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FOR PROCESS HEAT APPLICATIONS
DRAFT LETTER REPORT
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Oak Ridge National Laboratory
September 24, 2010

1.
1.1

INTRODUCTION

Project Overview

The objective of JCN 6177 is to support NRC in identifying and evaluating the regulatory implications
concerning the control and protection systems proposed for use in the Department of Energy’s (DOE)
Next Generation Nuclear Plant (NGNP). The NGNP, using gas-cooled reactor technology, will provide
the basis for the commercial industry to manage the heat for energy production and industrial processing
including hydrogen production. The high temperature gas-cooled reactor (HTGR) can provide heat for
industrial process at much higher temperatures than conventional light water reactors, 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 or VHTR. In this project, the gas-cooled reactor design for the NGNP is
referred to as the VHTR even though DOE’s current plans focus on the lower end of the above-noted
temperature range for ultimate deployment of NGNP.)
Task 1 is the first of five tasks in the JCN 6177 project. The five tasks are titled:
Task 1.
Task 2.
Task 3.
Task 4.
Task 5.

Control and Protection Systems in VHTRs for Process Heat Applications
Highly Automated Control Room Design
Models for Control and Protection System Designs
Advanced Control and Protection System Design Methods
Develop Technical Guidance and Acceptance Criteria for Safety Related Protection and
Control Systems Designs

The overall objective of this research is to review potential technologies likely to be employed for the
control and protection system design for the VHTR for process heat applications including possibly
hydrogen production. Modeling methods and plant models, including multimodular models, will be
investigated. As well, this research examines such design aspects and issues as prediction of the state and
effect of control systems actions, overall robustness of the control and protection systems designs, and
fault detection capability. The culminating activity, to the extent possible based on the maturity of the
VHTR design and particular process heat application, is to assist NRC in developing technical guidance
and acceptance criteria for these safety-related protection and control systems designs for the VHTR.
1.2

Objectives

In Task 1, the objective is to review the (1) design of recent HTGR control and protection systems (e.g.,
HTTR, MHTGR, and PBMR) and (2) state-of-the-art technologies anticipated for use for the VHTR and
process heat application design and identify the protection and control system designs likely to be used.
1

Specifically, this review will cover details of the potential control and protection system designs for
pebble bed and prismatic gas-cooled reactors, the critical parameters in the VHTR that need to be
controlled, the proposed protection and control systems to be used in these reactors, the methods and
procedures to be used in the design of these protection and control systems, and the conditions to enable
the protection systems.
Task 1 provides the background literature search for Tasks 2 through 5. One the most useful products of
this research is a collection of relevant documents and an annotated bibliography that will simplify
information for this project and for the NRC analysts in the future.
2.

DESCRIPTION OF THE BASIC SYSTEMS IN GAS-COOLED REACTORS

This chapter describes the basic systems in a gas-cooled reactor to provide a context for the control and
protection systems that are described in the following chapter. The focus is on the inherent safety
characteristics of the HTGR fuel and moderator design in the reactor that led to the important differences
in dynamics and safety strategies with respect to light-water reactors. The variations in plant
configuration for the various existing reactors and proposed NGNP designs as of this writing are
discussed in the summary.
The existing HGTR reactors and the proposed VHTR designs discussed in the report are helium-cooled,
graphite moderated design. The fissile material, typically uranium dioxide, is encapsulated in particles
which are coated with high temperature ceramic layers. The ceramic coated fuel for the MHTGR is a
foundational component upon which the safety and strengths of the reactor design are built. The fuel
particle serves as the primary fission product containment under normal and accident conditions. By
relying on the fuel itself as a proven fission product barrier and developing a design to ensure fuel
integrity under all credible conditions, numerous design benefits extend to almost every aspect of the
plant. The number and functions of safety systems and containment structure are reduced and simplified.
Critical operator actions are eliminated or reduced. The time frame for required actions is lengthened
from minutes to days. The beneficial characteristics of the fuel particles and graphite moderator are large
negative Doppler coefficient, high core thermal mass, and safe operation without fuel damage or radiation
release on exposure to worst case temperatures following reactor accidents such as a depressurized loss of
flow event (equivalent to a large break loss of coolant event in a light water reactor). These unique design
features result directly in a simpler plant to design, build, operate, and maintain than a conventional lightwater reactor. Potential benefits of greater inherent safety and reduced threat of radioactive release to the
public may extend to the regulatory environment as well. The inherent safety of the fuel leads to simpler
I&C for the active protection systems.
Two main variations in HTGR design are the configuration of the fuel and moderator as either prismatic
fuel or pebble fuel. The prismatic fuel consists of hexagonal blocks of graphite with fuel formed into rodshaped compacts with graphite binder and contained in holes in the graphite blocks. The prismatic fuel
was originally developed in the United States for the Peach Bottom and Fort St. Vrain reactors and has
been adopted in the General Atomic’s proposed concept for the NGNP. The pebble fuel design consists of
spherical compacts of fuel particles surrounded by a graphite layer. The pebbles are slightly smaller than
a billiard ball. The advantage of the pebble bed design is the ability to circulate the pebbles through the
core region while in operation for online refueling whereas the prismatic fuel requires the unit to
shutdown for refueling. The disadvantages of the pebble design are the variability of fuel packing and
imprecise arrangement of the enrichment of pebbles in the core during operation to flatten the neutron
flux distribution and reduce peak temperatures in the fuel. The pebble bed design was originally
developed in Germany for the AVR and THTR reactors. The pebble design is proposed for the
Westinghouse-PBMR concept for the NGNP. The following sections discuss the fuel and resulting core
designs separately.
2

2.1

Prismatic Reactor Core Subsystem

For the prismatic fuel-moderator design, the reactor core subsystem consists of hexagonal, block-type
graphite fuel and reflector elements, control rods and other reactivity control material, and startup sources
contained in a steel pressure vessel. Fuel compacts are placed in holes drilled in the graphite blocks.
Helium coolant passes downward through full-length flow channels. Control rods for operational power
control and for emergency shutdown are located in channels in the reflector region of the core rather than
the central fuel region to reduce operating temperatures of the metal cladding of the control rod.
Additional control rods are provided in the central fuel region for cold shutdown. Near-central channels in
the graphite are also provided for boron carbide neutron absorber pellets that are used by the reserve
shutdown system as a backup to the main control rods. The arrangement of the reactor core subsystem
components is shown in Fig. 1.
TRISO-coated fuel particles consist of a spherical refractory kernel of uranium dioxide or carbide (for
MGHTR, for example, the fissile particles are 19.8% enriched uranium oxycarbide, and the fertile
particles are natural or depleted uranium or thorium as shown in Fig. 2). The fuel coatings protect and
provide structural integrity to the fuel particle and contain fission products. The particle size is about 800
microns. About 12,000 particles are bonded into a rod-shaped fuel compact about 13 mm in diameter and
50-mm long, which is inserted into drilled holes in the graphite fuel element as shown in Fig. 3. Helium
coolant flows down through coolant holes in the fuel elements as shown in Fig. 4. For the MHTGR
design, the fuel cycle is about 3.3 years. After the initial loading, half of the fuel in the core will be
replaced every 1.65 years.
A design requirement for the fuel is to retain fission products within the fuel particles to limit their release
to the primary coolant during normal operation and abnormal conditions. The typical core design limits
for maximum fuel temperature are about 1600°C for off-normal conditions. Fuel tests1 in Germany for
similar fuel show no fuel failures for fuel particles at 1600°C for 500 hours. For severe accidents such as
the depressurized loss of flow event (DLOF), models of the HTGR cores show that the large negative
temperature coefficient and high thermal inertia of the moderator and fuel protect the fuel from exceeding
the design limit. The fuel model shows that heat up occurs relatively slowly, and temperatures of about
1600°C exist for only about 20–30 hours following the accident; therefore, the data indicate that
significant fission product release will not occur. The temperature coefficient of reactivity is very
negative for the HTGR fuel because of the Doppler broadening of the resonance cross-sections of 238U in
the fertile and fissile particles.
Peak fuel temperatures and fuel element stresses and coolant gas temperatures are controlled by a radial
and axial variation of the fuel enrichment. The varying fuel enrichments maintain the maximum timeaveraged fuel temperature at less than 1250°C. The MHTGR thermal parameters are typical design
numbers for operating HTGRs. MHTGR core inlet helium temperature is about 250°C; average exit
temperature is 687°C. The core inlet helium coolant pressure is about 925 psia. NGNP designs are
slightly higher in operating temperature than MHTGR (current proposals for NGNP are for average core
exit of 700 to 750°C). Safety conclusions regarding inherent safety are not expected to be affected by the
higher temperature.

1

MHTGR Fuel Performance and Supporting Data Base, GA-A-19877, October 1989.
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Fig. 1. Plan
n view MHTG
GR core.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

Fig. 2. TR
RISO fuel parrticle.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]
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Fig. 3. Fuel
F
componeents.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

Fig. 4.. Fuel elemen
nt.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]
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Compared to light-water reactor fuel, the HTGR ceramic fuel and graphite moderator block possess better
fission product retention, larger margin between the operating temperature and temperature for fuel
failure, high-temperature process heat, higher efficiency electricity generation, simplified safety systems
and operator requirements, and improved economics.
2.2

Pebble Bed Reactor Core

The pebble bed design uses the same TRISO fuel particles as prismatic fuel, but in the pebble design, the
particles are formed into spherical elements, approximately the size of a billiard ball. The pebbles consist
of a central fuel compact in which thousands of TRISO fuel particles are bonded into a carbon matrix.
The fuel region is surrounded by a hard, pyrolytic graphite layer that provides a durable support structure
for handling and circulating the fuel pebbles. The graphite also provides moderation of the neutrons.
Figure 5 illustrates the pebble design in a view that telescopes from right to left. The fuel kernel on the
right is contained within TRISO fuel particle which is contained with the graphite matrix of the fuel
sphere.

Fig. 5. Conceptual design of pebble fuel.
[Webpage, http://www.pbmr.com/index.asp?Content=224, How the PBMR fuel works, viewed 09/23/2010]

The pebble bed reactor vessel is a vertical steel pressure vessel which contains and supports a metallic
core barrel, which in turn supports the cylindrical pebble fuel core. This cylindrical fuel core is
surrounded on the sides by an outer graphite reflector and on top and bottom by graphite structures which
provide similar upper and lower neutron reflection functions. Vertical bores in the side reflector are
provided for inserting the reactivity control rods. Figure 6 shows the PBRM reactor vessel design. In this
version of the core, both central and perimeter reflector blocks are included. The central blocks are used
to reduce peak fuel temperatures because the pebble circulation does not allow a radial profile of

6

enrichmen
nt for shaping
g the neutron flux profile. Some
S
conceppts of the PBM
MR forgo the central reflecctor
and simplly reduce the average poweer density in the
t core.

Fig. 6. Pebble bed modular
m
reactoor–reactor vesssel.
[Johan
n Slabber, PBM
MR Reactor Un
nit and Main Su
upport System
ms, PBMR Safety and Design Familiarization
(slide preseentation), PBM
MR (Pty) Ltd., 2006]
2

bble bed desig
gn, the pebblees continuously circulate ddownward throough the coree. Each pebblee is
In the peb
re-circulatted six to ten times over th
he course of itts 3-year life cycle before bbeing permannently discharrged
from the reactor.
r
Pebblles are monito
ored upon eacch exit to meaasure compossition and irraadiation level and
to determiine if their liffe cycle is com
mplete. Fresh fuel pebbles are added to replace thosee discharged.
2.3

Re
eactor Intern
nals

The reacto
or internals co
onsist of the core
c
lateral reestraint, perm
manent side refflector, graphhite core support
structure, metallic coree support struccture, upper plenum
p
shrouud, and the hoot duct as show
wn in Fig. 7. (The
core lateraal restraint is shown in Fig
g. 1.) Most meetallic structuures will not bbe required to be hightemperatu
ure alloys. The core lateral restraint and the hot duct in the cross-dduct will be a high-temperaature
alloy.
7

Fig. 7. Vessel internaals.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

2.4

Ma
ain Heat Tra
ansport Sys
stems

The main heat transporrt system consists of a forcced convectioon helium cooolant loop thatt removes heaat
c
and conv
veys it to the heat
h load for the plant. Thee heat transpoort system connsists of ductts,
from the core
circulators, and heat ex
xchangers. Th
he walls of thee main heat trransport loop form the prim
mary helium
pressure boundary.
b
Ov
verpressure prrotection of th
he primary preessure boundary (reactor vvessel, steam
generator,, and cross-du
uct) is provideed by a system
m of pressuree relief valvess to meet ASM
ME code
requiremeents.
In all of th
he proposed reactor
r
design
ns, the helium
m flow is forceed circulationn provided by circulators. T
The
circulators are powered
d by electricaal motors (exccept for directt Brayton cycle plants desccribed later.) T
The
flow is forced by the ciirculator into a bottom plen
num region oof the reactor vvessel which distributes thhe
flow arou
und the outer annular
a
region
n of the reactor vessel. Thee flow goes uupward in the annulus betw
ween
8

the core barrel
b
and the vessel wall. The helium flow
f
is then ddirected downnward throughh the core by tthe
upper plen
num region. The
T helium ex
xits through lower plenum
m to the centerr pipe in the aannular cross--duct.
2.4.1

Secondary
S
steam
s
cycle
e power gen
neration

For plantss such as the MHTGR
M
and Fort St Vrain
n, the reactor heat is removved by a steam
m generator aand
converted
d to electrical energy in a conventional steam
s
turbine . The MHTG
GR schematic in Fig. 8 show
ws
the reacto
or vessel conn
nected to the steam
s
generattor by a conceentric annularr cross-duct. The annular ppipe
design meeans that the interior
i
hot piipe is within the
t pressure bboundary. Thee pressure diffferential acrooss
the hot pip
pe is just the pressure drop
p across the stteam generatoor, not the preessure differeence to ambiennt
pressure, which
w
substan
ntially reducees the strength
h and creep reesistance requuired of the hhot pipe. The iinner
pipe is compatible with
h the high-tem
mperature env
vironment andd is insulated from the coooler outer pipee
which retu
urns helium to the reactor.

Fig. 8. Reactor and steam
s
generattor for MHTG
GR.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]
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The steam
m from the steeam generatorr drives a steaam turbine in much the sam
me arrangemeent as a
conventio
onal nuclear power
p
plant. A simplified flow
f
diagram
m for normal pplant operation and power
generation
n is shown in Fig. 9. This figure
f
also illustrates the trransition from
m the reactor m
module/nucleear
island parrt of the plant to the energy
y conversion part.
p
The steam
m generator in
n these design
ns is a verticallly oriented, oonce-through shell and tubbe heat exchannger
using a multitube
m
heliccally wound tu
ube bundle. Feedwater
F
entters the tube sside from the bottom;
superheated steam exitts in the upperr side wall. The helium floows downwarrd on the shelll side nearly
perpendiccular to the tub
bes for very effective
e
enerrgy transfer. A typical steam
am generator ttube is show iin
Fig. 10.

Fig. 9. Simplified po
ower generatioon flow diagraam.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]
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Fig.
F 10. Typica
al steam generrator tube.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

The steam
m generator veessel containss the main coo
olant circulatoor mounted aat the top and a vertical hellical
coil heat exchanger
e
bellow. Figure 11 illustrates the
t configurattion of the eleectrically pow
wered circulattor in
the upper plenum of th
he steam generator.
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Fig. 11. Main circculator design for MHTGR
R.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

upport system
ms are part of the turbine geenerator systeem. These incclude the feeddwater and
Several su
condensatte system, maain steam and turbine bypaass system, staartup and shuutdown system
m, steam and w
water
dump systtem, turbine plant
p
cooling water system
m, heat rejectioon system, annd other turbinne plant systeems.
2.4.2

Direct
D
cycle,, gas turbine energy co
onversion

For some plant concepts such as thee Gas Turbinee-Modular Heelium Reactorr, a direct Braayton cycle
ne and comprressor with thhe primary hellium as the w
working fluid. The
generates electricity ussing gas turbin
gas turbin
ne designs hav
ve the potentiial for higher electrical connversion efficciency because of the
thermodynamic advanttage of higherr temperature of operation . Figure 12 illlustrates the m
main componnents
and flow of
o the gas turb
bine cycle.
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Fig. 12. Simplified
S
proccess flow diaggram for GT-M
MHR.
[C. Ro
odriguez, Jazglliczynski, and D.
D Pfremmer, GT-MHR
G
Operrations and Coontrol, GA-A21894, IAEA
Technical Committee Meeeting on “Dev
velopment Statu
us of Modular High Temperaature Reactors and Their Futuure
Role,” ECN
N, Petten, The Netherlands. November
N
28–
–30, 1994.]

GNP configuraations have prroposed a co--generation pllant with a Brrayton cycle oon top of a steeam
Some NG
cycle. In the
t co-generaation process diagram,
d
a steeam generatorr is used in pllace of the prrecooler in
Fig. 12. The
T steam then
n drives a steaam turbine sy
ystem that is ssimilar to Figg. 9.
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2.4.3

Process
P
hea
at systems

In generall, the process heat applicattions are conn
nected to the pprimary coolaant loop via aan intermediatte
heat exchaanger. The in
ntermediate lo
oop coolant may
m be helium
m or another innert gas, moltten salt, or steeam.
The desig
gn limitations of pumping losses
l
and neccessary distannces separatinng the processs heat plant frrom
the reacto
or favor molteen salt as the intermediate
i
coolant.
c
For ccombined elecctrical and prrocess heat
designs, th
he intermediaate heat exchaanger loop is in parallel wiith the electriccal generationn plant. Figurre 13
illustrates a concept wiith electrical power
p
producction in paralllel with hydroogen productiion by both hiightemperatu
ure electrolysiis and thermo
ochemical pro
oduction.
The NGN
NP designs env
vision the heaat transport lo
oop connectedd to a processs heat plant foor hydrogen
production or other hig
gh temperaturre industrial process.
p
The pprocess heat pplant may be tthe sole heat load
or may bee paired with an electrical generation
g
process, either tthrough a direct Brayton ccycle or indireectly
through a secondary steam cycle. A number of co
ombinations oof Brayton cyycle, steam cyycle, and proccess
heat systeems have been
n proposed to
o receive the heat
h producedd by the reactoor.

Fig. 13
3. Conceptuall process flow for combined
d gas turbine aand process heeat plants (Geeneral Atomics).
[D. S. Vandel and S.. Bader, NGNP
P Engineering White Paper: By Products T
Trade Study, IN
NL/EXT-07-12728,
April 2007
7.]

2.5

Re
eactor Service Systems
s

Several seervice system
ms are also neccessary to maintain plant ooperation. Theese include thhe helium
purificatio
on system, rad
dioactive wasste processing
g system, reacctor plant coooling water syystem, fuel
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handling, storage and shipping systems, and other miscellaneous service systems. The service systems are
reviewed for potential initiating events that affect the reactor safety.
The helium purification system consists of filters, absorbers, oxidizers, coolers, heaters, compressors, and
piping, valves, and I&C components that are used to purify the helium coolant. The system removes
fission products and chemical impurities.
The radioactive waste processing system has systems for gaseous, liquid, and solid waste management.
The gas waste management system filters, monitors, releases if appropriate, holds up, and compresses
gaseous wastes. The liquid waste system collects and treats liquid wastes for the plant. The solid waste
system dries, compacts, and solidifies waste.
A reactor plant cooling water subsystem provides cooling water for nonsafety-related heat loads in the
plant, such as the helium purification system, main circulator motor, neutron control assemblies, and other
equipment. This is a closed system to protect against release of radioactive materials to the environment.
The fuel handling, storage, and shipping system provides for core refueling, site fuel handling, and spent
fuel cooling.
Other miscellaneous systems include reactor service equipment and storage wells; helium storage and
transfer; liquid nitrogen; heating, ventilation, and cooling to reactor, auxiliary, service, and personnel
services buildings; decontamination, and equipment and floor drain systems.
2.6

Safety Systems

The safety system performs three functions; shutdown the reactor, remove decay heat and confine
radioactive releases.
Reactivity control
Control and safety rods are fabricated from natural boron in annular graphite compacts. Metal cladding is
provided for structural support. The outer control rods located in the reflector are used to power control
and to shut down from high power. The prismatic cores also have safety rods which are inserted in bores
in the fuel block for cold shutdown.
The reserve shutdown system provides a second independent shutdown mechanism if needed. The reserve
shutdown system operates by releasing boronated graphite pellets stored in hoppers above the core into
channels bored in the graphite moderator in the central fuel region of the core.
2.7

Engineered Safety Features

The engineered safety features provide cooling to the core when the normal heat removal systems are
unavailable.
2.7.1

Shutdown cooling system

The shutdown cooling system (SCS) normally provides temperature control and decay heat removal when
the reactor is shutdown. The system consists of a gas-to-water counter-flow heat exchanger located in the
lower plenum region of the reactor vessel to remove heat from the helium coolant and a water-to-air heat
exchanger to dump the heat to the atmosphere. The forced circulation of the shutdown loop is provided by
an electrically driven pump. The helium in the reactor vessel is circulated by the SCS circulator. The main
components of the shutdown cooling system are shown in Fig. 14.
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Fig. 14. Exa
ample shutdow
wn cooling system (SCS) in
n a prismatic ccore modular HTGR.

