affect coating 
layer interface properties. 

Process control Controlling the process is important.  Coating product 
measurements may not be sufficient to guarantee good 
irradiation performance.  

Product control Coatings must meet designer specifications. 
 
 

 
Fig. 29.  Flow diagram of the continuous coating 

process. (Figure 2-17 taken from NUREG/CR-6844, 
Vol. 1) 
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Coated Particles 

The coating layers are deposited on the kernel in a fluidized bed by the thermal cracking of the 
appropriate gas in a fluidizing gas such as argon. Hydrocarbon gases such as acetylene and propylene are 
used for the carbon layers. MTS is used for the SiC layer, and it is reduced by hydrogen. Temperatures 
are in the range of 1200 to 1500ºC and the flow rates of the gases are adjusted to achieve the desired 
deposition rate.  

Layer properties are controlled by temperature, coating rate, coating gas composition, bed loading, and 
particle size. In general, each layer has its own optimal combination of parameters that are determined 
experimentally for a particular coater. A flow diagram of the process is shown in Fig. 29 (Fig. 21-7 from 
NUREG/CR-6844, Vol. 1). Note that the process may be continuous or interrupted. In the continuous 
process, the particles remain in the coater and the composition of the gases and furnace temperature is 
changed so the coatings can be put on one after another. In the interrupted process, the coater is unloaded 
after each coating and the particles can be checked and sorted for gross defects such as out-of-roundness. 
Sampling can be used for destructive investigation. The bad particles (or a bad batch) are discarded before 
the next layer is applied. 

At the present time, the continuous coating method has been demonstrated to give acceptable results, but 
this conclusion is still tentative. The current trend is toward continuous coating and the highest quality 
fuel (reference material) has been produced by this method. 

An item of interest from the PIRT review is that the specification of layer product properties is not 
sufficient to ensure satisfactory irradiation performance. At the present state of the art, modest changes in 
the operation of the coater (such as design issues, coater size, and exactly where the bed temperature is 
measured) can lead to coating property changes that could result in substandard irradiation performance. 
These changes either cannot be observed by the present QC methods, or the changes in material 
properties are not currently measured. 

This is addressed by having both layer fabrication process and layer product specification. Thus, both 
process knowledge and product measurements are required to determine if the fuel has been properly 
fabricated. This issue appears to be particularly important for pyrocarbon. The Bacon Anisotropy Factor 
(BAF) measurement technique is also important. The SiC layer is very important for the control of fission 
product transport, and it is sensitive to the details of the fluidized bed coater operation. 

Figure 30 (Fig. 2-18 from NUREG/CR-6844, Vol. 1) shows how the nature of deposited SiC can change 
with temperature. The fabricator would like to control free silicon, grain size, and grain orientation. SiC 
has shown good irradiation properties, but like pyrocarbon, a clear one-to-one correlation between 
measured properties and irradiation behavior is not available at present. 

Table 9 (Table 2-19 from NUREG/CR-6844, Vol.1) shows the coating layer product properties measured 
during fabrication and the measurement methods that are typically employed. The reader is cautioned that 
measurements alone do not provide a complete picture of the fabrication parameters and must be used in 
conjunction with process knowledge. 

In summary, precise and reliable measurements and control processes during the coating processes in the 
fluidized bed coaters are crucial to the “success” of the fuel in terms of its performance (retention of 
fission products) during normal reactor operation and postulated accident conditions. 
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Fig. 30.  SiC structure as a function of coater temperature. 

(Figure 2-18 taken from NUREG/CR-6844, Vol. 1) 
 
 
 

Table 9.  Coating layer product factors and typical QC methods 
(Table 2-19 taken from NUREG/CR-6844, Vol. 1) 

Layer attribute QC method 

Buffer Layer 

Thickness Radiography, metallography 
Density Mercury pycnometry and carbon content analysis 

(LECO) 
Missing or thin layer (a failure mechanism) Radiography 

IPyC Layer 
Thickness Radiography, metallography 
Density Liquid gradient column 
Anisotropy BAF (other methods under study) 
Microstructure Coating rate and process conditions (temperature, 

coating gases, time) 
[Process Knowledge] 

Permeability (the heavy metal dispersion will signal 
a missing layer) 

Heavy metal dispersion into layers 
(Radiography, chemical analysis) 

SiC Layer 

Thickness Radiography, metallography 
Density Liquid gradient column 

PyC 

1575C 

1425C 

1275C 

Etched SiC 
ORNL/TM-5152 
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Table 9. (continued) 

Layer attribute QC method 

SiC Layer (continued) 

Microstructure Coating rate and process conditions (temperature, 
coating gases, time) 
[Process Knowledge], 
metallography 

Spatial defects or missing layer Burn/leach 
Strength Crush tests, brittle ring tests 

OPyC Layer 

Thickness Radiography, metallography 
Density Coating weight and pycnometry 
Anisotropy BAF 
Microstructure Coating rate and process conditions (temperature, 

coating gases, time) 
[Process Knowledge] 

Missing or defective layer Optical microscopy 
Surface connected porosity Mercury porosimetry 
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APPENDIX A 

Table A-1 provides a summary of the information provided in the report (Section 4). 
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Table A.1.  Instrumentation used in high-temperature gas reactors 

  AVR—GERMANY 
(1967–1988) 

PEACH BOTTOM—USA 
(1967–1974) 

FORT ST. VRAIN—USA 
(1979–1989) 

HTTR—JAPAN 
(1999– ) 

HTR-10—CHINA 
(2003– ) 

IN
-C

O
R

E
 IN

ST
R

U
M

E
N

T
A

T
IO

N
 

N
uc

le
ar

 In
st

ru
m

en
ta

tio
n 

Source-range 
monitoring system N/S 

Three 10B-lined proportional counters 
with motor-driven cadmium shields to 
limit neutron exposure during power 
operation 
One source-range channel had triple the 
sensitivity of the other two. The other two 
channels had alarm comparators, and log 
count-rate and rate-of-change indication. 