2.7.2

Vessel
V
cooling system

During no
ormal shutdow
wn, decay heaat is removed using the maain heat transpport system (m
main circulator
and steam
m generator) or
o the shutdow
wn cooling system. If thesee are not availlable, the RCCS functions
passively to remove deecay heat.
y-related reacctor cavity coo
oling system (RCCS) remooves heat conntinuously andd passively frrom
The safety
the reacto
or vessel wallss. The vessel wall is uninsu
ulated and traansfers heat too the reactor ccavity via nattural
convection and thermaal radiation. The
T reactor cav
vity transfers heat to cooliing panels andd then to the
environs through
t
naturral convection
n of air as illu
ustrated in Figg. 15. The coooling panels separate the ouutside
air from th
he air in the reactor
r
cavity to minimize release of airr activated in the reactor caavity. They allso
serve to protect
p
the cav
vity walls from
m overheating
g during norm
mal operationn.
The RCCS is a compleetely passive system
s
with th
he capacity too remove all ddecay heat froom the core,
whether th
he core remaiins pressurizeed or not. Red
dundant inlet//outlet flow paaths ensure addequate air flow to
the heat panels.
p
Heat reejection can also
a be accom
mplished to thee ground surrrounding the uunderground
concrete reactor
r
buildin
ng. The RCCS has no valv
ves or active ccomponents. IIn comparisoon to conventiional
light-wateer reactor emeergency cooliing system, th
he RCCS is a particularly nnoteworthy syystem becausee the
safety sysstem is alwayss “on.” It doees not have to detect a loss of cooling annd initiate thee emergency
cooling fu
unction. Theree is just one alignment
a
and
d one operatinng mode. Air flow throughh the system aand
heat rejection is simply
y a function of
o the reactor vessel
v
temperrature and thee outside air ttemperature. T
The
heat transport design of the cavity ensures that th
he system cann remove the m
maximum deccay heat from
m the
reactor veessel without the
t vessel, intternal structure or core excceeding therm
mal limits. Thhe RCCS is thhe
ultimate heat
h sink in th
he reactor desiigns credited in plant safetty analysis. A passive systeem is only
mage
possible because
b
of thee capability off the fuel partticles to withsstand very higgh temperaturre without dam
or radiatio
on release in excess
e
of allo
owable limits..
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Fig. 15. Passive deca
ay heat removval in the RCC
CS.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

N
use a natural
n
circulaation water looop rather thaan an air loop.. The
Some proposed RCCS designs for NGNP
or RCCS for the
t AREVA NGNP
N
is illusstrated in the Fig. 16. The cavity coolinng may occur by
concept fo
either boilling the waterr and release of steam thro
ough the steam
m relief valvee or by the heaat removal ussing
the separaate forced con
nvection loop as shown in the
t figure.
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Fig. 16
6. Representative water coo
oled RCCS floow diagram (A
AREVA NGNP
P).

[NGNP Pre-C
Conceptual Design
D
Reportt, INL/EXT-007-12967]

2.7.3

Containmen
C
t/confineme
ent structurre

Historicallly, most HTG
GRs have a co
ontainment veessel that is ddesigned to rettain helium reeleased from the
reactor in the event of a primary losss of pressure accident. Thee containmennt structure coonsists of a reaactor
containmeent vessel (CV
V), service arrea (SA), and an emergencyy air purificat
ation system, w
which reducee the
release off fission produ
ucts to the env
vironment du
uring postulateed accidents. The MHGTR
R and proposaals
for the NG
GNP have inccluded a confi
finement ratheer than containnment conceppt. The strateggy was originnally
presented by Dilling fo
or the MHTGR
R2 and also proposed
p
for th
the PBMR design.3 The coonfinement
i designed to
o retain releassed gas from the
t reactor brriefly to cool aand filter it. B
Because of thee
structure is
design and reliability of
o the fuel parrticles, the gass is not highlyy contaminateed and can then be releasedd to
atmospherre. The argum
ment for releaase is that the containment vessel pressuurized with thhe helium is m
more
hazardouss than the releease of the gaas to atmospheere.
3.

GENERAL DESCRIPTION OF INS
STRUMENTA
ATION AND
D
CONTROL
L SYSTEMS OF HTGRs
s

This chap
pter presents a general desccription of saffety and contrrol strategies and licensingg issues for
existing HTGR
H
and pro
oposed NGNP
P designs. Th
he goal is to pprovide a geneeral overview
w of issues thaat are
2

D. Diilling, T. D. Du
unn, and F. A. Silady, A Ventted Low Pressuure Containmeent Strategy forr the Modular H
High
Temperatu
ure Gas-Cooled
d Reactor (MH
HTGR), General Atomics Projject 7600, GA--A21622, April 1994.
3
A. Ko
oster and D. Leee, “The PBMR
R Containmentt System,” 2nd International T
Topical Meetinng on High
Temperatu
ure Reactor Tecchnology, Beijing, China, Sep
ptember 22–244, 2004.
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common to all the HTGRs. The purpose of this study is to provide information to the NRC on the likely
configurations of control and protection that may be applied and to work toward revised technical
guidance for the applicants of NGNP designs and revised acceptance criteria for the review of control and
protection systems such designs.
Task 1 is primarily a literature survey to gather information about the reactor designs and distill and
collect their I&C features in a single document for background for the subsequent tasks in the project. The
major components of the reactor, heat transport, and power conversion systems for HGTR reactors are
described in Chapter 2. The general description of control and safety systems is described in this chapter.
Chapters 4 and 5 discuss specific plant control system designs for existing HTGRs and proposed NGNP
designs respectively.
3.1

Description of Basic Safety and Control Strategies in Gas-Cooled Reactors

The instrumentation and controls of an NGNP plant will constitute a major departure from conventional
light water plants (LWRs) because of the inherent safety features of HTGRs. An NGNP plant will also
include evolutionary changes in I&C because of the continuous advancement of digital control systems.
The concept of passive safety relies to the inherent characteristics of the design and material. The impact
of passive safety on I&C systems is the main subject of this chapter. Issues associated with the general
advancement of control hardware and applications include increased automation of operations previously
performed manually, increased communications and sharing of information between control and safety
functions, and potential for software common mode errors in digital systems. The NGNP will have the
advanced digital control issues in common with other advanced reactor designs such the Westinghouse
AP1000, the Mitsubishi APWR, AREVA EPR, and the GE/Hitachi ESBWR. The issues of digital safety
are covered in other studies and reports and are only important to the HTGR and NGNP system insofar as
they present a different challenge for the NGNP than other advanced reactors.
3.2
3.2.1

Protection Systems
Regulatory basis for protection systems of HTGRs

The top level regulatory requirements for instrumentation and controls systems for a light-water reactor
are stated in the General Design Criteria (GDC) in Appendix A of 10 CFR 50. The GDC are applicable to
light-water reactors of the type previously licensed by the NRC but are considered generally applicable to
other types of reactors like HTGRs. The GDC governing instrumentation and controls are primarily 13
and 20 through 29. These GDC state the main underlying principles for instrumentation and control
systems for providing a high degree of assurance that the plant will operate as designed and public health
and safety will be protected. The GDC capture, at a high level, the design philosophy of safety and
protection. The requirements for protection against single failures inhibiting execution of the safety
function, diversity and defense in depth, high reliability and testability, and separation of control and
protection functions are specified in the GDC. This philosophy is considered the foundation of safety and
is not expected to change substantially with the inherent safety features of the NGNP designs. The
application of the GDC to HTGR safety structures and components (SSCs) must be adapted. The
following discussion reviews the main GDC that are applicable to HTGRs and differences that may need
to be addressed by the NGNP safety systems.
GDC 13 requires that instrumentation shall be provided to monitor variables and systems over their
anticipated ranges for normal operation, for anticipated operational occurrences, and for accident
conditions. Controls must be provided to maintain systems within their prescribed ranges. In satisfying
this requirement, NGNP protection systems must show that instrumentation systems are provided to
monitor the plant even when the safety of the plant is assured by inherent properties without active
controls. The instrumentation and its survivability may be an issue for high temperature, post-accident
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operation. The instrumentation topic is discussed in the companion research program N6668, Advanced
Reactor Instrumentation.
GDC 20 requires sense and command functions to protect the fuel under abnormal operational
occurrences. “The protection system shall be designed (1) to initiate automatically the operation of
appropriate systems including the reactivity control systems, to assure that specified acceptable fuel
design limits are not exceeded as a result of anticipated operational occurrences and (2) to sense accident
conditions and to initiate the operation of systems and components important to safety.”
HTGR safety system design is derived from this top level requirement. That is, the safety system design is
based on protecting the fuel from exceeding design limits for a variety of events. As a result, the
protection system monitors variables such as flux, flow, temperature, and initiates various trip functions
such as scramming the reactor, shutting down helium circulators, and isolating steam generators or heat
exchangers when abnormal conditions are detected. However, the reliance on active sense and command
functions is considerably lower for the HTGR design because of the inherent safety features of the reactor
design. The inherent safety in HTGRs means that the fuel design limits are not exceeded mainly as a
direct, physical consequence of the design and materials of the plant rather than the result of active
detection and response systems. The design and materials properties which contribute to the inherent
safety include a small operational excess reactivity, large thermal mass of moderator and fuel for slow
heatup rates, a large negative temperature coefficient, inert gas coolant, the ceramic fuel particle coatings
which can withstand high temperature without releasing fission products, and a passive heat removal
capability that is sufficient for decay heat cooling. As a result, some of the most severe accidents for
LWRs, such as a loss of coolant without scram, do not have adverse consequences for the HTGR even if
the automatic protection functions for reactor scram and any emergency cooling system fail to activate.
GDC 21 requires that protection systems shall be designed for “high functional reliability and inservice
testability commensurate with the safety functions to be performed.” GDC 21 also stipulates the single
failure criterion and a design that is capable for test for failures and losses of redundancy.
The application of GDC 21 on I&C systems of HTGRs is not expected to be any different than
conventional LWR protection systems.
GDC 22 stipulates the independence principle. Protection systems “shall be designed to assure that the
effects of natural phenomena, and of normal operating, maintenance, testing, and postulated accident
conditions on redundant channels do not result in loss of the protection function, or shall be demonstrated
to be acceptable on some other defined basis.” The application of GDC 22 results in design techniques
known commonly as diversity and defense in depth.
The application of GDC 22 on the I&C systems of HTGRs is not expected to be any different than for
conventional LWR protection systems.
GDC 23 requires that protection system failure modes terminate in a “into a safe state or into a state
demonstrated to be acceptable on some other defined basis if conditions such as disconnection of the
system, loss of energy (e.g., electric power, instrument air), or postulated adverse environments (e.g.,
extreme heat or cold, fire, pressure, steam, water, and radiation) are experienced.”
The HTGR design utilizes the inherent safety attributes of the core and fuel so that the core is protected
from radiation release against a range of events, even beyond design basis event such as loss of forced
circulation without scram, for both pressurized and nonpressurized primary systems. The range of events
that result in no adverse consequences to the public is considerably broader for HTGRs. The argument
may be made that HTGRs terminate into a safe state inherently.
The impact of inherent safety on NRC regulation and guidance for reliance on a termination in a known
safety state. One would have to expect that the confidence to rely on the inherent safety to satisfy GDC 23
will grow with testing and operating experience.
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GDC 24 requires separation of protection and control systems. “The protection system shall be separated
from control systems to the extent that failure of any single control system component or channel, or
failure or removal from service of any single protection system component or channel which is common
to the control and protection systems leaves intact a system satisfying all reliability, redundancy, and
independence requirements of the protection system.”
In advanced digital systems in nuclear power plants, the trend to interconnect the protection and control
systems is increasing with the increasing capabilities of the digital control and protection systems. The
bright line separating analog protection and controls in the past may fade over time. However, the issue of
separation of control and safety is the same for all advanced reactors and has no special concern from the
design of control and protection for HTGR. Neither NGNPs nor surveyed HGTRs have proposed any
unique interconnection of control and protection systems.
GDC 25 specifies requirements for reactivity control malfunctions. “The protection system shall be
designed to assure that specified acceptable fuel design limits are not exceeded for any single malfunction
of the reactivity control systems, such as accidental withdrawal (not ejection or dropout) of control rods.”
A large negative temperature coefficient of reactivity coupled with a large temperature margin between
the operating fuel temperature and limiting temperature for TRISO coating failure means that a significant
reactivity insertion from rod withdrawal or other mechanism is typically compensated by the inherent
properties of the design. In some instances (e.g., AVR), rod insertion limits are necessary to ensure that an
uncontrolled rod withdrawal can be handled inherently.
GDC 26 specifies a requirement for reactivity control system redundancy and capability. “Two
independent reactivity control systems of different design principles shall be provided. One of the systems
shall use control rods, preferably including a positive means for inserting the rods, and shall be capable of
reliably controlling reactivity changes to assure that under conditions of normal operation, including
anticipated operational occurrences, and with appropriate margin for malfunctions such as stuck rods,
specified acceptable fuel design limits are not exceeded. The second reactivity control system shall be
capable of reliably controlling the rate of reactivity changes resulting from planned, normal power
changes (including xenon burnout) to assure acceptable fuel design limits are not exceeded. One of the
systems shall be capable of holding the reactor core subcritical under cold conditions.”
The primary scram mechanism for HTGRs is a control rod system. The secondary mechanism is usually
a boron impregnated sphere system. One of the potential concerns for the combination of rods and
spheres for reactivity controls in HTGR is the experience at the Fort St. Vrain plant in which a common
failure mechanism, moisture in the coolant, caused failure of both reactivity control systems. Low levels
of moisture in the coolant over time resulted in corrosion of the drive mechanism for the rods. An
operational event occurred in which six rods failed to drop by gravity in a scram. (Operators were
ultimately able to insert the rods by using the control rod drive motors to overcome the friction from
corrosion.) Moisture in the coolant also caused leaching of boron from the spheres such that boric acid
crystals formed on the surface and the balls became stuck together. A test of the backup system (a
separate event from the rod drop failure) revealed that about half the balls in the hopper under test failed
to fall into the core upon demand.4
Review of such backup shutdown mechanisms in the NGNP should address the design features that
preclude similar common mode failures. Additional studies and requirements on moisture monitoring and
control in new HTGRs may be justified. The concern should be for all types of NGNP plants, not just
plants with steam generators in the primary loop. Studies (Copinger and Moses, NUREG/CR-6839) have
shown that the largest source of moisture in the coolant is moisture from the atmosphere that adsorbs into
the graphite moderator when the reactor vessel is open during shutdown.
4

D. A. Copinger and D. L. Moses, Fort Saint Vrain Gas Cooled Reactor Operational Experience, NUREG/CR6839 (ORNL TM-2003/223), September 2003.

21

GDC 27 specifies that the combined reactivity control systems may be used to address the ability to
maintain shutdown margin in the presence of a stuck rod and other postulated accident conditions. “The
reactivity control systems shall be designed to have a combined capability, in conjunction with poison
addition by the emergency core cooling system, of reliably controlling reactivity changes to assure that
under postulated accident conditions and with appropriate margin for stuck rods the capability to cool the
core is maintained.”
The combined rod and ball system addresses the combined reactivity concern. The poison addition by the
emergency core cooling systems refers to the liquid boric acid injection system in LWRs. This part of the
criterion does not apply to HGTRs.
GDC 28 specifies limits on reactivity and reactivity insertion rate. “The reactivity control systems shall be
designed with appropriate limits on the potential amount and rate of reactivity increase to assure that the
effects of postulated reactivity accidents can neither (1) result in damage to the reactor coolant pressure
boundary greater than limited local yielding nor (2) sufficiently disturb the core, its support structures or
other reactor pressure vessel internals to impair significantly the capability to cool the core. These
postulated reactivity accidents shall include consideration of rod ejection (unless prevented by positive
means), rod dropout, steam line rupture, changes in reactor coolant temperature and pressure, and cold
water addition.
In general, the reactivity and insertion rate limits on HTGR protection system are similar to LWRs. The
HTGRs have scrams on neutron power during power operation. In startup mode, a lower range neutron
detector is used, trip levels are reduced and rate trips are added. When neutron power increases to
detectable levels for power range detectors, the startup range instrumentation is put into bypass mode.
This approach is basically the same approach as LWRs. The application of GDC 28 to HTGRs is
expected to be similar to LWRs.
GDC 29 requires the protection and controls systems be protected against anticipated operational
occurrences. “The protection and reactivity control systems shall be designed to assure an extremely high
probability of accomplishing their safety functions in the event of anticipated operational occurrences.”
The application of GDC 29 to I&C systems of HTGRs is not expected to be any different than
conventional LWR protection systems.
3.2.2

Proposed applicability of NRC’s or advanced reactor characteristics to HTGRs

The following table (Table 1) from Exelon Generation Company’s, “Proposed Licensing Approach for
the Pebble Bed Modular Reactor in the United States,” provides an applicant’s interpretation of how the
PBMR design complies with the NRC definition of advanced reactor characteristics. The same report
evaluates the 10 CFR 50 section by section for applicability, rating each section and document as
“applies,” “partially applies,” or “does not apply.”5

5

Exelon Generation Company, “Proposed Licensing Approach for the Pebble Bed Modular Reactor in the
United States,” March 15, 2002.
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Table 1. PBM
MR’s analysis of advanced reactor characcteristics5

23

Tablee 1. PBMR’s analysis
a
of adv
vanced reactoor characteristtics (continued
d)

3.2.3

Protection
P
system func
ctions

The selecttion and analy
ysis of anticip
pated operatio
onal occurrennces and desiggn basis eventts forms a
significan
nt part of the safety
s
analysiis of any plantt. The applicaability of GDC
C 20 to activee protection aand
controls systems may be
b an area of change. A nu
umber of studiies have beenn developed too determine eevents
that are po
ossible and to
o categorize th
hem as abnorm
mal operatingg occurrencess, design basis events, or
beyond deesign basis ev
vents. In desig
gning a system
m that responnds to the top level requirem
ment of GDC
C 20,
a safety an
nalysis is con
nducted to dettermine that (1) events are adequately ddetected and (2) that protecction
functions adequately prevent radiolo
ogical conseq
quences in exccess of dose llimits from 100 CFR 20 andd
10 CFR 100.
For examp
ple, the analy
ysis of the HT
TR-10 protectiion system iddentifies the fo
following set oof protection
variables and associateed actions as shown
s
in Tab
ble 2.6

6

F. Lii, Z. Yang, Zheencai An, and L.
L Zhang, “Thee First Digital R
Reactor Protecction System inn China,” Nucleear
Engineerin
ng and Design,, 218, pp. 215–
–225 (2002).
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Table 2. Protection variables and setpoints for HTR-106
Protection
variables
Nuclear power (source range)

Warning
level
150% rated power

Trip
setpoint
1 MW

Applicable power
range
Power <1 MW

PA

Nuclear power ( power range)

110% rated power

120% rated power

Power >1 MW

PA

Rate of power increase

2.3%/s

3.5%/s

Power <500 W

PA

Core outlet temperature

720°C

740° C

PA

Core inlet temperature

270°C

290° C

PA

Increase rate of helium pressure

0.01 MPa/min

0.03 MPa/min

Power >3 MW

PA

Decrease rate of helium pressure

0.01 MPa/min

0.03 MPa/min

Power >1 MW

PA, PC, PD

Ratio of helium to water flow

1.2

1.3

Power >1 MW

PA

Ratio of water to helium flow

1.17

1.33

Power >1 MW

PA

Helium humidity

50 ppmv

800 ppmv

Power >1 MW

PA, PB

Decrease rate steam pressure

0.6 MPa/min

1.0 MPa/min

Power >1 MW

PA

Deviation of helium flow from rated

20% of rated flow

20% of rated flow

Power >1 MW

PA

Action

PA – Reactor trip, helium circulator shutdown, and the secondary loop isolation
PB – Isolate and drain steam generator
PC – Isolates refueling system and the helium purification system from the primary loop
PD – Isolate the thermal measurement system from the primary
The reactor trip system must protect the plant under all design basis accidents and the system architecture
must exhibit diversity and defense in depth. In the same article, Li shows the HTR-10 approach for
organizing and presenting compliance under Chinese guidance analogous to GDCs 21 and 22 for single
failure criterion and diversity and defense in depth. In Table 3, the columns are the design basis accidents;
the rows are trip functions. The trip functions are divided into A and B subgroups which are implemented
on independent processors. For diversity, each design basis accident must be protected by at least two trip
functions. Each subgroup must contain at least one of the two or more trips for each event. The subgroups
protect against a failure of a single processors software common mode failure. The multiple trip functions
for each event protect against a failure of any single detection method. The table is used to demonstrate
the acceptability of the HTR-10 design against the general design criteria.
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Table 3. Design basis accidents, protection variables, and their group definition

A
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B

Protection
variables

Nuclear Power
Increase rate of
nuclear power
Hot helium
temperature
Cold helium
temperature
Increase of
helium pressure
Decrease of
helium pressure
Decrease of
steam pressure
Nuclear Power
Increase rate of
nuclear power
Helium humidity
Cold helium
temperature
Ratio of helium
flow rate to water
flow rate
Ratio of water
flow rate to
helium flow rate
Deviation of
helium flow rate

False
removal of
control
rods in
power
operation
condition

X
X

X

Increase
packing
factor in
case of
earthquak
e

X
X

False
speed-up
of the
helium
blower

Increase of
feedwater
flow rate

X

X

Loss of
power
supply
from
outside of
the plant

Loss of
helium
flow rate
in primary
loop

Loss of
feedwater
flow rate

Loss of
pressure in
primary
loop

Steam
generator
tube
rupture

Break of
main
steam
pipeline

Break of
feedwater
pipeline

X

PA
PA

X
X

PA
X

X

X

X

X

X
X

X

X
X

X

X

X

X

X
X

X
X

Note: The protection actions PA, PB, PC, and PD are described in the previous table.