Two high-sensitivity 10B-lined counters 
Channels had low count-rate trips to 
prevent control rod withdrawal without 
source indication. A high-count-rate 
scram was provided for the core loading 
and physics test. 

N/S N/A 

Wide-range 
monitoring system N/S 

Two compensated ionization chambers 
covering almost eight decades down from 
500% power 

Three fission chambers as wide-range 
log-and-linear power-level channels 
Channels derived a wide-range 
logarithmic power signal and an 
independent linear power signal from the 
same fission chamber. 

High-temperature fission 
counter chambers N/A 

Power-range 
monitoring system N/S 

Four uncompensated ionization chambers 
covering from 0% to 150% full power 
with linear indication 

Three linear power-level channels 
High-sensitivity gamma-
uncompensated 
ionization chambers 

N/A 

Fuel Failure Detection System N/S Monitoring the purge stream activity Flow-through ionization chamber 

Two precipitators, a 
compressor, and a 
scintillation detector and 
associated electronics 
The primary method of 
detection is monitoring 
short-lived fission 
products, such as Kr-88 
and Xe-138. 

N/A 

Temperature - melt-wire experiment 

 
 24 Geminol-P and Geminol-N {TBD} {TBD} 
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Table A-1. (continued)  

  AVR—GERMANY 
(1967–1988) 

PEACH BOTTOM—USA 
(1967–1974) 

FORT ST. VRAIN—USA 
(1979–1989) 

HTTR—JAPAN 
(1999– ) 

HTR-10—CHINA 
(2003– ) 

PR
O

C
E

SS
 IN

ST
R

U
M

E
N

T
A

T
IO

N
 

Pr
im

ar
y 

co
ol

an
t 

Temperature 

- no direct 
measurement of hot 
gas temperature 

- hot gas stream 
temperatures near the 
core were measured 
by 
thermocouple/noise 
thermometer as part 
of instrumentation 
development/testing 

- 97 chromel-alumel thermocouples 
(formed by brazing No. 28 AWG wires 
insulated with reactor-grade high-purity 
magnesia, sheathed in 300-series 
stainless steel) were used to measure 
reflector, reactor coolant and fuel 
element temperatures below 538 ºC 

- For temperatures above 538 ºC up to 
1310 ºC, 59 tungsten-rhenium 
thermocouples (formed by brazing the 
hot junction, sheathed in high-purity 
seamless molybdenum and insulated 
with seamless high-purity niobium 
tubing) were installed in 36 of the 804 
fuel elements. 

- 37 Geminol-P and Geminol-N for 
primary coolant 

- 148 Geminol-P and Geminol-N for 
coolant outlet 

Type-N thermocouples Type-K thermocouples 

Pressure {N/S} {N/S} {N/S} {N/S} 

Safety-related Class 
1E commercial 
pressure transmitters 
(no further 
specifications found) 

Flow {N/S} {N/S} {N/S} {N/S} 

Safety-related Class 
1E commercial Δp 
pressure transmitters 
(no further 
specifications found) 

Se
co

nd
ar

y 
co

ol
an

t 

Temperature {N/S} {N/S} - 220 Geminol-P and Geminol-N for 
steam generators {N/S} 

Safety-related Class 
1E commercial 
thermocouples 
(no further 
specifications found) 

Pressure {N/S} {N/S} {N/S} {N/S} 

Safety-related Class 
1E commercial 
pressure transmitters 
(no further 
specifications found) 

Flow {N/S} {N/S} {N/S} {N/S} 

Safety-related Class 
1E commercial Δp 
pressure transmitters 
(no further 
specifications found) 

C
A

L
 

IN
ST

R
U

M
E

N
T

A
T

IO
 

Moisture {N/S} Electrolytic cell - Rhodium-plated mirror for 
measurement of dew point {N/S} {N/S} 



 

A-5 

Table A-1. (continued)  

  AVR—GERMANY 
(1967–1988) 

PEACH BOTTOM—USA 
(1967–1974) 

FORT ST. VRAIN—USA 
(1979–1989) 

HTTR—JAPAN 
(1999– ) 

HTR-10—CHINA 
(2003– ) 

Gas analysis {N/S} Automatic gas chromatograph 
- Infrared analyzer for CO 
- Gas chromatographer for CO2 
- GC chromatographer for N2 

{N/S} {N/S} 

Dust {N/S} {N/S} {N/S} {N/S} {N/S} 

Other impurities {N/S} {N/S} {N/S} {N/S} {N/S} 
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l c
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Temperature {N/S} 34 thermocouples (internal structure) 235 thermocouples {N/S} {N/S} 

Strain {N/S} - 8 strain gauges (internal) 
- 10 strain gauges (external) 

Bonded resistance wire type strain 
gauges {N/S} {N/S} 

Moisture {N/S} {TBD} {TBD} {N/S} {N/S} 

Control rod drive position {N/S} {N/S} {N/S} 

- position of 16 pairs 
of control rods is 
monitored by 
encoder sensors. 

- signal is used for the 
reactor control 
system and the 
safety protection 
system. 

{N/S} 

N/S—Not specified. 
TBD—To be determined. 
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