X

PA
PA

X
X

Protection
action

Subgroup

DBA
False
removal of
control
rods in
subcritical
or startup
condition

X

PA,
PC,
PD
PA

X

PA
PA

X
X

X

PA,
PB
PA

X

X

PA

X

X

X

X

X

PA
PA

3.3

Operational Controls

In safety analysis, the operational controls are the first echelon of defense in depth. Because the operating
point is within the envelope of safe conditions for the plant, the regulation of the plant to the operating
point maintains safe conditions and coordinates and controls the process to remain in the safe envelope
when disturbances occur.
Control schemes involve different modes and functions depending on the plant state. Most of the major
equipment systems have four distinct control modes: offline, startup, normal operation and shutdown. The
offline and normal operation modes are typically the continuous static states; startup/shutdown modes are
transitional between normal operation and offline. In normal operation, the control systems regulate the
process using feedback control. The normal operation mode encompasses both steady state and power
maneuvering at rated ramp rates for power change. Additional submodes in normal operation may exist
for low power, rapid runback, and special plant configurations (e.g., operation on turbine bypass versus
normal turbine).
Automatic feedback regulation control is used in practically all HTGR plants for normal power operation.
In early plants, the regulation was implemented using analog components. Modern plants use or will use
digital controls. The HTTR and HTR-10 use full digital control systems. The digital systems are typically
constructed as a distributed network of devices involving special devices for signal input and output;
processing, computations, and logic; communications; and operator interface.
In addition to the regulation of the plant, the same digital control systems perform additional tasks, such
as







providing the operator displays and the operator input interface through touchscreens or
trackball,
diagnostics of the control system and the plant equipment,
sensor and transmitter calibration,
historical plant data logging,
special data logging for accident review, and
maintenance bypass and logout/tagout functions.

Important functions such as maintaining the ability to control the plant when the control room becomes
uninhabitable are also addressed as part of the normal controls. These auxiliary functions, as a group, are
not necessarily unique to NGNP designs and may be similar to other reactor designs.
Limited information about the control system designs and algorithms is available in the literature for
existing or proposed HTGRs. Detailed control schematics of existing or previous plants have not been
found. Operational functions have been described and controls system features can be inferred from the
operational descriptions. NGNP control designs are not yet developed because plant configurations have
not yet been decided. Only preliminary control system studies have been reported for the NGNP designs.
Consequently, only general comments are made regarding the operational controls.
3.3.1

Startup and shutdown

Startup and shutdown of equipment involves a transition from an offline or standby condition to an
operational state, or the reverse transition. The transition usually involves discrete logic to monitor the
plant status to detect the point at which transition is required and then the performance of a series of steps
to convey the system from one state to the other. The transition functions may be manually performed by
an operator at the control panel, or in more modern plants, the transition may be controlled automatically
with the operator monitoring and acknowledging the automatic transitions as needed to maintain
27

operational awareness. The previous HTGR plants constructed in the 1960s, such as Fort St. Vrain and
AVR, were largely manually controlled in startup and shutdown. The more advanced plants including
MHTGR were designed with automated digital startup and shutdown controls. It is expected that NGNP
will be fully automated in startup and shutdown. The startup/shutdown controls modes include the
operational controls for starting auxiliary systems, such as cooling and lubrication systems; conditioning
the equipment for operation, such as, warming components to operating temperatures; and valve and
power alignments to bring the equipment online. The startup/shutdown may include a transitional control
mode in which one system is started and balanced with other systems already online.
The safety significance of the startup and shutdown control modes is that each control mode constitutes a
different set of conditions and responses for the system. Each mode has a different response whose safety
must be evaluated for normal conditions, external disturbances, and all types of failures in the plant or the
control system.
3.3.2

Normal operation

3.3.2.1 Heat transport system control
The HTGR plant control involves control of a series of heat transfer processes. The reactor produces heat.
The flow of helium coolant through the core removes the heat by convection and transports it to a heat
exchanger or turbine which removes the heat. Secondary or tertiary loops, if they are part of the design,
continue to convey the heat to heat loads, turbines, or other energy conversion processes. At steady state,
the operational control system regulates the processes to the design point. The automated controls adjust
for gradual changes in the plant, such as burnup or steam generator fouling, or changes in the temperature
of the absolute heat sink. Feedback control is used to regulate temperatures and pressures within the heat
transport system to their setpoints despite variations in the plant.
The control system is also responsible for normal maneuvering from one power level to another or for
restoring the plant to equilibrium following major disturbances such as turbine trip or feedwater pump
trip. Disturbances usually involve rapid changes in power level.
The control strategy for normal operation and regulation of the heat transport systems involves control
designs that are similar to conventional power plants. The algorithms typically use single loop controls
with proportional-integral or proportional-integral-differential action. In many instances, feedforward
inputs are added to the feedback action to improve coordination between the different parts of the heat
transport system and to improve the speed response. For feedforward action, the control system involves a
two-level cascade in which a top level controller computes a setpoint for the lower level controller. The
lower level controller in the cascade forms a second error using another measured variable in its feedback
loop. The output from the lower level controller is an actuation signal (increase/decrease) or a position
demand.
Figures 17 and 18 show typical two-level, cascade control loops with feedforward action for demand
output and increase/decrease output. The demand output is used by actuators such as valve positioners
which require a position demand. The increase/decrease output is used by systems such as rod controls.
For increase/decrease signals, the actuator itself acts as an integrator of the error signal. The feedback
devices are shown as proportional-integral action but could be any combination of proportional, integral,
or differential action.
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Fig. 17. Tw
wo-level cascad
de controller w
with demand output.

Fig. 18. Tw
wo level contrrol with increaase/decrease ooutput.
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In heat transport systems, the feedforward signal is either a load setpoint from a coordinated load
controller or a measured variable that is related to the load, such as feedwater flow. The load signal acts
as an exogenous input which causes the heat transport processes in the reactor, steam generator, and
turbine to act in unison. The HTGR’s dynamic response has a wide range of time constants. The
feedforward component of the control signal helps to keep the different parts of the heat transport system
responding together despite the differences in the time constants.
The first level feedback gives the corrective action for deviations due to variations in the process. If
integral action is included in the first controller, then the cascade setpoint integrates to a value that yields
zero offset in the first level error. Typically, this integral has a low gain for slow, stable approach to
steady state and is tuned on the basis of the time constant of the first level measured variable to the system
demand.
The second level feedback error takes advantage of a measured variable that is more directly affected by
the actuator to provide rapid positioning. The open loop response from the demand to the second level
measured variable is usually quite fast. The control gains can be much larger, which improves the
tracking of the final demand to the feedforward signal. For example, the first level measured variable for
the rod control is helium temperature, which has a very slow response. The low gain integral action
applied the temperature error gradually corrects for effects such as burnup, errors in feedforward signal,
and other disturbances so that the reactor stays at the operating point. The second level measured variable
is neutron flux which responds more rapidly. The rod control at the lower level causes the neutron flux to
track the load demand in unison with feedwater flow and turbine.
Although the cascade structure results in what is actually a multivariate control problem, modern control
methods have not typically been applied to the determine the gains analytically. Undoubtedly, this is
because conventional tuning strategies work very well. The main limitation in operating response is not
due to control algorithm issues; rather, it is the speed of actuators (rod drive, valve actuator, etc.) that
limit the responsiveness. The rate limits and saturation limits of the actuators would impose constraints on
a multivariate controller (or would be considered nonlinearities depending on the method of solution).
The complexity of the resulting control system design has simply not been justified. Based on the survey
of the literature, control schemes for HTGRs are developed with ad hoc structure and trial and error
tuning. The similarity of the control problem to conventional fossil power plants gives historical basis to
assume that this control design approach would prove to be satisfactory.
3.3.2.1.1

Steam generator-turbine heat transport controls

Four of the five existing HTGRs surveyed have a steam generator and steam turbine for power
conversion. (The fifth, HTTR, has a water cooled heat exchanger that dumps heat to an air cooler without
any power conversion.) The heat transport loop of steam generator plants consists of the reactor, helium
circulation system, the steam generator, and the turbine-generator. The heat transport system’s inputs and
outputs are all closely coupled together so that many different input-output pairs give feasible control
systems. This fact is borne out by the range of configurations that are found in the survey of existing
plants.
Three of steam generator-turbine plants in the survey of existing plants have sufficient detail to compare
the overall control scheme for the heat transport plant. The main heat transport loop at normal power
operation involves control variables for four main systems: reactor power, feedwater control, electrical
power, and circulator flow. The control schemes are compared in Table 4. What is interesting is that
substantially the same control problem can be solved in three very different ways for the three reactors
reviewed.
The table gives the specific input and output variables for each loop in terms of the general cascade
controllers in Figs. 17 and 18. For example, the MHTGR column indicates that the first level process
variables are assigned so that the allocated load (for each reactor module) is controlled by the module
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feedwater flow valve, steam pressure (for a power block) is controlled by the turbine throttle valve, and
steam temperature is controlled jointly by circulator speed and reactor neutron power. The MHTGR uses
the measured feedwater flow setpoint as a feedforward input to coordinate the reactor power and the
circulator speed. The input/output pairs and actions are based on the operational descriptions of the
control systems. Some uncertainty in the data exists because of vague descriptions in the source
documents. Questionable data are indicated with (?).
Table 4. Cascade control schemes for three HTGRs
Controlled
variable
Control rods

Helium circulator
motor frequency

Feedwater valves

Turbine admission
valve

Controller input
components
Feedforward input
First level
(action)

MHTGR

Fort St. Vrain

FW flow
Steam temperature
(PD or PID)

Second level
(action)
Output
Feedforward input
First level
(action)

Neutron flux
(P)
Increase/decrease
FW Flow
Steam temperature
(PD)

Second level
(action)
Output
Feedforward input

None

Steam flow
Reheat steam
temperature
(PI)
Neutron flux
(P)
Increase/decrease
FW flow
Main steam
temperature
(PI)
None

First level error
(action)
Second level error
(action)
Output
Feedforward input
First level error
(action)
Second level error
(action)
Output

Speed demand
Module load
FW flow

(PI)
None
Valve demand
Total load
Steam pressure

Speed demand
Turbine first stage
pressure
Steam Pressure
(PI?)
FW Flow
(PI?)
Valve demand
None
Electrical load

(P)

AVR
None
Reactor outlet
temperature

(Manual?)
None
Increase/decrease
None
Electrical load

(Manual?)
None
Speed demand
Steam temperature

(Manual?)
None
Valve demand
None
Steam pressure

(P)

None

None

None

Increase/decrease

Increase/decrease

Increase/decrease

3.3.2.2 Direct cycle gas turbine plants
The other type of power conversion proposed for HTGRs is the direct-cycle, gas turbine.7 The most
common configuration for the plants is a single shaft design in which the compressor, turbine, and
generator are all on the same shaft. The control inputs are considerably different than a steam turbine
plant. In normal operation, when the generator is synchronized to the grid, the helium circulator speed is
fixed by the grid frequency. Also, the gas turbine is not usually throttled like steam turbines. Lacking
circulator speed and turbine throttle valve takes away two degrees of freedom that the steam generator
plants utilize. The control inputs for the gas turbine system are the rod position, helium inventory (mass in
primary), turbine bypass valve, and the intercooler flow control valve. The turbine bypass valve routes the
7

C. Rodriguez, J. Zgliczynski, and D. Pfremmer, GT-MHR Operations and Controls, General Atomics Project
7600, GA-A21894, November 1994.
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helium flow around the turbine. It is a fast-acting, but thermodynamically inefficient, means for
controlling electrical load. Helium inventory is slow-acting means for controlling electrical load.
Changing density of the helium maintains the same gas velocities and blade versus gas velocity angles so
that efficiency is constant with load but involves slow response and pumping losses in removing and
restoring the helium to the primary. The flow to the inventory storage system is extracted from the high
pressure side of the compressor and return flow is to the low pressure side so that no separate helium
pump is needed (except for startup). The rods are used to control reactor outlet temperature, and the
intercooler secondary side flow (water cooled usually) is used to control reactor inlet temperature.
3.3.2.3 Helium purification systems
Helium purification systems contain a number of local controls for controlling the flow and temperature
of the helium stream. In addition, the normal operation of these systems typically has two submodes:
purification and regeneration. Helium purification systems have at least two trains so that one train can be
online and processing the helium coolant and the other in regeneration to remove impurities from
adsorption beds and ready them for re-use. Automatic controls for both normal purification and
regeneration would involve on/off controls to redirect flows and transfer systems from one mode to the
other and control algorithms to regulate temperatures, flows and chemical concentration in the
purification and regeneration modes. Control schemes for the purification plants have not been found in
the literature survey.
Moisture removal from the primary system is one of the safety functions required following a water
ingress event.
3.3.2.4 Cooling systems
Controls for support cooling systems such as vessel cooling system, shutdown cooling system, component
cooling system, and various balance of plant heater exchangers require normal controls similar to LWRs.
Descriptions of the controls and instrumentation for these systems is not available however in the
literature.
3.3.2.5 Potential NGNP heat transport systems controls
When this project was originally conceived, the concept for the NGNP was that the hydrogen production
plant would be the only heat load. A combined cycle plant involving, for example, both electrical
generation and hydrogen production was not planned. However, the plant design is still in a state of flux.
A number of key design issues for the control system, including the heat load configuration, are
undecided. The control issues depend significantly on the plant loop configuration.
As discussed in Chapter 5, proposed NGNP designs have shown considerable variety in the configuration
of the heat transport systems. Designs involving intermediate loops for driving steam cycle, combined
electrical load and chemical plant, and direct cycle gas turbines have been proposed. The range of
possibilities does not lend itself to a useful general discussion of controls and protection. Each type of
heat load (i.e., steam generator and turbine, gas turbine, or process heat plant) has a typical set of
measured variables and control requirements independent of the other heat loads in a combined cycle
plant. The combined cycle plant requires additional control logic to allocate the reactor heat source to the
individual heat loads. The transient analysis of combined cycle plants must include all the transients each
heat load can initiate and the impact on the heat load itself and on the rest of the plant. The complexity the
load results in complexity in the controls and protection.
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4.
4.1

PROTECTION AND CONTROL SYSTEMS OF OPERATIONAL HTGRS

HTGR Descriptions

This chapter discusses the design of the reactor systems and their control and protection systems for a
representative group of existing or proposed designs. The designs are selected to cover a range of design
variations and different countries. Those systems which have more complete documentation in the open
literature are also given preference.
4.2

Modular High Temperature Gas Reactor—MHTGR

4.2.1

Reactor system design

This section provides a summary of the instrumentation and control features of the modular high
temperature gas-cooled reactor (MHTGR). The section discusses the plant design and operation in
sufficient detail that the instrumentation and control features can be understood. Because the MHTGR
design is significantly different from the operating light-water reactors (LWRs) which have been
previously licensed in the United States, the NRC was involved early on in design reviews. As part of
their participation, the NRC prepared a preliminary safety evaluation review8 of MHTGR pre-application
design report. Issues from the NRC review are discussed at the end of the section.
The MHTGR is a modular high temperature gas-cooled reactor (HTGR) design whose development was
primarily supported by the U.S. Department of Energy (DOE) based on many years of domestic and
international gas-cooled reactor research and experience. Reference documents addressing design
benefits, fuel characteristics, high temperature materials development, regulatory documents, safety
assessments, etc., number in the thousands for this extensively studied reactor. The Conceptual Design
Summary Report—Modular HTGR Plant9 is a good basic reference for the plant design.
The objective of the development was a safe, economic electric power generation option. The design was
guided by specific user requirements that addressed safety, performance, availability, and economics.10
Safety and protection of the public were high-level requirements.
The MHTGR was originally conceived as four 350 MW(t) prismatic core reactor modules cooled by
helium. The reactor fuel design used TRISO fuel particles in hexagonal prismatic fuel form as shown in
Figs. 2 through 4 of Chapter 2. Both fissile and fertile tri-isotropic (TRISO) coated fuel particles are used.
The initial fuel design used thorium in the fertile particles. A later design variation used natural uranium.
Heat removal from the helium coolant in each reactor module was accomplished by a steam generator.
The steam lines for four reactors were coupled to a steam header. The two steam turbine-generators were
connected to the steam header to produce a net electrical output of 538 MW(e). Later design concepts
raised the power of each module to 450 MW(t) and variations incorporated Brayton cycle gas turbines for
higher thermal efficiency either via a direct cycle or through an intermediate helium loop. The Brayton
cycle design is called the gas turbine, modular helium reactor, GT-MHR. Potential benefits included plant
simplification and potentially better economics.
The characterization of the reactor systems that follow refer to the 350 MW(t) modules as initially
proposed. Major specifications are shown in Table 5. Each of the four reactor modules in a power block is
8

Pre-Application Safety Evaluation Report for the Modular High-Temperature Gas-Cooled Reactor, NUREG1338, December 1995.
9
Conceptual Design Summary Report Modular HTGR Plant (Reference Modular High-Temperature GasCooled Reactor Plant), DOE-HTGR-87-092, September 1987.
10
Utility/User Requirements for the Modular High Temperature Gas-Cooled Reactor Plant, Gas-Cooled
Reactor Associates (GCRA), GCRA-002, Rev. 3, June 1987.
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identical. A typical MHTGR single module is shown in Fig. 1 from the preceding chapter. Each steel
reactor pressure vessel contains subsystems for the reactor core, neutron control, and reactor internals.
The annular fuel region of the core is contained within inner and outer graphite reflector regions. Control
rods are contained in the reflector regions. A reserve shutdown system permits the addition of boron
neutron absorber pellets into 12 channels in the center region of the core.
Table 5. MHTGR design parameters
[DOE-HTGR-97-092, Conceptual Design Summary Report Modular HTGR Plant]
REACTOR MODULE DESIGN PARAMETERS
Item

Parameter

Configuration description

Side-by-side (SBS)

Heat transport system
Modules per station
Power per module
Coolant and pressure at rated power
Cold helium temperature
Hot helium temperature
Core helium flow rate
Core helium pressure drop
Feedwater temperature/pressure
Steam temperature/pressure
Vessel material
Reactor vessel overall height
Reactor vessel outside diameter
Plant design lifetime
Design basis operation

4
350 MW(t)
Helium at 6.39 MPa (925 psia) at circular discharge
259°C (498°F) at circulator discharge
687°C (1268°F) at core exit
157.1 kg/s (1,246,000 lb/h)
34.5 kPa (5.0 psi)
193°C/21.0 MPa (380°F/3,000 psia)
541°C/17.3 MPa (1005°/2,515 psia)
Low alloy steel, manganese–molybdenum SA533 Grade B, Class 1
22 m (72 ft)
6.8 m (22.4 ft)
40 year
80 percent capacity factor

Number of components per module
Steam generators
Main circulators
Shutdown cooling heat exchangers
Shutdown circulators
Control rods
Reserve shutdown channels

1
1, electric motor-driven
1
1, electric motor –driven
30 (6 inner, 24 outer reflector rods)
12 (inner row of core fuel elements)

Core and fuel cycle
Fuel element
Active core configuration
Fissile material
Power density
Coolant volume fraction
Average enrichment
Power peak/average axial ratio
Fertile material
Initial core loading, kg: U/Th
Equilibrium reload, kg: U/Th
Equilibrium burnup, MW-d/ton

Prismatic hex-block, 36.0 cm across flats × 79.3 cm height
66-column annulus, 10-blocks high
Uranium oxycarbide
5.9 W/cm3
0.19
19.9 percent U-235
1.4:1
ThO2
1,726/2,346
1,030/706
92,200
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The reactor pressure vessel is connected to a steam generator vessel by a concentric cross-duct. Each
reactor module is housed in a cylindrical concrete underground enclosure (silo). The plant itself
comprises the four silos plus adjacent structures for reactor services, fuel storage and handling systems,
and coolant purification and cleanup systems. A shutdown cooling system circulator and heat exchanger
as described in Sect. 2.7.1 are mounted at the bottom of the reactor vessel. The reactor vessel is
uninsulated with an air-cooled RCCS. A safety feature of the design is that core decay heat may be
removed by purely passive systems via radiation and natural convection from the reactor vessel to the
concrete enclosure and to the environs in the event that forced circulation and heat transport to the
balance of plant is lost.
The steam generator vessel contains the single stage axial flow main coolant circulator mounted at the top
and a vertical helical coil heat exchanger as described in Sect. 2.4.1 and shown in Figs. 9 through 11. A
conventional turbine generator receives the steam generated by the reactor module and converts it to
electrical energy. The power conversion from steam to electricity was to be carried out with two identical,
independent 300 MW(e) turbine generators. The systems were cross connected at a common feedwater
header and steam generators outlet steam header. A turbine cycle configuration and heat balance diagram
are shown in Fig. 19.
Several support systems are part of the turbine generator system. These include the feedwater and
condensate system, main steam and turbine bypass system, startup and shutdown system, steam and water
dump system, turbine plant cooling water system, heat rejection system, and other turbine plant systems.
4.2.2

Current status

The MHTGR is an advanced reactor concept that was developed under a cooperative arrangement with
the utilities, the nuclear industry, and government. A licensing plan11 was submitted to the U.S. Nuclear
Regulatory Commission (NRC) in 1986 that proposed a schedule of licensing activities prior to the
submittal of an application. This document recognized the value of early and frequent interaction between
the NRC staff and the reactor developers to develop regulatory criteria and the conceptual design
configuration. The standard process at the time was for the applicant to submit a complete preliminary
design to the NRC for review. The MHTGR design was in many ways fundamentally different from
operating LWRs (e.g., passive heat removal systems, reliance on fuel particle integrity as a primary
fission product barrier, high temperature metals, etc.). A close early involvement of the NRC might lead
to a more efficient review process. A Preliminary Safety Information Document (PSID)12 with numerous
revisions was submitted to help support the initial review of the concept to provide a basis for concluding
that the standard MHTGR was licensable; identify interfaces between the primary systems, secondary
systems, and the environment; and to show compliance with dose and risk criteria. The applicant
interacted extensively with NRC staff, Advisory Committee on Reactor Safeguards (ACRS), and Oak
Ridge National Laboratory and Brookhaven National Laboratory contractors.
The NRC issued the draft Pre-Application Safety Evaluation Report (PSER) on the MHTGR design in
1989.13 General conclusions of the draft SER14 were that the MHTGR had the potential to have a high
level of safety, exceed the safety level of current LWRs, and meet or exceed NRC safety goals. Important
aspects of the design found to be technically acceptable by the NRC at the time included the absence of a
traditional pressure-retaining containment structure, use of a mechanistic source term, and the absence of
a need for an emergency evacuation/shelter plan for the public.
11

Licensing Plan for the Standard HTGR, DOE-HTGR-85001, Rev. 3, February 1986.
Preliminary Safety Information Document for the Standard MHTGR, HTGR-86-024, 1986.
13
Draft Pre-Application Safety Evaluation Report for the Modular High-Temperature Gas-Cooled Reactor,
NUREG-1338, March 1989.
14
As noted in, The Licensing Experience of the Modular High-Temperature Gas-Cooled Reactor (MHTGR),
F. A. Siladay, J. C. Cunliffe, and L. P. Walker, General Atomics, GA-A19455, p. 11, September 1988.
12
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Subsequently, additional information relevant to the pre-application review, including applicant reports,
reports on evolutionary LWRs and other advanced reactors relevant to the MHTGR, and NRC guidance
led to revisions to the draft PSER. The draft of the final PSER was published in December 1995.15
The MHTGR design presented a number of interesting design, safety, and operational considerations to
the NRC, who, during this period of time, was also reviewing other evolutionary LWR designs and
advanced reactor concepts. Ten advanced reactor policy issues were presented to the Commission in
SECY-93-092, of which eight were pertinent to the MHTGR. These were:
1. accident evaluation,
2. source term,
3. containment,
4. emergency planning,
5. operating staffing and function,
6. residual heat removal,
7. control room and remote shutdown area design, and
8. safety classification of structures, systems, and components.
Discussions of these issues are summarized in Sect. 4.2.6 of this report.
4.2.3

Plant protection, instrumentation, and control systems

The design of the MHTGR provides for interconnected and integrated automatic control of the four
reactor modules and two turbogenerator systems that comprise the plant. Automatic control is used for
normal operations and for abnormal events; no operator actions are required to shut down the reactor for
event categories included in the safety analysis. The plant safety/protection function is provided by
separate, redundant safety-related instrumentation and control components. The plant is to be controlled
by an operator and an assistant from the main control room. Additional monitoring and control
capabilities are provided at a remote shutdown area room in the reactor service building and in plant
protection and instrumentation system rooms in each reactor building. A description of the protection and
I&C systems for the MHTGR is summarized in the NRC’s draft PSER16 as well as concerns resulting
from the staff review of the PSID. An overview of this NRC assessment is provided in this section.
MHTGR plant protection and automatic control are provided by the partly safety-related plant protection
and instrumentation system (PPIS); the plant control, data, and instrumentation system (PCDIS); and the
miscellaneous control and instrumentation group (MCIG).
The MHTGR instrumentation and control system has several novel features compared with the existing
reactor fleet.





All four reactor modules and the two turbine generators are monitored and controlled from a
single control room via a modular, distributed control system that allows load to be allocated
automatically among the reactor modules and the two turbine generators.
An independent, redundant, and fully automated protection system, including a remote
shutdown area is provided. The safety-related portions of the system (reactor trip and main
coolant loop shutdown) are fully automatic; no safety-related operation actions are necessary
or are even available in the control room.
Most of the PPIS circuitry is contained in reactor module equipment rooms. The control room
is not deemed as safety-related by the applicant.

15

Pre-Application Safety Evaluation Report for the Modular High-Temperature Gas-Cooled Reactor, NUREG1338, December 1995.
16
Draft Pre-Application Safety Evaluation Report for the Modular High-Temperature Gas-Cooled Reactor,
NUREG-1338, March 1989.
37





Control room operator actions are not viewed as safety related but as a monitoring function
and performance of plant mission management activities.
Manual initiations of protective functions may be carried out in the remote shutdown area
(RSA) or reactor module PPIS equipment rooms.
The control room, RSA room, and reactor module PPIS rooms are designed to limit operator
exposures during accident conditions.

4.2.3.1 Plant protection and instrumentation system
The PPIS indicates plant status and automatically actuates safety-related control systems and investment
protection control systems. It consists of the safety protection, special nuclear area instrumentation, and
investment protection subsystems.
Safety protection system
The safety protection subsystem initiates a reactor trip and shuts down the main cooling system.
Specifically, the subsystem initiates:




a reactor trip with the outer control rods,
a reactor trip utilizing the reserve shutdown control equipment—a diverse trip system, and
a main loop shutdown and isolation of main steam to protect against water ingress events and
to protect major secondary-side equipment.

This subsystem is safety related. The safety protection system has the capability to sense plant process
variables, detect abnormal plant conditions, and initiate protective actions. The scope of the system begins
with process protection sensors and extends to the inputs of actuated systems. The system mitigates the
consequences of design basis events to protect the public health and safety and to ensure that equipment
and structure damage limits are not exceeded. Redundancy is employed within the safety protection
system of each module. Each module has a separate and independent, remote multiplexed, centrally
controlled, microprocessor-based safety protection system. As originally planned, separate and
independent safety protection system operator interfaces for each reactor module were to be provided in
the plants remote shutdown building. Ultimately, this capability would likely have been extended to the
main control room at the request of the NRC. Its architecture consists of multiple separate and redundant
optical-digital-data pathways from the remote multiplex units that communicate with four separate,
redundant computers that make up the four-channel protection systems for each module, as shown in
Fig. 20. Two-out-of-four coincidence logic initiates a protective action.
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Fig.
F 20. Protecction system d
data buses.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

The first protective
p
acttion is the trip
p of a reactor module’s
m
outter control rodds, which cann occur for saffetyrelated or nonsafety-related plant co
onditions. Saffety-related coonditions are::




ux to helium mass
m flow rattio—high,
neutron flu
primary co
oolant pressurre—high, and
d
primary co
oolant pressurre—low (bypassed on low neutron flux)).

Nonsafety
y-related cond
ditions for wh
hich the safety
y protection ssystem actuatees are:





primary co
oolant moisturre concentratiion—high,
steam geneerator helium
m inlet temperaature—high,
main loop shutdown/maain steam isollation trip siggnal, and
manual acttuation.

A reactor trip signal alsso notifies thee plant data, control,
c
and innstrumentatioon system to iinitiate a feeddwater
flow redu
uction and ram
mp down of th
he steam supp
ply system.
The secon
nd protective action is actu
uate the reserv
ve shutdown ccontrol equipment, which occurs if the outer
control ro
od trip system
m fails when co
ommanded orr if there is a ppositive reacttivity conditioon due to watter
ingress in
nto the core th
hat exceeds the negative reaactivity of thee outer controol rods. Safetyy-related
conditionss are:




ux to main cirrculator speed
d—high (withh a time delayy to allow for outer rods to trip),
neutron flu
primary co
oolant pressurre—high, and
d
manual acttuation (a non
nsafety-related condition).
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The reserve shutdown control equipment initiates when the actuation signal causes fusible links to be
energized and open, which causes hoppers of borated pellets above the core to empty their contents into
empty channels in fuel columns adjacent to the inner reflector and adding negative reactivity to the core.
The negative reactivity of the reserve shutdown system is sufficient alone to maintain required level of
subcriticality at cold shutdown and maximum water ingress.
The third protective action is the main loop shutdown and main steam isolation. This main steam
isolation/steam generator isolation limits chemical attack on the fuel from water ingress to the core from a
steam generator leak and protects the turbine from low-temperature, low-quality steam. The main loop
shutdown protects steam generator components from high primary system temperature effects. The loop
shutdown occurs when the main circulator receives a trip signal and feedwater block valves are signaled
to close. Concurrently the main steam isolation valves shut off the secondary coolant system loop.
Conditions requiring main loop shutdown are:





primary coolant pressure—high (safety-related condition),
circulator speed high or low compared to a programmed setpoint (a nonsafety-related
condition),
steam generator isolation and dump signal (a nonsafety-related condition), and
manual actuation (a nonsafety-related condition).

Conditions requiring main steam isolation are:




main loop shutdown (safety-related condition),
main steam low temperature (a nonsafety-related condition), and
manual actuation (a nonsafety-related condition).

Special nuclear area instrumentation subsystem
The functions of the nonsafety-related (as proposed) special nuclear area instrumentation subsystem
include:




primary system pressure relief block valve closure interlock,
protection subsystem information displays, and
postaccident monitoring instrumentation.

Investment protection subsystem
The investment protection subsystem monitors plant conditions and initiates protective actions to limit
plant investment risk. It was proposed as a nonsafety system whose functions include:






reactor trip with inner control rods,
steam generator isolation and dump,
shutdown cooling system initiation,
primary coolant pumpdown, and
shutdown cooling heat exchanger isolation.

Operator interfaces for safety protection equipment for each reactor module in plant protection and
instrumentation system equipment rooms and remote shutdown areas/rooms. An operator may initiate
reactor trips and main cooling system shutdown from the remote shutdown areas, separate from the main
control room. In the proposed design, manual inputs (e.g., manual reactor trips) to the safety protection
system cannot be made from the main control room; however, a normal shutdown can be accomplished
from the main control room. The operator interfaces are separate and independent of all other plant
instrumentation and controls.
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The NRC staff voiced several concerns during their review of the preapplication safety information
document to be examined in more detail when the full application is submitted. These included the means
for an operator to manually trip the reactor, ensuring independence of the protection system from the
control system, nonsafety classification of certain equipment, such as investment protection trip functions
that are common to the safety-protection trip functions, the block valve closure interlock system, steam
generator dump and isolation valves, and system monitoring equipment.
4.2.3.2 Plant control, data, and instrumentation system
The nonsafety-related plant control, data, and instrumentation system is a network of integrated,
hierarchical digital computers and control and monitoring instrumentation that permits the modular
reactor units and two turbine generators to be operated and controlled from startup to power operation to
normal shutdown. It is comprised of four subsystems: (1) plant supervisory control subsystem (see
Figs. 21 and 22 for overview and configuration information), (2) nuclear steam supply system control
subsystem, (3) energy conversion area control subsystem, and (4) data management subsystem. The
descriptions provided below were extracted from the Preliminary Safety Information Document for the
Standard MHTGR17. Changes in various design changes may have superseded some of the information
presented here; however, the basic policies and philosophy should still illustrate principles of the systems.

17

Preliminary Safety Information Document for the Standard MHTGR, HTGR-86-024, Vol. 3, Section 7.3.
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Fig. 21. Plantt supervisory control subsyystem control ooverview.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]
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Fig. 22.. Plant contro
ol and interfacce configuration.
[DOE-H
HTGR-87-092,,Conceptual Design Summary
ry Report Moduular HTGR Plaant]

Plant su
upervisory control
c
subs
system
The plant supervisory control
c
subsy
ystem (PSCS) coordinates pplant control during operattion, shutdow
wn,
refueling, and startup/sshutdown. Th
he PSCS deterrmines how too divide overaall plant load demand to
individuall reactor mod
dules and turbine generatorrs. It determinnes main steam
m and feedwaater flow rates
necessary
y to meet load
d maneuvers th
hat may arisee from the plan
ant operator, ggrid operator, or reactor moodule
or plant co
onditions. Th
he PSCS comp
puters manage the plant thhrough selectioon of the necessary mode of
plant operration and con
ntrol strategy for best operration of the rreactor modulles and turbinne generators
independeently at variou
us power leveels and then validates
v
apprropriate plant response. Thhe PSCS has
startup/sh
hutdown, norm
mal operation, refueling, sh
hutdown, andd abnormal opperating modees. The controol
strategies associated with
w each operrating mode arre briefly desscribed.
PSCS sttartup/shutd
down
Table 6 su
ummarizes th
he PSCS contrrol strategy du
uring plant sttartup and shuutdown. Reactor module sttartup
from deprressurized shu
utdown consissts of bringing the modulees up to minim
mum stable opperating condditions
sequentiallly through seeries of operaator checkpoin
nts several tim
mes during the startup. Theese checkpoinnts
are underllined in the taable.
Load leveels for the modules are raissed in parallell to a commonn average levvel at ramp rattes of +0.5% per
minute. Modules
M
are co
onnected to th
he main steam
m header one at a time. The logic for shhutdowns is thhe
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t modules are
a shutdownn in a parallel manner at inccremental levvels.
reverse off startups. Forr shutdowns, the
Modules are
a disconneccted from the main steam header
h
one at a time.

Table
T
6. PCSC
C control stra
ategy for norm
mal startup or shutdown
[HTGR-8
86-024, Prelimiinary Safety Inf
nformation Doccument for the Standard MHT
HTGR]

PSCS no
ormal opera
ation
Table 7 su
ummarizes th
he PSCS contrrol strategy du
uring normal plant power ggeneration (225–100% loadd).
The primaary control fu
unction is to allocate
a
main steam flow (ssecondary sidde) demands aand feedwaterr flow
(primary side)
s
demand
ds to the energ
gy conversion
n area and nucclear steam suupply control subsystems,
respectiveely. The PSCS
S calculates th
he main steam
m demand equuivalent of thhe generator eelectrical dem
mand,
from whicch an algorith
hm calculates feedwater deemand. These are continuoously apportiooned equally
among thee available tu
urbine generattors and reactor modules thhrough anotheer algorithm.
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Table
T
7. PCSC
C control stra
ategy for norm
mal startup or shutdown
[HTGR-8
86-024, Prelimiinary Safety Inf
nformation Doccument for the Standard MHT
HTGR]

PSCS re
efueling
The PSCS
S does not perrform any reffueling contro
ol functions. C
Control room operator-initiated functionns
that could
d add positive reactivity to a shutdown module
m
are deeactivated.
PSCS sh
hutdown
The PSCS
S primarily peerforms monitoring functio
ons for portioons of the plannt that are shuutdown to enssure
that the reeactor is main
ntained in a sh
hutdown cond
dition, core geeometry is maaintained, neuutronic
measurem
ments are acceeptable, and decay
d
heat rem
moval functioons are providded.
PSCS ab
bnormal operating mod
des
Table 8 su
ummarizes th
he PSCS contrrol strategy du
uring abnorm
mal power genneration durinng which the P
PSCS
coordinatees continuouss plant operation during an
nd following ttransient condditions associated with
problems with major reeactor modulee or turbine generator
g
systeems or compoonents. The P
PSCS implem
ment
control strrategies for reeloading the plant
p
once pro
oblems have bbeen correcteed. The PSCS is capable off
recovering
g from generaator load rejeccts and turbin
ne trips (exceppt on low conndenser vacuuum) from anyy
power lev
vel without requiring a reacctor trip, even
n if reactor moodules or turbbine generatoors are constraained
for some reason.
r
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Table
T
8. PCSC
C control stra
ategy for norm
mal startup or shutdown
[HTGR-8
86-024, Prelimiinary Safety Inf
nformation Doccument for the Standard MHT
HTGR]

Nuclear steam supp
ply system control sub
bsystem
Each reacctor module has its own nu
uclear steam su
upply system
m (NSSS) conttrol subsystem
m that controlls
reactor co
onditions and supply of steam to the main steam headder. The NSSS control subbsystem respoonds
to demand
ds from the PSCS and then
n controls its feedwater
f
floow demand (pprimary system
m demand) too
meet its lo
oad demand. Figure
F
23 sho
ows the contro
ol functions aand interfacess of the NSSS
S control
subsystem
m. The NSSS control subsy
ystem perform
ms its functionn by:
1. following the mission set by the PSC
CS (with plantt operator conncurrence), inncluding starttups
and shutdo
owns;
2. monitoring
g conditions required
r
for th
he NSSS to b e operable;
3. determinin
ng the strategy
y to be used to
t produce thee module’s steam requirem
ments;
4. implementting the choseen control straategy; and
5. displaying
g information on the NSSS status and coonditions.
The majorr functions off the NSSS co
ontrol subsysttem are to maanage modulee feedwater floow control
demand, circulator
c
speed control, po
ower characteerization, maiin steam tempperature contrrol, and main
steam pressure during startup. The NSSS
N
controll subsystem reeactor modulee control loopps are configuured
to accomm
modate feedw
water, reactor module, and turbine trips. In addition, tthe control looops minimizee
transient extremes
e
to protect plant equipment
e
and
d optimize NS
SSS availabillity.
NSSS feedback control algorithms are
a proportion
nal plus integgral plus derivvative expresssions (PID) orr
proportion
nal plus deriv
vative (PD). The
T result of th
his feedback algorithm maay be summedd with a feed
forward siignal that is a function of the
t reactor mo
odule load settpoint. The suum of the com
mpensation ouutput
and the feeed forward siignal are passsed through liimiter logic too provide highh, low, and/orr rate limits. T
The
output fro
om the limiterr is sent to thee manipulated
d variable (deppendent variaable). If at a liimit, a signal is
sent to thee PID to forcee it to track su
uch that the su
um of the com
mpensation ouutput and the feed forwardd
satisfy thee limit conditiion. A numbeer of special control
c
schem
mes were devissed for speciffic situations. The
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ontrols schemes altered thee normal settin
ngs for ramp rates, feedbacck gains, etc.,, to improve
special co
system response in the special eventt. The compleexity of these system and ppotential for uunintended
functions were not anaalyzed.

Fig. 23. NS
SSS control su
ubsystem funcctions and inteerfaces.
[HTGR-8
86-024, Prelimiinary Safety Inf
nformation Doccument for the Standard MHT
HTGR]

S control subssystem provid
des startup/sh
hutdown, norm
mal operationn, refueling, shhutdown, andd
The NSSS
abnormal operation fun
nctions.
NSSS sttartup/shutd
down
Startup/sh
hutdown coveers operating conditions
c
in the 0–25% m
module load raange. The NS
SSS control syystem
has the caapability of allowing the ho
ot water and steam
s
from sttartup and shuutdown operaations to bypaass the
main turbines and passsed to a flash tank.
t
Each module
m
has its own bypass.
s
or shu
utdown, the module
m
main steam
s
isolatio n check valvee is closed so that other
While in startup
modules may
m continue to operate.
Hot waterr and steam teemperatures range from 27
7°C (liquid) too 541°C (supeerheated steam
m) by the NS
SSS
control su
ubsystem conttrol of reactorr power and circulator
c
speeed. Once at teemperature, thhe pressure iss
raised slig
ghtly above th
he main steam
m header presssure through a slow closurre of the bypaass valve and a
slow open
ning of the iso
olation check valve.
Special NSSS
N
control loop
l
gains aree used during startup and sshutdown to aallow automattic control wiith
outlet steaam conditionss below rated values and feeedwater flow
w less than 255%. Automatiic control is
maintaineed during finaal stages of steeam generatorr and turbine warmup duriing startup annd in the initiaal
stage of stteam generato
or cooldown during
d
shutdo
own. Except ffor certain saffety checks, ooperation is fuully
automated
d.
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NSSS no
ormal opera
ation
Main steaam header preessure responsse is fast relattive to reactorr module therrmal responsee during norm
mal
operation,, so that presssure changes are
a typically small. Becausse of the mainn steam headeer pressure
controllerr compensatio
on speed, presssure responsee is largely deecoupled from
m steam tempperature in
transient conditions.
c
Main
M steam tem
mperature is controlled
c
by manipulatingg reactor pow
wer and circulaator
speed. Ev
ven in large lo
oad changes, main
m steam teemperature deeviations are nnegligible an hour later.
Following
g a trip of a reeactor modulee, special steaam temperaturre controls lim
mit thermal trransients in thhe
steam gen
nerator by ram
mping down th
he main steam
m temperaturee setpoint at 00.2°C/s downn to the saturaation
temperatu
ure, then transsferring the ciirculator speed to normal ffeed forward ddemand throuugh a linear raamp
with 30-s time constan
nt. The time to
o transfer heatt from the priimary to secondary system
m is tightly
controlled
d by the NSSS
S control subssystem. The NSSS
N
controll subsystem hhas runback annd bypass
functions to allow operration of remaaining reactorr modules in ccase of trips iin others. If oone or more reeactor
trips occu
ur, the feedwaater flow to th
he tripped mod
dules is rampped back to 155% in less thaan a minute.
Simultaneeously, the PS
SCS reacts an
nd causes the turbine
t
load tto also ramp bback, makingg the turbine looad
compatiblle with the losss of flow fro
om the tripped
d modules.
Figures 24
4 and 25 show
w MHTGR module
m
respon
nse to a reactoor trip and turrbine trip, resppectively.

Fig. 24.. MHTRG mo
odule responsse to reactor trrip.
[HTGR-8
86-024, Prelimiinary Safety Inf
nformation Doccument for the Standard MHT
HTGR]
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Fig. 25.. MHTGR mo
odule respons e to turbine trrip.
[HTGR-8
86-024, Prelimiinary Safety Inf
nformation Doccument for the Standard MHT
HTGR]

Energy conversion
c
area contro
ol subsyste
em
The energ
gy conversion
n area control subsystem prrovides monittoring and coontrol for electrical power
generation
n. The data management
m
su
ubsystem pro
ovides the dataa communicaation betweenn the subsystems.
The plant control systeems are to pro
ovide complette, computerizzed, automatiic control of tthe plant usinng
hardware platforms chaaracterized ass redundant an
nd fault toleraant.
heir review off the preappliccation safety information
The NRC staff voiced several conceerns during th
documentt to be examin
ned in more detail
d
when th
he real applicaation is submiitted. These inncluded: (1) tthe
interconneected control of the four reeactor modulees and two turrbine generattors, since thiss is a configuuration
new to thee industry witth the goal off maintaining some power pproduction evven with the sshutdown of a
reactor mo
odule or a turrbine generato
or; (2) isolatio
on between thhe normal plaant control sysstem and the
safety-relaated plant pro
otection and in
nstrumentatio
on system; annd (3) failuress of the nonsaafety control
systems th
hat put the plaant outside off event catego
ory II sequencces. The NRC
C staff concluuded that the ddesign
could be implemented
i
in an acceptaable manner.
4.2.4

Miscellaneou
M
us control and
a instrum
mentation grroup

The misceellaneous con
ntrol and instrrumentation group
g
systemss provide addiitional data too the operatorr and
for retentiion. These sysstems are (1) the NSSS analytical instruumentation syystem, (2) raddiation monitooring
system, (3
3) seismic mo
onitoring systeem, (4) meteo
orological moonitoring systtem, and (5) thhe first detecttion
and alarm
m system. The NRC conclu
uded that furth
her review of these nonsafe
fety-related syystems was noot
needed fo
or the pre-application desig
gn review stag
ge.
4.2.5

Safety
S
evaluation

The MHT
TGR was designed to be a safe,
s
economical plant that
at follows prinnciples of defe
fense-in-depthh in
meeting reequirements from
f
its plantt owners and the
t regulator.. The discussiion that follow
ws is summarrized
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from the applicants’ assessments as described in the Conceptual Design Summary Report for the
MHTGR.18 The function of protection systems in the safety evaluation is discussed.
Four goals of the plant design were established:





Goal 1: maintain safe plant operations,
Goal 2: maintain plant protection,
Goal 3: maintain control of radionuclide release, and
Goal 4: maintain emergency preparedness.

In recent history, other gas-cooled reactors have been highly successful in complying with NRC
requirements for Goals 1 and 2. The applicant noted that the MHTGR was also designed to use similar
high-quality fuel so that radionuclide release probabilities and amounts are low during normal operation
or accident situations. To accomplish Goal 3, radionuclides are to be retained within the fuel pellets, with
high confidence and with minimal reliance on active safety systems or operator actions. This is to be
accomplished by the specification of the size of the reactor core, its shape, and power density. The vessel
type also plays a principal role in the elimination of active systems to remove decay heat under both
pressurized and depressurized conditions. The particle fuel coatings also effectively retain fission
products under a wide range of accident conditions, serving as the primary containment boundary for
fission products. Thus, assurance of safety is based on assurance of fuel particle integrity. If this is
proven, secondary mitigation measures or barriers are not necessary under normal or accident conditions.
That is, assuring the integrity of the fuel particles ensures that safety criteria are met and can reduce the
requirements associated with Goal 4.
The MHTGR includes analysis of structures and components for an operating basis earthquake of 0.15 g
and a safe shutdown earthquake of 0.3 g for a range of soil types varying from uniform rock with a high
shear wave velocity, soft soil with a low shear wave velocity, to a varying condition with softer soil at the
surface and harder soil below. Site specific analyses will be required but are expected to be bounded by
the conditions above. Effects on the reactor silo and vessel system, reactor core and core supports, and
reactor cavity cooling system structures and components were assessed, and the plant was concluded to
possess adequate seismic capability down to an event frequency of 5E-7 per year.
The MHTGR has been analyzed to assure the adequacy of the design to control accidental radionuclide
releases to within the limits of regulatory criteria, including EPA’s Protective Action Guide (PAG) limits.
Design basis events (DBEs) were specified and evaluated that considered the mechanistic response of the
plant. These serious, but rare, events might be expected over the lifetimes of several hundred like plants,
but would be highly unlikely at any one plant. Nonmechanistic responses known as safety-related design
conditions (SRDCs) are also considered in which DBEs are analyzed without taking mitigating effects of
nonsafety-related types into account.
The safety performance of the MHTGR is based on the ability of TRISO coated particle fuel to
effectively retain fission products. This is assured if functions to control heat generation, remove core
heat, and protect against chemical attack of the fuel are maintained during normal operation and under
transient conditions represented by DBEs and SRDCs.
4.2.5.1 Control heat generation events
The ability to control heat generation was evaluated through two events: (1) loss of normal cooling from
the heat transport system with a failure to scram and (2) unplanned control rod withdrawal of an outer
reflector control rod group of three rods.

18

Conceptual Design Summary Report Modular HTGR Plant (Reference Modular High-Temperature GasCooled Reactor Plant, DOE-HTGR-87-092, September 1987.
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For the loss of normal cooling event, the core temperature rises which causes the reactor to go subcritical
due to the negative fuel temperature coefficient. Core power drops to about 33% in less than 1 minute.
The reserve shutdown system actuates after about 56 seconds due to core power/circulator speed ratio
exceeding its trip point for 50 seconds. The reserve shutdown system quickly reduces core power to decay
heat levels. With no forced circulation, decay heat causes core temperatures to rise to a peak maximum
temperature of 1296°C after almost 4 days. System pressure peaks at about 1009 psia, which is below the
actuation pressure for the pressure relief system. In this example, the pressure boundary integrity is
retained, temperatures are below the onset of fuel particle failure, and no radionuclides are released.
For the unplanned control rod withdrawal, core power increases and core temperature rises. The negative
fuel temperature coefficient counteracts the reactivity increase from the rod withdrawal. A reactor trip
occurs after about 99 seconds on high core power/flow ratio and outer rods drop. Peak core power is
about 147% at about 100 seconds. During this excursion, fuel temperature peaks at about 1394°C, which
is below the threshold of fuel damage. There are no radionuclide releases.
4.2.5.2 Control core heat removal events
A depressurization accident is the limiting event for challenging the ability to remove core heat. A helium
leak of 12.7 square inches located at the top of the steam generator vessel corresponding to a pressure
relief train is assumed. The primary system depressurizes in minutes. After about 20 seconds, a reactor
trip signal is received on low pressure. The nonsafety related shutdown cooling system is assumed to fail.
Heat is removed from the core by radiation and conduction to the reactor vessel and from there by
radiation and convection to the reactor cavity cooling system panels and from there to the environs via
natural circulation. This is an entirely passive cooling process. No systems actively operate or change
state.
Because of the thermal inertia of the core, maximum core temperatures occur after about 80 hours.
Figure 26 shows the effect of this transient on core temperatures. The maximum fuel particle temperature
is just over 1600°C. After about 80 hours, the core heat removal exceeds the core heat generation and the
reactor core begins cooling. Fuel particle temperatures remain below the point at which gross failure of
the silicon carbine layer occurs; however some fuel particle failure is expected above 1600°C. For this
example, there is a loss of the primary system pressure boundary and leakage of fission products to the
reactor building and the environs. Approximately 160 curies of 131I, the limiting radionuclide, are
expected to be released from the core. Approximately 26 curies are expected to be released to the reactor
building. Approximately 1 curie is expected to be released to the environment. The cumulative offsite
dose to the thyroid of a person at the exclusion area boundary of the plant is estimated to be 0.36 rem at
30 days. (The 10 CFR 100 limit is 300 rem; the PAG limit is 5 rem.)
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Fig. 26. Core tem
mperatures durring depressurrized conduction cooldown..
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

4.2.5.3 Control che
emical attac
ck events
The limitiing event for controlling ch
hemical attack
k is a depresssurized conduuction cooldow
wn with moissture
ingress. This
T could occcur if a steam generator tub
be ruptures. A
After the tube rupture, a higgh-power/flow
w
ratio limitt is exceeded as a result off a power increase resultingg from the mooisture enterinng the core, w
which
causes a reactor
r
trip. The
T nonsafety--related moistture monitorinng system is assumed to fa
fail. Primary
system prressure increases, and a resserve shutdow
wn system actu
tuation occurss on high presssure. The
nonsafety
y-related shutd
down cooling
g system is asssumed to fail.. The main cooolant system
m and the steam
m
generator isolate autom
matically; how
wever, the steaam generatorr dump system
m is assumed to fail, whichh
provides a source of ab
bout 9000 lbm
m of steam to the primary ssystem. The hheatup of moiisture in the
primary sy
ystem in the core
c
causes primary system
m pressure to increase whiich activates tthe pressure relief
system ab
bout 6 minutes into the accident. The rellief valve is aassumed to cyycle once or tw
wice and thenn fail
open, resu
ulting in a dep
pressurized sy
ystem.
The graph
hite core comp
ponents, inclu
uding the fuell, are subject to chemical aattack from thhe moisture. T
This
occurs mo
ostly in the ho
otter lower sections of the core; howeveer, oxidation iis not expecteed to be enouggh to
create con
ncerns with sttructural integ
grity. Some fiission productts are expecteed to be releassed from fuell
particles that
t have defeective coating
gs and underg
go hydrolysis. Fission prodduct release is also expected due
to coating
g degradation from high tem
mperatures. The
T fission prroducts migrat
ate to the reacttor building aand
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environs. Iodine-131 is again the limiting radionuclide. In this accident, about 50 curies are estimated to
be released to the reactor building and about 5 curies are expected to be released to the environment. The
cumulative offsite dose to the thyroid of a person at the exclusion area boundary of the plant is estimated
to be 4.8 rem at 30 days. (The 10 CFR 100 limit is 300 rem; the PAG limit is 5 rem.)
Probabilistic risk assessment (PRA)
A PRA of the MHTGR was conducted. The applicant stated that the expected reactor behavior is
“extraordinarily benign,” with limited offsite releases predicted even for extremely unlikely accidents.
The design met risk limits of NRC safety goals with substantial margin. The design met user requirements
“of no need for public sheltering or evacuation based on the Protection Action Guideline (PAG) does for
emergency planning.”19 Accident frequencies of greater than one per 107 years were considered. External
events such as loss of offsite power and earthquakes that could affect multiple plant systems were
included in the PRA. The methodology included initiating event selection, event trees, fault trees,
common mode failures, transient radionuclide transport and dose, and uncertainty analysis.
The PRA indicated that the overall safety of the MHTGR, which relies on passive features and high
integrity fuel, is not dependent on active systems and operator responses. The applicant noted that “no
accident scenarios of meaningful probability were identified that could compromise the fuel and lead [to]
gross releases.”20 Radionuclide releases in all cases stemmed from manufacturing defects in the fuel made
apparent in stresses during accident conditions.
Figures 27 and 28 are dose curves for the whole body gamma dose and thyroid dose consequences,
respectively, at the exclusion area boundary showing the probability of exceeding specified doses
considering all release categories for four accident types:





19
20

DF: forced convection cooldowns under dry conditions.
WF: forced convection cooldowns under wet conditions,
DC: conduction cooldowns under dry conditions, and
WF: conduction cooldowns under wet conditions.

Ibid. p. 8–15.
Ibid. p. 8–16.
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Fig. 27. Cumulative frequency
f
for whole body d
dose.
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]

8. Cumulativee frequency foor thyroid dosse.
Fig. 28
[DOE-H
HTGR-87-092, Conceptual Design
D
Summary
ry Report Moduular HTGR Plaant]
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Figure 27 shows that an accidental release resulting in a whole body gamma dose at the exclusion area
boundary above the 1 rem PAG limit is a rare occurrence, with an expected frequency less than 5×10-7 per
year. For the thyroid, the dose is expected to be less than the 5 rem PAG limit, a rare occurrence with
about the same frequency.
4.2.6

Concerns from a regulatory perspective

A Pre-Application Safety Information Document (PSID) for the MHTGR21 was first submitted to the
NRC in 1986 to foster a concurrent sharing of design information and regulatory concerns early in the
design process, so that potential regulatory concerns that resulted in design modifications could be made
early on, and to inform NRC staff of areas in which regulatory infrastructure may need to be developed or
strengthened. This document was amended many times to address questions or comments from NRC staff
and to make improvements to the design.
The NRC staff performed a review of the PSID to identify potential licensability issues associated with
the preliminary design and documented their review in a draft pre-application safety evaluation report in
1989.22 Subsequently, the Commission made policy decisions on advanced reactors and additional
applicant reports to address technical issues about the MHTGR design. A revised draft of the PreApplication Safety Evaluation Report was published in December 1995 to reflect these additional
developments.23 A summary of the licensability and policy issues noted in this NUREG will be discussed
briefly. The NRC staff also commented on the applicant’s proposed technology development plan for
issues that were not resolved at the time of the pre-application submittal or during its review. These
conclusions will also be noted briefly.
Nine licensability issues for the MHTGR were noted in the 1995 PSER. They are:








Fuel performance—The MHTGR fuel is very similar to the fuel used for Fort St. Vrain;
however, the applicant specified a much higher level of fuel performance for the MHTGR.
Fuel performance is an integral element of the plant’s safety. Its quality and performance
must be demonstrated for NRC staff to make a determination on the fuel.
Fission products transport computer codes—The staff noted that additional work will be
needed to satisfy their concerns regarding modeling of fission product transport pathways.
Source term—The source term is interrelated with fuel performance, fission product
transport, and containment performance in accident dose estimates. The staff requested
additional work in this area.
Unconventional containment—The containment for the MHTGR will not be the
conventional, leak-tight, light-water reactor containment. High containment pressures will be
relieved by direct venting to the atmosphere, with the expectation that there will be few
fission products released due to the fuel particle fission product containment capability. The
staff requested additional information on the containment performance under certain accident
conditions.
Safety classification of systems—The NRC staff noted a number of systems it believed should
be classified as safety systems. This issue may be resolved during the design acceptance
review.

21

Preliminary Safety Information Document for the Standard MHTGR, HTGR-86-024, February 1989
(Amendment 10).
22
Draft Pre-Application Safety Evaluation Report for the Modular High-Temperature Gas-Cooled Reactor,
NUREG 1338, February 1989.
23
Pre-Application Safety Evaluation Report for the Modular High-Temperature Gas-Cooled Reactor (MHTGR),
NUREG-1338, December 1995.
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Completely passive system for ultimate heat sink—The RCCS is a completely passive system
and unique in the industry (at the time of the pre-application review). The staff noted their
concerns on the reliability and capability of this single system to ensure core cooling. There
may also be post-9/11 vulnerabilities; for example, the close proximity of all RCCS intakes
and exhausts may make them more vulnerable to attack.
Reactor vessel neutron flux embrittlement—Potential neutron flux embrittlement of reactor
vessel is a staff concern.
Reactor vessel elevated service temperature—The staff is concerned that certain loss of
forced coolant flow or conduction cooldown events could result in exceeding the reactor
vessel and appurtenances materials temperature limits. At the time, an ASME code case
inquiry was submitted to the ASME Code Committee, which would have to be reviewed and
approved by the NRC staff. The staff expressed concerns on the expected frequencies of
high-temperature events.
Applied technology designation—The staff noted that the applied technology designation of
much of the MHTGR technology raised legal and policy issues for the NRC. In the
intervening years, HTGR documents have had the applied technology classification
generically removed. This may be a minor issue now.

The staff noted that the fuel performance issue was of principal importance (as well as the applied
technology designation). Several of the other concerns follow from the concern with fuel performance;
therefore, if fuel performance is demonstrated, other performance issues would be expected to be
demonstrated as well.
Advanced reactor designs, including the MHTGR and evolutionary LWR designs, were noted by the
NRC staff to have potential policy issues to ensure that they meet the same level of safety or protection as
current LWRs. Advanced reactor design issues applicable to the MHTGR are:









accident selection and evaluation,
containment performance,
control room and remote shutdown area design,
emergency planning,
operator staffing and function,
residual heat removal,
safety classification, and
source term.

Several policy issues for evolutionary LWRs and passive advanced LWRs are also potentially applicable
to the MHTGR and require further consideration by the applicant. There are:














anticipated transient without scram,
control room alarm reliability,
control room habitability,
common mode failures in digital I&C systems,
definition of passive failures,
electric distribution,
equipment survivability,
fire protection,
industry codes and standards,
level of detail,
elimination of operating basis earthquake,
prototype,
radionuclide attenuation,
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regulatory treatment of nonsafety systems,
reliability assurance program,
role of the passive plant control room operator,
safe shutdown requirements,
severe accident design alternatives,
site specific PRAs and analysis of external events,
station blackout, and
tornado design basis.

The applicant noted that several technology development plans were needed to demonstrate the
performance and safety claims made in its PSID. Plans to study fuel and fission products, graphite
materials, metals, and verify and validate reactor physics issues were proposed.
NRC staff comments on the reactor technology development plan for the MHTGR were principally on the
fuel and the performance of the RCCS. The staff was concerned with fuel performance, its manufacture,
quality control, and statistics associated with the testing and noted the need for the technology
development plan to address these needs. Efforts to demonstrate fuel performance were felt to be too
narrowly focused. The staff also noted the need to demonstrate the reliability and performance of the
reactor cavity cooling system, possibly by testing a prototype.
4.3

High Temperature Engineering Test Reactor (HTTR)—Japan

4.3.1

Reactor system design

This section provides a summary of the instrumentation and control features of the modular high
temperature gas cooled reactor Japanese HTTR design. It discusses the features and operation of the full
plant in sufficient detail that the instrumentation and control features of the plant can be understood.
24,25

The HTTR
is the first HTGR in Japan. It is a helium gas-cooled and graphite-moderated test reactor
with 30 MW thermal power and outlet coolant temperature of 850°C at the rated operation and 950°C in
high temperature test operation. The HTTR uses pin-in-block type fuel assembly and is capable of
demonstrating nuclear process heat utilization. The purposes of the HTTR are establishment of the HTGR
and nuclear heat utilization technologies, development and analysis of innovative high temperature new
technologies, and demonstration of safe HTGR operations and safety characteristics. Major specifications
are shown in Table 9.

24

Design of High Temperature Engineering Test Reactor (HTTR), JAERI 1332, 1994,
http://httr.jaea.go.jp/research/jaeri_1332.html.
25
Present Status HTGR Research and Development, JAERI, 2004,
http://httr.jaea.go.jp/eng/index_top_eng.html.
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Table 9. HTT
TR design parrameters
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

Current status26
The HTTR
R achieved in
nitial criticalitty on Novemb
ber 10, 1998. Power ascennsion tests werre conducted over
the next few
fe years. In December
D
2001, the reacto
or reached opeeration at its nnormal full power (30 MW
W)
and coolaant outlet temp
perature (850°C). In Febru
uary 2002, thee HTTR receiived its preopperational test
certificatee (operating permit)
p
from the Japanese government
g
fo
for normal (8550°C) operatiion, after whicch
safety dem
monstration teests were conducted. The maximum
m
dessign operatingg temperaturee of 950°C waas
achieved in
i April 2004
4. Subsequenttly, the HTTR
R received its operating perrmit for the hhigh temperatuure
(950°C) teest operation mode.
Fuel
The HTTR
R uses prismaatic fuel elem
ments of hexag
gonal blocks. The active coore is 2.9 m inn height and 22.3 m
in diameteer. It consists of 30 fuel co
olumns and 7 control rod gguide columnss. The active core is surrouunded
by column
ns for replaceeable reflectorrs, 9 additionaal control guiide columns, and irradiatioon test columnns.
Permanen
nt reflectors su
urround the active
a
core and
d the replaceaable reflector columns. A vview of the
pressure vessel
v
and corre is shown in
n Fig. 29 belo
ow; major nucclear and therm
rmohydraulic specificationns are
also proviided in Fig. 29.

26

Seig
go Fujikawa et al., “Achievem
ment of Reacto
or-Outlet Coolaant Temperaturre of 950°C in HTTR,” Journnal of
Nuclear Sccience and Technology, 41(12
2), pp. 1245–12
254 (Decembeer 2004).
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Fig. 29. HTTR pressure vess el and core.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]
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Table 10. HT
TTR design paarameters
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

mblies consisst of fuel rods and hexagon
nal graphite bllocks 360 mm
m across flats and 580 mm
m in
Fuel assem
height as shown in the Fig. 30 below
w. TRISO-coaated fuel partticles with UO
O2 kernels witth about 6% bby
weight av
verage enrichm
ment and 600 µm in diameeter are disperrsed in the graaphite matrixx and sintered to
form a fueel compact. Fuel
F compactss are contained in a fuel rodd made of graaphite that is 34 mm in
diameter and
a 577 mm in
i length. Fueel rods are insserted into veertical holes inn the graphitee blocks. Heliuum
gas flows through gapss between thee holes and thee rods.
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Fig. 30.
3 HTTR fueel.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

i for the fuel to retain fission products within the fuel particles too limit their reelease
A design requirement is
to the prim
mary coolant during normaal operation and
a abnormal conditions. F
Fuel temperatuure is limitedd to
below 149
95°C during normal
n
condittions and 160
00°C under abbnormal transsient conditionns. Fuel burnuup is
limited to 33 GWd/t fo
or the first fueel loading. Ku
unitomi27 repoorted that fueel temperaturee limit in exceess of
1600°C fo
or anticipated
d operational occurrences
o
was
w originallyy sought but w
was not approoved by the
regulatory
y authority du
ue to lack of experience
e
wiith the fuel in Japan. Kunittomi also repoorted that reseearch
activities to test fuel at high burnup to confirm fission productt retention annd demonstratte fuel
performan
nce at temperatures higher than 1600°C
C would be neecessary, as w
well as a betterr fuel failure
model.
Reactor internals
The reacto
or internals co
onsist of grap
phite core-sup
pport structurees, metallic coore support sttructures, andd
other com
mponents as sh
hown in Fig. 31.
3 The graph
hite support s tructures connsist of hot pleenum blocks, core
bottom strructures, coree support postts, etc. The ho
ot plenum bloocks provide llateral and veertical positionning
and suppo
ort of the coree array. The blocks
b
contain
n flow paths w
which guide thhe primary cooolant from thhe
outlet of the
t fuel colum
mns and distribute it into th
he hot plenum
m beneath the not plenum bblocks. The coore
support po
osts are desig
gned so as to support
s
the co
ore and hot pllenum block aarrays which form the hot
plenum. The
T permanen
nt reflector is a graphite strructure surrouunding the repplaceable refllector and conntrol
rod guide column locatted in the circcumference off the core. Thhe metallic coore support strructures are
composed
d of core supp
port plates, a core
c
support grid,
g
and coree restraint meechanisms. Thhe core suppoort
plate and the core supp
port grid are placed
p
below the thermal innsulation layeers.

27

Kazu
uhiko Kunitom
mi and Shusaku
u Shiozawa, “Safety Design,”” Nuclear Enginneering and D
Design, 233, pp. 4558
(2004).
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Fig. 31. HTTR reactor in
nternals.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

Reactiviity control system
s
A control rod for the HTTR
H
is illusttrated in Fig. 32. The contrrol rods are inndividually suupported by
od drive mech
hanisms locateed in stand pipes connectedd to the hemiispherical top lid of the reaactor
control ro
pressure vessel.
v
The co
ontrol rods aree inserted into
o the channells in the activee core and repplaceable refllector
regions. Reactor
R
shutdo
own is made by first insertting nine pairrs of control rrods into the rreflector regioon
and then by
b inserting th
he other seven
n pairs of the control rods into the activve core regionn after the
temperatu
ure there is red
duced (typicaally, 40 minuttes later) so thhat the controol rods do not exceed their
design tem
mperature lim
mit. If needed, the control ro
ods in the acttive core regioon can be inseerted immediiately;
however, if they exceed 900°C they
y must be repllaced before tthe reactor is restarted. Resserve shutdow
wn
capability
y is provided by
b insertion of
o B4C pelletss into the holees in the contrrol rod guide blocks.
Reactiviity pressure
e vessel
The reacto
or pressure veessel (RPV) shown
s
in Fig. 33 is 13.2 m in inner heigght and 5.5 m in diameter. It is
fabricated
d from 2-1/4 Cr–1
C
Mo steel and consistss of a verticall cylinder, a hhemispherical top lid, and a
bottom do
ome. There arre 31 stand pip
pes for the co
ontrol rod andd irradiation ccolumns weldded to the top lid.
A stand pipe closure iss installed on the
t top of eacch stand pipe,, which is rem
moved during refueling.
Thermal shields
s
are insstalled on the inner surfacee of the top lidd to protect aagainst high teemperatures inn
accident conditions.
c
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Fig. 32. HTTR
H
controll rod.
[JAERI 1332, Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]
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Fig. 33. Rea
actor pressuree vessel.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 11994]

4.3.2

Reactor
R
cooling system
m

Main coo
oling system
m
The main cooling systeem (MCS) off the HTTR is composed off a primary coooling system
m (PCS), and
secondary
y helium cooling system (S
SHCS), and a pressurized w
water coolingg system (PW
WCS) as shownn in

64

T PCS remo
oves heat from
m the core viaa gas circulatoors and two hheat exchangers—a helium–
m–
Fig. 34. The
helium inttermediate heeat exchangerr (IHX) and a primary presssurized waterr cooler (PPW
WC). Primary
helium gaas is transferreed from the co
ore to the IHX
X and the PPW
WC through a primary conncentric hot ggas
duct. The SHCS, comp
posed of the secondary pressurized wateer cooler (SPW
WC) and a gaas circulator,
removes heat
h from the primary gas through
t
the IH
HX. The PWC
CS consists oof an air cooleer and water
pumps. Th
he air cooler cools the presssurized wateer for both thee PPWC and tthe SPWC annd transfers thhe
heat from
m the reactor core to the finaal heat sink, which
w
is the aatmosphere. T
The HTTR is operated in tw
wo
loading modes.
m
One is a parallel loaaded operation
n in which thee IHX and thee PPWC are ooperated
simultaneeously. Their heat
h removal rates are 10 MW
M and 20 M
MW, respectivvely. The othher is a single-loaded op
peration in wh
hich the reacto
or is cooled by the PPWC of 30 MW.

Fig. 34. Main
M
cooling syystem.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

A need fo
or the capabiliity to detect helium
h
coolan
nt leakage from
m the primaryy system prom
mptly was citted
(Kumitom
mi) to preventt small leakag
ge from develo
oping into larrge leakage. C
Counting “on--off” movemeents
of a supplly valve to determine excessive leakagee was the plannned approachh; the reactor would be
shutdown
n immediately
y if a high num
mber of valvee cycles was oobserved. Acooustic sensorss were attacheed on
primary sy
ystem compo
onents to see if
i the time diffferences of c orrelated sensor data couldd better locatee
leakage po
oints. A betteer system wass recommendeed for future JJapanese HTG
GRs.
Helium pu
urification systems are insttalled for prim
mary coolant system and thhe secondary coolant systeems.
These sysstems reduce impurities
i
in the coolant, such
s
as hydroogen, carbon m
monoxide, mooisture, etc., aand
fission pro
oducts (in thee primary systtem).
High tem
mperature components
c
s
The pressure boundariees of the main
n componentss, such as the IHX, PPWC, SPWC, an aauxiliary heat
exchangerr (AHX), and
d the primary concentric ho
ot gas duct, opperate at a tem
mperature of about 400°C.. The
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pressure boundary between the primary and secondary helium gas, such as the liner of the concentric hot
gas duct and the heat transfer tubes of the IHX, is in service at a temperature of up to about 900°C. To
ensure integrity at high temperatures, high temperature metallic materials are used. Countermeasures to
protect against the high-temperature effects and reliable high temperature structural design guidelines
were established. Austenitic stainless steels are used for heat transfer tubes of the PPWC, AHX, and
SPWC. A heat-resistance superalloy, Hastelloy XR, is used for the heat transfer tubes of the IHX and
other reactor coolant boundaries in service at the high temperature level of 950°C. Co-axial double wall
structures for high temperature piping and shells of the heat exchangers separate the heat resisting and
pressure retaining boundaries in order to reduce the temperatures of the pressure retaining boundary.
Also, a low pressure difference between the primary and secondary coolants is maintained to reduce
pressure loads acting on the heat transfer tubes of the IHX.
4.3.3

Engineered safety features

Auxiliary cooling system
The auxiliary cooling system (ACS) consists mainly of the auxiliary heat exchanger (AHX), auxiliary gas
circulators, and an air cooler. The system starts automatically when the reactor is scrammed and the MCS
is stopped in abnormal events. Core cooling by forced circulation is possible with the ACS. Redundant
active components (circulators, water pumps and valves, etc.) are provided.
Vessel, cooling system
The vessel cooling system (VCS) consists of upper, lower, and side cooling panels, heat removal
adjustment panels around the RPV, and cooling water circulation systems. The VCS is used as a residual
heat removal system when the forced circulation by the MCS cannot be maintained due to the rupture of
the inner pipe or both pipes in the concentric hot gas duct. Being an ESF system, there are two complete,
independent trains backed up with an emergency power supply.
Containment structure
The containment structure consists of a reactor containment vessel (CV), service area (SA), and an
emergency air purification system, which reduce the release of fission products to the environment during
postulated accidents. Specifications of the reactor containment vessel are shown in the Table 11. A
containment structure was not originally envisioned by the designer (ref: Kumitomi) but this idea was
dropped because of the extra time (~2 years) that it would take to support the elimination of the
containment vessel. A public acceptance problem with a “no-containment” concept was also foreseen.
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Table
T
11. Con
ntainment speccifications
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

4.3.4

In
nstrumentattion and co
ontrol system
m

Instrume
entation sys
stem
The instru
umentation sy
ystem consistss of a (1) nucllear instrumenntation, (2) control rod position
instrumen
ntation, (3) co
ore differentiaal pressure insstrumentationn, (4) in-core ttemperature m
monitoring, annd
(5) fuel faailure detectio
on system.
The nucleear instrumenttation system
m is composed
d of an in-coree wide range ppower monitooring system
(WRMS) and an ex-core power rang
ge monitoring
g system (PRM
MS) as show
wn in Fig. 35. T
The WRMS iis
used to measure
m
neutro
on flux from 10
1 -8 to 30% of rated powerr. The system
m is a postaccident monitor
under accident conditio
ons; thereforee, the neutron detector wass designed forr high radiatioon and
temperatu
ures of 600°C. Three fissio
on chambers are
a installed inn the permaneent reflector bblocks througgh
standpipes and are not exposed to th
he higher tem
mperatures of tthe mid-core.

67

Fig. 35. Nucclear instrumeentation.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

MS is used to measure
m
neutrron flux from 0.1 to 120% of rated pow
wer and is alsoo a sensor for the
The PRM
reactor po
ower control system.
s
Becau
use of the hig
gh temperaturre and high fluux level in thee core, the
detectors are located on
n the outside of the reactorr vessel. The detectors havve a high senssitivity to be aable
to detect neutron
n
flux at
a a very low level.
The contrrol rod positio
on instrumentaation system monitors the position of 16 pairs of conntrol rods. Thheir
position iss measured by
y encoder sysstems in the control rod driive mechanism
m. The instruumentation siggnals
are used for
f the reactorr control systeem and the saafety protectioon system.
The core differential
d
prressure instru
umentation deetects a decreaase in primaryy coolant flow
w in the reactoor
core based
d on differenttial pressures between the inlet and outllet of the coree. This signal is used for thhe
safety pro
otection system
m.
The in-core temperaturre monitoring
g system uses seven N-typee thermocoupples arranged in the hot pleenum
blocks bellow the reacto
or core as sho
own in Fig. 36
6. (Another arrticle28 states that “Four thhermocoupless are
arranged at
a each hot pllenum block…
….”) These seensors withstaand temperatuures above 10000°C; sheathh
coating materials
m
were developed in
n order to avo
oid carburizatiion by carbonn deposits. Loong-term
performan
nce of the thermocouples was
w not speciffied.

28

Saito
o et al., “Instru
umentation and Control System
m Design,” Nuuclear Engineeering and Desiggn, 233, pp.
125–133 (2
2004).
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Fig. 36. Nucclear instrumeentation.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

f
detectiion system is composed off precipitatorss, a pre-amp, ccontrol box, eetc. The systeem is
The fuel failure
used to deetect beta rayss radiated from
m short-lived
d fission produucts such as 888Kr, 89Kr, andd 138Xe from failed
fuel particcles. The desiign requiremeent for HTTR
R initial fuel faailure fractionn in the coatinng layers of thhe
particle fu
uel shall be leess than 0.2%; the fuel failu
ure detection system is ablle to detect 0.02% fuel faillure.
Reactor control sys
stem
The reacto
or control sysstem of the HT
TTR is design
ned to assure high stabilityy and reasonaably damped
characteriistics against the various diisturbances during operatioon. The systeem consists off the operationnal
mode seleector, reactor power contro
ol, and plant control
c
system
ms. The modee switch selects several
operationaal modes, succh as rated power operation
n, high tempeerature test opperation, safetty demonstrattion
test operaation, irradiation test operattion, etc. A pllant dynamic analysis of thhe operating cconditions off the
HTTR waas carried out in order to deesign plant’s control system
m29 as noted bby Saito30. Thhe simulationn
29

Y. Shimakawa et al.,
a “The Plant Dynamics
D
Anaalysis Code AS
SURA for the H
High Temperatture Engineerinng
Test Reacttor (HTTR),” presented
p
at thee Specialists Meeting
M
on Unceertainties in Phhysics Calculaations for Gas
Cooled Rea
actors, Villigen
n, Switzerland,, May 9–11, 19
990.
30
Kenjji Saito et al., “Instrumentatio
“
on and Controll System Desiggn,” Nuclear Enngineering andd Design, 233, pp.
125–133 (2
2004).
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URA, was useed to examinee reactor pow
wer transients,, thermal transients, coolannt flow transieents
code, ASU
and response of the reaactor control and
a protection
n system.
or power conttrol system co
onsists of the power controol and reactorr outlet coolannt temperaturre
The reacto
control deevices. Per Saaito, the signaals from each channel of thhe power rangge monitoringg instrumentattion
are fed to three microp
processor-baseed controllerss. If there is a deviation, beetween the proocess and
ntrol rods is signaled to inseert or withdraaw at variablee speed, depennding on the
setpoints, a pair of con
deviation.. A control ro
od pattern inteerlock is used to prevent abbnormal poweer distributionn.
The reacto
or outlet coollant temperatu
ure control instrumentationn illustrated inn Fig. 37 is used at full pow
wer.
In case off a deviation, the control sy
ystem gives a demand to thhe power conttrol system annd changes thhe
coolant ou
utlet temperatture by movin
ng the controll rods.
The plant control systeem controls th
he plant param
meters such ass the reactor iinlet coolant ttemperature, tthe
primary coolant flow rate and pressu
ure, and diffeerential pressuure between thhe PCS and thhe PWCS or
SHCS as shown in the Fig. 38 (from
m Saito).

Fig
g. 37. Reactorr coolant outleet temperaturee control instrrumentation.
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]
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Fig
g. 38. Reactorr coolant outleet temperaturee control instrrumentation.

or inlet coolan
nt temperaturre control systtem is used inn the power raange from 300–100%. It is
The reacto
cascade co
onnected with
h the pressuriized water tem
mperature conntrol system. In case of a ddeviation, the
reactor co
oolant inlet tem
mperature is controlled
c
by
y adjusting thee pressurized water cooler inlet temperaature
of the pressurized wateer. (Saito)
mediate heat exchanger
e
priimary coolantt flow rate coontrol system works by maaintaining a
The interm
constant coolant
c
flow rate
r in the inteermediate heaat exchanger bby adjusting tthe helium gaas circulator.
(Saito)
oolant flow raate control sysstem maintainns a constant value
The primaary pressurizeed water cooleer primary co
of the prim
mary coolant flow rate in the
t primary prressurized waater cooler byy adjusting thee three helium
m gas
circulators. (Saito)
ol system conttrols the prim
mary helium prressure by cyycling the valvves of
The primaary helium prressure contro
the helium
m storage and
d supply system
m for the prim
mary system. (Saito)
The primaary-secondary
y helium diffeerential pressu
ure control syystem controlls the differenntial pressure
between the
t primary an
nd secondary helium by cy
ycling the valvves of the seccondary heliuum storage and
supply system. The seccondary systeem is maintain
ned at a higheer pressure thaan the primarry system to
prevent reelease of fission products in
nto the secon
ndary system. (Saito)
The primaary pressurizeed water diffeerential pressu
ure control syystem controlss the differenttial pressure
between the
t primary heelium and preessurized water by cyclingg valves in thee pressurized water system
m
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urized water pressure
p
is maaintained low
wer than the prrimary helium
m to prevent w
water
pressurizeer. The pressu
ingress to the primary helium.
h
(Saito
o)
c
system
m controls thee inlet pressurrized water teemperature off
The pressurized water temperature control
ng the flow raate of water inn the air cooleer by means oof a bypass floow
pressurizeed water cooleer by adjustin
control vaalve and cooleer outlet flow
w control valvee. The demannd signal is giiven by the reeactor inlet cooolant
temperatu
ure control system. (Saito)
Safety protection
p
sy
ystem
The safety
y protection system
s
consists of the reacttor protectionn and engineeered safety feaatures actuatinng
systems. It
I is designed with 2 out off 3 circuit logic and 2 trainns. The multipple channels aare separated
physically
y as reasonablle achievable. Safety proteection functioon is maintainned if the signnal also providdes a
reactor co
ontrol function
n and the reacctor control sy
ystem malfunnctions. The ssignals in the safety protecttion
system aree listed in Tab
ble 12 below.. The reactor protection syystem automattically initiatees a reactor sccram
by insertin
ng the control rods. The en
ngineered safe
fety features aactuating systeem is designeed to ensure thhe
integrity of
o the core, th
he reactor coo
olant pressure boundary, annd the containnment vessel pressure bounndary
against un
nexpected con
nditions durin
ng abnormal operational
o
traansients and aaccidents.
Tablee 12. Reactor scram and en
ngineered safeety features acctuation signalls
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]
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4.3.5

Safety
S
and demonstrati
d
on tests pla
anned in HT
TTR26

The test schedule for saafety demonsstration tests for
f the HTTR
R documentedd in JAERI-Teech 2005-0155
began in 2002
2
and continued throug
gh 2006 as sho
own in Table 13. The testss included reaactivity insertion
tests throu
ugh control ro
od withdrawaal, coolant flow
w reduction ttests by trippinng one or moore gas circulaators,
and partiaal flow loss off coolant testss. Additional tests plannedd at the time oof the JAERI-Tech 2005-00015
report included loss off all forced coo
oling and losss of vessel coooling.
Tablle 13. Safety demonstration
d
n test schedulee
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

4.3.6

Safety
S
evaluation

A negativ
ve temperaturee coefficient of
o reactivity, large core heeat capacity, aand inert heliuum coolant arre
safety chaaracteristics of
o the HTTR. Events to be evaluated, deesign basis evvents (DBEs), are selected for
anticipateed operationall occurrences (AOOs), accidents, majorr accidents, annd hypotheticcal accidents.
These eveents include conditions bey
yond normal operation
o
resuulting from a single failuree or malfunctiion,
or a singlee operator errror anticipated
d to occur durring the lifetim
me of the reacctor facility, aas well as onee that
may occu
ur with a simillar frequency as the above,, which may rresult in unpllanned operatiing conditionns.
Accidentss in this category are beyon
nd AOOs but are considereed due to the large release potential of vvery
low frequ
uency events.
Criteria fo
or AOOs are as
a follows:



maximum fuel temperatture shall not exceed 16000°C;
maximum reactor pressure boundary
y pressure shaall not exceedd 110% of norrmal maximum
m
pressure in
n service; and
d
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maximum temperatures of the reactor pressure boundary shall not exceed 500°C for RPV and
primary piping, etc., made of 2-1/4 Cr–1 Mo steel; 600°C for PPWC heat transfer tubes, etc.,
made of austenitic stainless steel; and 980°C for IHX heat transfer tubes, etc., made of
Hastelloy XR alloy.

Some reactor facilities could be damaged by postulated accidents; however, it shall be confirmed that the
core has no chance of damage and the barrier against fission product release is designed properly to
prevent a spread of the influence of radiation around the site. Criteria for these accidents are:








The reactor shall not be seriously damaged and sufficient cooling capacity for residual heat
removal shall be maintained. Fuel compacts are held in the graphite blocks, and the support
post has the strength required to support the core.
The pressure of the reactor pressure boundary (except for the boundary between the primary
and the secondary helium gas) shall be under 1.2 times as high as the maximum pressure in
normal service, and the primary/secondary helium gas boundary shall not fail. The IHX
transfer tube shall not be in creep buckling.
Maximum temperatures of the reactor pressure boundary shall not exceed 550°C for RPV and
primary piping, etc., made of 2-1/4 Cr–1 Mo steel; 650°C for PPWC heat transfer tubes, etc.,
made of austenitic stainless steel; and 1000°C for IHX heat transfer tubes, etc., made of
Hastelloy XR alloy, per code.
The pressure on the containment vessel boundary shall not exceed the maximum pressure
during normal operation, by MITI (Japan Ministry of International Trade and Industry)
standard.
There shall be no risk of a significant radiation exposure to the public per the guidelines for
the reactor siting evaluation.

Abnormal events, which are classified into AOOs and accidents, are summarized in the Figs. 39 and 40.
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Fig. 39. Sequeence of abnorm
mal events.
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Fig.
F 40. Sequeence of abnorm
mal events.

From the results of the safety analysses of the abn
normal eventss, the more sevvere with resppect to the saafety
evaluation
n criteria weree selected as postulated
p
ev
vents for HTT
TR licensing ppurposes. Thee postulated events
classified into AOOs and
a accidents are listed in Tables
T
14 andd 15.
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Table 14. Postulated events classiified into AOO
Os
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

Table 15
5. Postulated events classifi
fied into accideents
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

d accidents weere evaluated
d at worst-casee operating coonditions for these events.
The various AOOs and
Single failures of activ
ve systems weere also incorp
porated into th
the safety anaalyses. Tables 16 and 17 shhow
the consid
deration of sin
ngle failures in
i the analysees of AOOs annd accidents, respectively..
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Table 16.
1 Single faillures considerration for AOO
Os
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]
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Table 17
7. Single failu
ures consideraation for accid
dents
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

nditions for no
ormal reactorr operation aree shown in Taable 18.
Initial con
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Table 18. Initial conditiions for normaal reactor opeeration
[JAERI 1332,
1
Design of High Temperrature Engineeering Test Reacctor (HTTR), 1994]

4.4
4.4.1

Arb
beitsgemein
nschaft Verrsuchsreakttor–AVR
2
Reactor
R
systtem design27

The AVR
R was an experimental reacctor which opeerated from 1 967 until 19888 at the Jülicch Research C
Center
in the Fed
deral Republicc of Germany
y. The AVR’ss mission wass to demonstraate the conceppts and safetyy
features of
o the pebble bed
b high temp
perature reacttor design. Thhe AVR was a complete poower plant
equipped with a turbine generator an
nd was conneected to the ellectrical grid in normal opeeration. Durinng its
operation,, a number off key reactor safety
s
experim
ments were caarried out to vverify the pebbble bed
configuration and the inherent
i
safety
y of the reactor concept, inncluding a deppressurized looss-of-forcedd
circulation
n. The plant was
w the first demonstration
d
n of operationn with continuuous circulation of the fuell
pebbles an
nd online refu
ueling. New fuel
f designs and
a fuel manuufacturing techhniques weree tested in lonngterm serviice under prottotypical pow
wer plant operrating conditioons. A numbeer of advancees in TRISO ffuel
reliability
y and fission product
p
contaiinment were first demonsttrated by operration in the A
AVR.
The main features of th
he AVR reacttor are shown
n in Fig. 41 annd described iin the following paragraphhs.
The main design param
meters are sum
mmarized in Table
T
19.
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Fig. 41.
4 Vertical crross section off AVR reactorr.
[H. Knüfer,
K
“Prelim
minary Operatin
ng Experiencess with the AVR
R at an Averagge Hot-Gas Tem
mperature of
950°C,” Nuclear
Nu
Engineeering and Desiign, 34 pp. 73–
–83 (1975)].
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Table 19. Main design characteristics and safety concept
Main Design Data

AVR

Core
–
–
–
–
–
–
–

Power
Power density
Pressure
Core inlet temperature
Core outlet temperature
Core diameter
Core pebble volume height

46 MW(t)
2.6 MW/m3
10.8 bar
275°C
950°C
3m
~2.8 m

–
–
–

Fuel pebble diameter
Fuel particle diameter
Fuel

6 cm
0.6 mm
1981–1988 low enriched uranium UO2
1967–1981 uranium and thorium carbide
TRISO and BISO

Fuel

– Fuel particle coating
Coolant circulator
– Number of circulators
– Speed
– Mass flow
Steam generator
– Number of SGs
– Type
– Feedwater temperature
– Outlet steam temperature
– Steam flow
Turbine
– Livesteam pressure
– Inlet steam temperature
– Turbine speed
– Electrical power (gross)
Safety Concept
Reactivity control
– Temperature coefficient
– Excess reactivity
– Shutdown rods

2
400–4400 RPM
13 kg/s at 4400 RPM
One subdivided into four parallel
Once through, helical coil
115°C
505°C
15.6 kg/s
72 bar
500°C
3000 RPM
15 MW(e)
Inherent negative thermal feedback
Temperature reactivity coefficient–9 × 10-5/°C
1.2 × 10-2
4 shutdown rods in reflector (no control rods)

Decay heat removal

Steam generator cooling for normal decay heat
Passive wall conduction
No separate shutdown cooling system
Seal gap cooler for component protection

Safety enclosure

Fuel elements
Inner and outer pressure vessel
Gas-tight containment

Water ingress control

Four parallel steam generator sections to limit water
volume from leak
Water reactivity coefficient (+4 × 106/kg water)

Air ingress control

Volume limitation of sealed containment

Reactor protection system
– Criteria
– Actions

Pressure, flow rate, flux, moisture
Reactor shutdown—cold shutdown (steam generator
isolation, relief)
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R core region is
i cylindrical with a diameeter of 3 m annd a core regioon height of 33.5 m. The reaactor
The AVR
core consiists of a bed of
o approximattely 100,000 spherical fuell elements or pebbles, eachh 6 cm in
diameter. Both BISO and
a TRISO fu
uel particle co
oatings were eexperimentallly tested in thhe core. The ppebble
level with
hin core region
n is approxim
mately 2.8 m. In later yearss, the more suuccessful TRISO particles, of
the type shown in Fig. 2, were used more often. The
T fuel enricchment and feertile material also was chaanged
m and thorium
m
over time for different fuel cycle experiments. Eaarlier fuel waas highly enricched uranium
carbide; laater fuel was low-enriched
d uranium dioxide.
The core is
i completely
y surrounded by
b a 50-cm-th
hick graphite layer which sserves as a reflector. The
reflector in
i turn is encllosed in an inssulating carbo
on brick layerr. Both the grraphite reflecttor and the caarbon
brick layeers contain cooling gas chaannels. Four vertical
v
“noses” in graphitee reflector exttend radially iinto
the core reegion as show
wn in Fig. 42.

Fig. 42. AVR refllector with gra
aphite “nose” extending intto pebble bed..
[Raineer Moormann, A Safety Re-Evvaluation of the AVR Pebble Bed Reactor O
Operation and IIts Consequences
for Future HTR Conceptss, Technical Reeport, Jul-4275
5, ISSN 0944-22952, http://ww
ww.fz-juelich.dde/zb/juwel].

d
bore fo
or insertion off a shutdown rrod. The shuttdown rods arre inserted froom
Each nosee encloses a drilled
the bottom
m of the core. Each shutdow
wn rod is cou
upled to a heaavier counter bbalance rod bby means of a rod
drive clutch and a rack
k and pinion gear.
g
When th
he rod drive cllutch is releassed by a reacttor trip, the foorce
of gravity
y pulls the cou
unter balance rod down and
d the pinion ggear simultanneously drivess the absorberr rod
up into the core. The housing of eacch of the shutd
down and couunter balancinng rods has foour 9-m-long tubes
welded on
nto the reactor vessel. The shutdown rod
ds themselvess consist of cooncentric mettal tubes withh a
boron carb
bide filling beetween. The shutdown
s
rod
ds can compleetely shut the reactor from a hot critical to a
cold criticcal state. They
y also providee for the required 0.5% of k-effective shhutdown marggin in the cold
subcriticaal state for lon
ng-term shut down.
d
The cold critical stat
ate implies a m
mean moderattor temperatuure of
130°C susstained by an auxiliary oil fired heater.
4.4.2

Heat
H
transpo
ort loop

The heat generated
g
in the
t core is rem
moved by the circulating hhelium coolannt pressurizedd to 10 bar in
normal op
peration. Two
o helium circu
ulators below the core mainntain the prim
mary gas flow
w. Each circulaator
consists of
o an asynchro
onous motor and
a a clutched
d rotor; the slleeve bearings are oil lubriicated. The m
motor
is driven by
b a frequenccy transformerr with a frequ
uency range oof 400 to 44000 min-1 whichh permitted
variable speed and flow
w in the circu
ulator. A gas-ffilled, labyrinnth-packed seaal prevents thhe leakage of
bearing oiil into the prim
mary cooling circuit and th
he motor’s craankshaft houssing. The meaan temperaturre of
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nitial operatinng design. Laater the operatting temperatuure
helium leaaving the coree was set at 850°C in the in
was raised
d to 950°C. The
T helium flo
ows upward th
hrough the coore, then throuugh holes in tthe radiation sshield
to the steaam generator and back dow
wn to the circu
ulators via th e outer annullar region of tthe vessel. Thhe
helium leaaving the steaam generator cools the coree barrel and th
the inner reacttor vessel.
The steam
m generator is located abov
ve the core insside the reactoor vessel. Thee steam generrator is composed
of four paarallel Benson
n systems thatt can be isolatted individuaally. The paralllel systems ddivide the watter
inventory into four parrts to reduce th
he amount off water ingres s that can occcur in the eveent of a tube leeak.
The suppo
ort tubes are also
a water coo
oled. The heaat transfer surrfaces are diviided into layeers which are
connected
d as shown in Fig. 43. A water
w
injector (attemperator
(
r) is provided in the interm
mediate headerr
outside th
he reactor vesssel to control the steam tem
mperature. In actual operattion, the attem
mperation wass not
needed ass steam tempeerature was ad
dequately con
ntrolled by reaactor power. T
The steam geenerator tubess are
ferritic steeel. Each of th
he four steam
m generator sections in the eeconomizer aand evaporatoor sections connsists
of 10 tubees per section (40 tubes tottal). The superheater sectioons have 5 tubbes per sectioon. The steam
m
generator is shielded ag
gainst the rad
diation from th
he core by a ggraphite reflector (50 cm thhick) and twoo
layers of carbon
c
brickss (each 50 cm
m thick). The steam
s
generattor itself is inaaccessible aftter constructioon.
For this reeason, each of the 60 steam
m generator tu
ubes penetratees the reactorr vessel upperr head so that an
individuall failed tube could
c
be plugged externally
y.

Fig. 43. Cirrcuit diagram
m of the AVR steam
s
generat or with materrials and dimeensions.
[H. Knüfer,
K
“Prelim
minary Operatin
ng Experiencess with the AVR
R at an Averagge Hot-Gas Tem
mperature of
950°C,” Nuclear
Nu
Engineeering and Desiign, 34 pp. 73–
–83 (1975)].
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An objective of the AVR development at the time of its design was to produce the same or higher steam
temperature and pressure as produced in conventional fossil power plants, something not possible with
light-water reactors because of the temperature limits of metal fuel cladding. The AVR steam generator
produces superheated steam at temperature 505°C and pressure of 73 bar which then flows into a
condensing turbine coupled to a synchronous electrical generator. This steam quality is comparable to
conventional fossil powered boilers.
While the steam generator performed well, the design of the steam generator within the double reactor
vessel proved to be problematic in a number of ways. The shielding did not prevent the steam generator
tubes and corrosion products in the tubes from becoming irradiated by neutron fluence from the core.
Circulation of the radioactive corrosion products and eroded tube material caused significant
contamination in the balance of plant. High levels of radiation in the balance of plant complicated worker
access and maintenance. Another problem with the design was that the steam generator developed a leak
during an outage in May 1978 when the steam generator was being used for decay heat removal. The leak
went undetected for some time. The leak resulted in a water ingress of 27 m3 of water into the pressure
vessel which covered the helium circulators, fuel discharge tube, and the lower core region. While no
radiation release or other serious consequences resulted from the event, the water ingress caused a lengthy
outage. Fuel failures increased in the time following the restart which was attributed to water accelerating
failure of weakened coatings.
4.4.3

Online refueling

The spherical shape of the AVR fuel pebbles means that the fuel is readily handled by automated
mechanical conveyors thus permitting an online refueling system. The AVR was the first pebble-bed
plant with an online refueling system. Figure 44 illustrates the main elements of the system. The refueling
system inserts fuel pebbles into the top of the core via five delivery tubes. One tube is in the center of the
other four and arranged symmetrically in the four quadrates of the core region. The fuel pebbles circulate
downward by gravity. At the base of the core region, the fuel elements are channeled by a conical funnel
to the bottom of the core where they are discharged through a long tube (15 m long, 50 cm diameter). A
slotted rotating disk singulizer selects individual spheres. The fragment separator removes mechanically
damaged pebbles and diverts them to the failed fuel storage containers. A dosing wheel contains
measuring devices to detect the types of spheres (fuel, pure graphite, test, or poison spheres) and the
burnup of the fuel pebbles. To determine burnup, the dosing wheel measures the Cs-137 radiation by
means of a high-resolution photopeak gamma spectrometer. The gamma sensor is a Li-drifted germanium
semiconductor detector. A computerized monitoring system compares the measured radiation spectrum
with control data to measure the burnup and determine whether the fuel element should be transferred
back into the core or discharged for storage.
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Fig. 44. Diagram of AVR online rrefueling systeem.
[E. Saauer, ed., AVR-E
Experimental High
H
Temperatture Reactor-221 Years of Succcessful Operattion for a Futuure
Energy Tecchnology, Asso
ociation of Gerrman Engineerrs (VDI), The S
Society for Eneergy Technologgies, Dusseldorf
GMBh, 19
990].

One of thee advantages of online refu
ueling is that the number oof fuel elemennts can be adjusted
continuou
usly during the reactor operration to acco
ount for burnuup. No signifiicant initial exxcess reactiviity in
the core iss necessary to
o compensate for fissile maaterial depletiion as in fixedd fuel cores. T
The need for
burnable poisons
p
and in
nserted contro
ol rods is redu
uced, which iimproves neuutron economyy thereby redducing
the amoun
nt of fissile material
m
needeed for a given energy produuction. The A
AVR core is opperated with the
shutdown
n rods almost fully withdraw
wn. This conffiguration lim
mits the reactivvity availablee for uncontroolled
rod withd
drawal or otheer reactivity in
nsertion eventts.
4.4.4

Containmen
C
t

One of thee goals of thee AVR was to
o be a test bed
d for experimeental fuel partticle designs and coatings..
Because of
o the uncertaainty in the po
orosity of thosse fuels, the A
AVR was equuipped with a double-wall
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v
surroun
nded by gas tiight containm
ment as a precaaution againsst radiation reelease from thhe
pressure vessel
unproven fuel particless. The system
m was designed
d for inward lleakage throuugh multiple bbarriers zoness. The
helium co
oolant in the in
nner pressuree vessel was pressurized
p
too 10 bar. The hhelium betweeen the inner aand
outer reacctor pressure vessels
v
was divided
d
into tw
wo barrier zonnes. Barrier zone 1 encomppassed the
circulators; Barrier zon
ne 2 encompaassed Barrier zone
z
1 and thhe remainder oof the inner vvessel. Barrierr
d to 0.1 bar hiigher than thee primary to eensure any cirrculator seal leeakage went
zone 1 waas pressurized
inward. Barrier
B
zone 1 was pressurizzed to 0.1 barr higher than Barrier zone 2. The inner biological shiield
(shown in
n Fig. 45) is lo
ocated in the cylindrical
c
sp
pace between the two reacttor vessels. Its shielding efffect
is sufficieent to allow peersonnel to en
nter the contaainment, whicch houses the reactor vesseels and auxiliaary
units, for any length off time during shutdown and
d for limited ttimes for esseential repairs during operattion.
The doublle vessel system is then su
urrounded by a safety contaainment and a concrete sheell (150 cm thhick).
The concrrete shell is siimultaneously
y the reactor building
b
and tthe outer biollogical shield. The containnment
vessel preessure is main
ntained at slig
ghtly less than
n atmosphericc pressure to eensure inwardd leakage from
m the
outside. The
T double veessel was expeensive and proved unwielddy in maintennance. The steeam generatorr was
not accesssible after inittial commissiioning.

Fig. 45. AVR
R double pressure vessel an
nd sealed contaainment.

87

4.4.5

Shutdown cooling system

The AVR did not use a separate active shutdown cooling system as described in Sect. 2.7.1 for decay heat
removal. Following a normal shutdown, feedwater flow is maintained to the steam generator in watercooling mode to provide core cooling. In the event of a failure of the secondary side cooling, passive
cooling of the reactor by radiation and conduction through the vessel and containment walls is adequate to
limit temperatures in the core and vessel to safe levels. The seal gap cooling is also a cooling system that
aids heat removal from the vessel. However, this system was intended only to protect components in the
gap such as the circulators and was not a safety system. The seal gap cooling system would normally be
available but was not credited in protecting the core.
4.4.6

Helium purification plant

Small amounts of air and moisture enter the primary system through the addition of fresh fuel elements,
small leaks in the cooling facilities, experimental ports, and through the course of maintenance and repair
work to components of the primary circuit. The helium purification system continuously extracts a
fraction of the flow to remove impurities from the coolant. The particulate matter is filtered in the gas
precleaning stage which consists of two parallel gravel bed filters and coolers. The flow of ~800 m3/h is
generated by the pressure drop of the helium circulator across the core.
A bypass flow of ~50 m3/h is drawn taken from this filtered and cooled helium and passed through two
purification stages connected in series. The first stage consists of silica gel dryers and activated carbon
adsorbers which are cooled with liquefied nitrogen. This stage is operated with a service life of
~3,000 hours to ensure that the noble fission product gases are retained. The next stage is a catalytic
oxidation stage in which hydrogen and CO are first oxidized and again passed through activated carbon
adsorbers cooled with liquefied nitrogen. These adsorbers are operated with a mean service life of
approximately 10 days because main adsorbed gases are nitrogen and the oxidation products.
The purification plant is designed with two parallel full flow trains so that one train can be out of service
for desorbing at all times. The gases from a loaded stage are desorbed by heating. The desorbed material
is kept in temporary holding containers until short-lived inert gases are mostly decayed.
4.4.7

Current status

The AVR reactor was permanently shutdown at the end of 1988 after 21 years of operation. Dismantling
and decontamination activities are underway to return the site to a “green field.” The history of the AVR
reactor began in February 1959 when 16 German municipal electricity companies formed a subsidiary
company, AVR, to build a prototype reactor. The objective of this association was to gain experience in
the construction, operation, and especially the science, technique, and economics of the high temperature
gas reactor (HTGR). In August 1959, Brown Boveri/Krupp was awarded the contract to design and build
the reactor. Construction began in 1961 on the site of Jülich Research Center in Jülich, North RhineWestphalia, Federal Republic of Germany. The AVR attained first criticality in August 1966 and reached
full power in early 1968. The AVR operated successfully for 21 years, and attained the highest
temperatures (up to 1000°C) of any commercial nuclear power reactor up to that time.
4.4.8

Plant instrumentation and control systems

Normal operating instrumentation and control system
The AVR control inputs for the main heat transport system include:



shutdown rod position,
fuel pebble loading,
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helium circulator speed,
steam turbine admission valve position, and
feedwater flow control valve position.

The system also has a water spray into the intermediate steam header for controlling steam temperature,
but this control was not needed.
The measured variables for the main heat transport loop of the plant include:












neutron flux-source range,
neutron flux-power range,
helium coolant core inlet temperature,
helium circulator differential pressure,
helium circulator speed,
helium coolant circulator outlet pressure,
helium moisture concentration,
temperatures at bottom reflector, side reflector and graphite nose projecting into reactor core,
steam temperature,
steam pressure, and
feedwater flow.

The core outlet temperature is not directly measured because of the unreliability of thermocouples in the
hot gas region of the core. The outlet temperature is derived from a heat balance measurement of power
on the secondary side of the steam generator, the cold helium temperature, and a primary helium flow rate
estimated from measured differential pressure of the helium and the helium circulator speed. Heat balance
power on the secondary also is a derived quantity from steam and feedwater temperature and the
feedwater flow.
Startup/shutdown
Normal startup
Two limitations on operation must be observed when starting from cold shutdown condition
1. Thermal stresses must be limited in the graphite bricks forming the core bridge between the
core and steam generator. This is accomplished by limiting the heatup rate for the hot gas
temperature to a maximum rate of 3°C/min.
2. Low flow boiling instabilities that could potentially cause tube failures must be avoided in the
steam generator. To avoid boiling instabilities, steam production should only be initiated
when the incoming helium has a mean temperature of more than 600°C. At lower
temperature and power conditions, the steam generator is operated in a water-cooling model.
The start-up procedure can be divided into five steps:
1. From cold shutdown condition (130°C, all rods in), the reactor is brought to critical zero
power level by withdrawing the shutdown rods. Approach to critical is monitored by the
pulse counting source range neutron detectors.
2. The output is raised to neutron power of 12.5 MW on the power range detectors. At this
output the steam generator can just barely be maintained in water-cooling mode.
3. By gradually withdrawing the shutdown rods, the core exit temperature is raised to 600°C at
the rate of 3°C/min.
4. Once the temperature of 600°C is achieved, the evaporation in the steam generator is initiated
by increasing the neutron power and reducing the feedwater mass flow. This flow and power
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condition is sufficiently high to avoid boiling instability. At this point, a steam bypass valve
is relieving steam directly to the condenser.
5. The cooling gas temperature and the steam temperature are set to the desired values using
feedwater flow and helium circulator speed, the turbine is started up, and the generator is
synchronized to the grid. The turbine load must be gradually increased to full power to limit
material stresses in the turbine.
Altogether the startup takes approximately 4.5 hours from the commencement of withdrawing the rods
until synchronization of the generator.
Normal shutdown process
The normal shutdown is initiated by switching off the helium circulators. This is the gentlest and slowest
shutdown procedure. The rods remain in their withdrawn position. With heat removal reduced, the core
gradually heats up which, in turn, reduces neutron power due to negative temperature feedback. The
decay heat is initially sufficient to drive the core temperature high enough that the reactor becomes
subcritical without the use of rods. Rods are driven into the core by rod drive motors after some time
when the core has cooled down substantially. Delaying insertion protects the rods from thermal stresses.
The feed water mass flow is set at approximately 40%. This flow rate is sufficiently high to ensure that
the steam is not produced by the steam generator and prevents boiling instabilities in the steam generator.
The helium circulators are restarted after about 3 hours gradually increasing the speed in steps. The steam
generator runs in water-cooling mode for shutdown cooling with water dumped to the condenser by a
water relief valve.
Normal operation
In normal operation of the heat transport system, the heat from the neutron reaction must be conveyed to
the primary coolant and conducted through steam generator tubes to the secondary side coolant. The
secondary coolant is evaporated and superheated in the steam generator. The steam is conveyed to the
turbine and balance of plant for conversion to electricity and rejection to the heat sink. Each of these
processes is a transmission of power which must be conducted in a coordinated fashion for stable
operation. The AVR, being designed in the early 1960s, relied on the stability and thermal inertia of the
heat transport processes to allow the operators to control the plant in manual (except turbine admission
valve). In high-level terms, the goal was for the operators to use the three manually manipulated variables
(circulator speed, feedwater valve, and reactivity) to hold three measured variables (secondary heat
balance power, steam temperature, and core outlet temperature) to desired values. The turbine was
equipped with an automatic pressure regulator which used the turbine admission valves to control steam
pressure to a setpoint.
Unlike light-water nuclear power plants that control power with rods, load change in the AVR is
accomplished primarily by changing the helium circulator speed using a variable frequency generator. An
increase in helium flow causes the heat convected out of the core and heat convected into the steam
generator to be simultaneously increased. Because of the large negative temperature coefficient, only a
minor temperature change in the core and in the reflector is needed to raise or lower the neutron flux
level. Consequently, an increase in circulator speed cools the core thus adding positive reactivity causing
neutron power to rise. The rate of change of the load is determined by the maximum possible speed
change of the helium circulators. Load reductions from 100 to 50% in 2 minutes were achieved. In
principle, load increases are possible at the same rate of change. However, because of the thermal inertia
of the core, neutron flux overshoots the steady state value before approaching equilibrium. On increasing
load, the positive overshoot may exceed the high flux trip setpoint. Therefore, increasing ramps must
approach equilibrium more slowly than decreasing ramps.
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A given neutron power level can be achieved with a range of values of circulator speed and core outlet
temperature depending on the reactivity in the core. To set the core outlet temperature to an operating
point, the operating scheme for the AVR involved a coarse adjustment of core reactivity via the fuel
pebble charging and precision regulation by the positioning of the shutdown rods. Maintaining core outlet
temperature at constant value was the scheme by which burnup was accounted for in the control scheme.
During normal power operation, the four shutdown rods are fully withdrawn or slightly inserted. (The rod
insertion limit was such that the required shutdown margin was available to be inserted all times. The
required shutdown margin at cold shutdown temperature, 130°, is 0.5% Δk/k.) The worth of the shutdown
rods in excess of the required shutdown margin was permitted to be inserted for precise regulation of
temperature. The rod insertion and fuel charging was used by the operator to maintain core outlet
temperature at 950°C (raised from 850°C in 1975) using the estimated core outlet temperature. To
maintain steady neutron flux, the circulator speed would have to be manually adjusted in concert with the
fuel charging and rod positioning. Available literature does not give any indication of how closely
temperature tracked the operating point. The reactor was described as “very stable.”
The steam produced by the steam generator is passed to the turbine which is equipped with automatic
admission-pressure regulators. The pressure regulator is apparently the only automatic control in the
AVR. This scheme, with the turbine responding to the steam load, is usually described as reactorfollowing mode. In this mode, the turbine controls pressure without regard to the electrical load demand or
any feedback from the grid for voltage or frequency regulation. This scheme is common for base-loaded
nuclear plants.
The feedwater flow is used to control steam temperature. An increase in feedwater flow causes a decrease
in steam temperature in the once-through steam generator design. Secondary effects of a feedwater flow
increase would also have to occur on the primary side. Helium temperature would decrease and neutron
flux would increase with feedwater flow. Therefore, the operator would have to follow a feedwater flow
adjustment with circulator speed and rod position changes to maintain the other measured variables at
their setpoints. Apparently this task was not too onerous. The description of the steam temperature control
by Ziermann states, “The system operates in such a stable manner that we are able to dispense with the
planned temperature control by water injection.”31
Online refueling
The dual goals of control of online refueling are to use the fuel feed process for reactivity control to
permit operation at the desired reactor conditions while simultaneously ensuring that the reactor can be
shut down at any time and can be kept in a subcritical condition for as long as desired. To guarantee safe
shutdown, the subcriticality of the shutdown reactor must be >0.5% Δk/k (licensing provision).
In reactivity control for the core, the fuel feed must account for burnup and continuously adjust total
reactivity available in the fuel. Fuel charging is used for coarse control of helium outlet temperature.
As shown in Fig. 44, the refueling system has five delivery tubes to the core. One tube is in the center,
and the other four are arranged symmetrically around the core. The distribution of fresh and used fuel to
each of the five sectors of the core is used to flatten flux and temperature distributions in the core and
reduce hot spots. The computerized burnup analyzer is programmed to determine the sector in which fuel
pebble should be returned to optimize the flux distribution. The general scheme is to place fresh pebbles
and pebbles with lower burnup in the outer zone and more depleted fuel in the center.
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The fuel pebbles are removed via the fuel discharge tube at a rate of 300–500 pebbles/day fuel elevating
unit. About 10% of the removed fuel is discharged to spent fuel.
Cold shutdown
Cold shutdown is a reference condition for the AVR defined by a mean moderator temperature 130°C and
a subcriticality level that would be at least 0.5% Δk/k at an infinitely long time after shutdown (after
fission product poisons decayed to equilibrium condition). The cold shutdown state is the standby
condition in which the reactor is ready to be brought to critical by withdrawing rods. During shutdown the
fuel is not usually allowed to cool below 130°C. An auxiliary oil-fired heater sustains the temperature of
130°C if decay heat is not sufficient.
The reactor is monitored during cold shutdown by source range neutron detectors and temperature
monitors. The source range detectors are pulse counting fission chambers located at midplane height
outside the inner vessel behind the thermal shield. The thermal shield has a graphite window to improve
the neutron permeability. Thermocouples in the reflector monitor of the moderator temperature.
Abnormal operating modes
Automatic reactor shutdown is enforced on the AVR for high-neutron flux, high rate of change of neutron
flux, high- or low-helium pressure, high-moisture content in helium, and low-helium flow rate. Two types
of automatic shutdown are used, scram and rod drive run-in. The scram method is the faster method. The
rod driving method is slower but places less stress on equipment.
1. Scram
An automatic scram is initiated on high flux or high rate of change of flux. In the scram, the shutdown
rods drop into position by releasing the rod drive clutch, power to the helium circulators is switched off,
and the turbine is tripped. After the initial automatic reactor shutdown, the control rods are withdrawn
half way under manual control to reduce thermal stresses in the control rods. The feedwater is reduced to
approximately 40% to maintain reactor cooling. The steam generator goes into water cooling mode.
2. Driving the shutdown rods in
In all other automatic shutdowns from the reactor protection system, the shutdown rods are automatically
driven into the core by the rod-drive motors in conjunction with switching off the helium circulators and
shutting down of the turbine. After driving in the shutdown rods and achieving shutdown through
temperature increase, the rods are withdrawn halfway again to reduce thermal stresses. The feedwater
mass flow is set at about 40%. After approximately 3 hours, the helium circulators are restarted, gradually
increasing the speed in steps to accelerate the heat dissipation. When decay heat has dropped and
temperature of the core is sufficiently reduced, the shutdown rods may be reinsesrted to prevent
recriticality.
4.4.9

Safety evaluation

The main safety functions of a nuclear power plant are to control reactivity, control heat removal, and
limit release of radionuclides to less than licensed limits. One of the technical achievements of the AVR
design is that it achieves its safety functions mainly through the inherent properties of the design, the
materials used, and the fuel form. The key safety features of the AVR design are a small operational
excess reactivity, a large negative temperature coefficient, inert gas coolant, the capability of the fuel
particle coatings to withstand high temperature without releasing fission products, and a passive heat
removal capability of the core, vessel, and containment that is sufficient for decay heat removal. In loss of
cooling events, the combination of the small excess reactivity and large negative temperature coefficient
stops the nuclear fission process with only a moderate temperature increase in the core even if the
automatic rod shutdown system fails to insert rods. These design attributes mean that, for even the most
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severe conceivable loss of cooling or reactivity insertion events, no active safety systems are needed to
ensure integrity of the fuel and core. By comparison, a light-water reactor under postulated the loss of
coolant accident without scram would result in fuel damage and other adverse consequences for the plant.
For the AVR, this event is shown by mathematical simulation and by experiment not to have adverse
consequences.
On the other hand, because of the high temperature of the core, air and water ingress events have the
potential for chemical reaction of the fuel and moderator with the air or water and could result in core
damage and fission product release. Recent re-evaluation of the performance of the AVR operational data
at high temperature by Moormann may give reason to reflect on the safety evaluation of pebble bed
reactor design.32 The arguments of Moormann are controversial among members of the HTGR
community. Koster has responded to Moormann’s re-evaluation of AVR safety and its implications for
ESKOM’s PBMR design in a point by point rebuttal.33
In safety analysis, the evaluation method groups events into broad categories that are all protected by the
same response. A limiting design basis case then demonstrates the safety of the plant for all the events in
the class. In general, the safety evaluation events for the AVR include uncontrolled reactivity insertion
events, loss of cooling events, and air and water ingress events which are discussed in the following
sections.
Reactivity insertion events
Reactivity insertion events include uncontrolled rod withdrawal and overcooling events. The amount of
potential reactivity is limited in the AVR design because of the online refueling to compensate for
burnup. The event is detected by the high flux trip or high flux rate of change with a secondary signal
from the high helium pressure trip. The response of the system is to scram the rods (on high flux) and to
switch off the helium circulators. In the safety evaluation of this event, the transient is terminated safely
even if the rods fail to scram. The increase in temperature of fuel and moderator from decreased flow is
sufficient to shut down the reactor. The reactor remains subcritical for 24 hours until decay heat has
decreased and xenon has decayed. The normal safety action for any of the detected trip functions includes
stopping the circulators. The bounding event is the loss of forced circulation without a scram.
In September 1975, the AVR demonstrated experimentally that after a failure or normal stoppage of the
helium circulator during power operation—even if the shutdown facility fails at the same time—the
reactor shuts down automatically and remains subcritical for approximately 1 day.34 The temperatures
occurring in the fuel remain within the range of the temperatures prevailing during operation. In the
experiment, the coolant flow was interrupted at full power by stopping the helium circulators, without
inserting the shutdown rods. At the same time, the valves on the circulator discharge side were closed so
as to prevent the natural convection that would have otherwise occurred. Following the trip of the
circulators, the reactor shut down as the temperature rose due to the negative temperature coefficient of
the reactivity. In the hours that followed, the generation of residual heat and natural convection led to a
maximum temperature rise of 250 K in the originally cooler regions of the reactor and a drop in
temperature in the hot zones. Calculations of the experiment estimated that the maximum temperature in
the core following the event did not exceed the initial value. The reactor became critical again after about
15 hours (this point in time depends on the rod position, core cooling transients, and time-dependent
variation in xenon concentration and was deliberately “advanced” in this experiment). The core stabilized
32
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urs later at a lo
ow-power lev
vel (in the kilo
owatt range). Figure 46 shows the meassured responsse of
a few hou
AVR duriing the pressu
urized loss of flow withoutt scram.

Fig. 46. Demon
nstration of in
nherently safe shutdown of tthe AVR.35

Control of core hea
at removal events
e
The limitiing case for lo
oss of core heeat removal ev
vent occurs w
when the heliuum coolant leaks from the
primary sy
ystem. In thiss event, all co
onvective coolling from botth natural andd forced circullation in the ccore
is lost. Th
he normal resp
ponse to this event
e
is to deetect the eventt by low presssure and to ruun the rods inn and
trip the circulators. Thee system musst rely on radiation and connduction to coool the core. T
The licensing
evaluation
n from this ev
vent shows that core tempeeratures do noot exceed the temperaturess at which fueel
failures beegin to occur (1600°C). Th
his event is ty
ypically calledd the depressuurized loss-off-flow event oor
DLOF. In
n light-water reactor
r
termin
nology, the DL
LOF is equivvalent to the looss-of-coolannt accident wiithout
scram.
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“Resullts of Experimeents at the AVR
R Reactor,” Nu
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121, pp. 14
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A
demonsttrated experim
mentally that, even in the eevent of loss-oof-coolant hellium
In Octobeer 1988, the AVR
without reeactor scram, the reactor co
ould remove decay heat.36 The experim
ment was run w
with no actuall
decay heaat. The reactorr was maintaiined critical at
a low levels oof power to siimulate decayy heat. The m
method
was preferable becausee the heat gen
neration could
d be terminateed by trippingg the rods if evvidence of fuuel
failures was
w detected. The
T experimeent was contin
nued for 100 hhours. The teemperatures inn the reactor
fittings an
nd in the reacttor vessels soon drop down
n to moderatee values after a brief rise. IIn this experim
ment,
test pebbles for measurring temperatture were added to the coree fueling. Thee test pebbles contained fuse
wire inserrts which melted at differen
nt temperaturres to aid in ddetermining thhe maximum core temperaature
in the coree. The majoriity of the wirees showed thaat the temperaatures were inn the range off 1070 to 10855°C.
The maxim
mum fuel tem
mperatures weere higher thaan expected buut well below
w critical valuues for damaging
fuel particcles. Figure 47 shows the measured
m
tem
mperatures forr core and vesssel.

Fig.
F 47. Demo
onstration of decay
d
heat rem
moval in depreessurized loss--of-flow event at AVR.37

Control of water an
nd air ingres
ss events
The two main
m chemicaal attacks even
nts for AVR are
a air and waater ingress evvents. The strrategy for
preventing
g air ingress is
i the multiplee barriers pro
ovided by the double pressuure vessels annd the sealed
containmeent that must be breached for
f the core to
o have accesss to the open aatmosphere. T
The entire priimary
coolant sy
ystem and corre are contain
ned within thee inner vessel.. If the inner vvessel fails, thhe first and seecond
barrier zones of the outter vessel are filled with heelium to prevvent air from rreaching the ccore. If the ouuter
vessel faills, the sealed containment vessel contains a limited vvolume of air such that onlly small amouunt of
oxygen is available to react
r
with thee core. No sig
gnificant core damage resuults from failuure of both innner
a three barrieers are breachhed would thee core potentiially be expossed to
and outer pressure vesssels. Only if all
the open atmosphere
a
an
nd sufficient oxygen to cau
use significannt core damagge. The AVR containment
36
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and K. Krüger,
K
op cit., p. 146.
95

design with double vessel and containment is considered very safe with respect to air ingress events. In
the event of air ingress, the event would accompany a loss of helium pressure which the system would
detect. The progress of the event is limited by the air volume of the containment and is shown not to react
sufficiently for fuel damage.
Water ingress is a more serious concern. Water reacts with the fuel potentially damaging the coatings of
the fuel particles causing failure of the coatings and allowing the release of fission products. The event is
protected in the AVR by detecting moisture and shutting down the reactor. A reactor shutdown with
active cooling prevents damage to the fuel. Water does not react with graphite unless the temperature
exceeds1100°C. In the AVR, the volume of water ingress can also be limited by the four parallel steam
generator circuits that allow a segment with a failed tube to be isolated. The remaining circuits remain
available for the cooldown. Apparently, no discussion regarding the controls for the steam generator
isolation have been found in the literature. Presumably, the isolation function is not automatic.
Depending on the core temperature distribution, local hot spots in the AVR may easily exceed 1100°C
when core exit temperatures are 950°C. Temperatures in gas streams below the steam generator of up to
1100°C were measured in the melt wire temperature measurements of 1985. The AVR configuration with
the steam generator directly above the core does not produce sufficient mixing to prevent hot streams
from contacting steam generator tubes. Hot gas streams may lead to overheating of the steam generator
tubes or other metallic components which may increase their failure rate and contribute the frequency of
water ingress events.
Another major safety implication of water ingress lies in the potential for the formation of combustible
gases. In the water gas reaction, a mixture of CO and H2 is formed by interaction between steam and
graphite. The rate of the reaction increases exponentially with temperature. To prevent an explosive gas
mixture after depressurization, graphite surface temperatures must not exceed 1100–1200°C.
In contrast to all other major accident scenarios, the AVR design is not passively safe in a design basis
water ingress accident. The event must be detected. The affected steam generator’s tubes must be isolated,
the core must be shutdown by rods rather than allowed to heatup, and active cooling of the core must be
provided to reduce temperatures to below the reaction point. These active emergency measures are
contrary to the passive measures required for other events. This category event remains one of the
significant concerns for pebble bed designs with primary steam generators.
The AVR experienced a massive water ingress accident in May 1978 during a maintenance shutdown. A
small leak, estimated between 1 to 3 mm2, occurred in one of the superheater tubes. The indications of the
leak were not immediately diagnosed. Approximately 27 m3 of water entered the core and flooded the
lower part of the inner reactor vessel including the fuel element feeding device, the lower section of the
fuel discharge tube and control rod mechanisms, the helium circulators, and nearly 6000 fuel elements.
The consequences for the plant were not severe. Core temperatures were already low when large water
amounts were present and, thus, the extent of the graphite/steam reaction remained limited. The accident,
however, illustrates the vulnerability of the AVR design with the steam generator located in the same
vessel and above the reactor to the water ingress accident.
The AVR was successfully operated after the 1978 event. The repair of the steam generator, removal of
the water from the vessel, replacement and inspection of components was completed by July 1979. The
plant started operation in August 1979 to dry the carbon material inside the core, and electrical power
generation started again on August 30, 1979. It remains unknown whether the leak was caused by hot gas
streams from core hot spots. Evidence suggests that a sufficient cooling of hot gas streams by mixing with
bypass flows, as originally assumed in AVR design, did not occur.
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4.5

Fort St. Vrain Reactor

The Fort St.
S Vrain reacctor was the second commeercial HTGR in the Unitedd States. The plant operated in
Plattevillee, Colorado, beginning
b
pow
wer operation
n in 1976 and ending operaations in 19899.
4.5.1

Reactor
R
systtem design

As with all the gas-coo
oled reactors in
i this summaary, the coolaant for the Forrt St. Vrain pllant was heliuum
and the fu
uel was contaiined in TRISO
O particles. The
T fuel particcles were embbedded in rodd-shaped fuel
compacts and inserted in a prismaticc carbon matrrix. The fissille particles weere highly enrriched uraniuum
and thoriu
um. Fertile paarticles were thorium.
t
Figu
ure 48 shows tthe configuraation of fuel pparticles, fuel rods,
and prism
matic fuel bloccks in the Fortt St. Vrain co
ore.

Fig. 48
8. Fort St. Vrrain fuel show
wing fissile and
d fertile particcles, fuel rod (ccompact of paarticles), and
hexagonall matrix fuel element.
e
[“Experiience with the Fort
F St. Vrain Reactor,” Wallker]

olant system, active
a
core, steam generatoors, and heliuum circulatorss were containned
The entiree primary coo
within thee 32.3-m (106
6-foot) high prestressed con
ncrete reactorr vessel (PCR
RV). On the pprimary side,
helium at 4.78 MPa (69
93 psia) and 386.7°C
3
(728°F) was dischharged from ffour steam driiven helium
circulators and passed down through
h the core, heeating to 767.22°C (1413°F)). Heat was reemoved from the
primary lo
oop by a steam
m generator which
w
was theen conveyed tto a conventioonal steam tuurbine for pow
wer
conversio
on. The plant was
w rated at 842
8 MW(t) an
nd 330 MW(ee). The helium
m then passedd through one of
two identiical loops, eacch having six
x parallel steam
m generators.. After passinng through thee steam generrators,
the helium
m returned to the helium ciirculators to pass
p through tthe core againn. Two helium
m circulators w
were
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n each loop. Reheat
R
steam from
f
the high
h-pressure turb
rbine drove thhe helium circculators, was
applied in
reheated, and returned to the interm
mediate-pressu
ure turbine. Thhe circulatorss also had Pelton water turbbine
drives forr use under em
mergency con
nditions when steam was noot available. F
Figure 49 illuustrates the
arrangemeent of the com
mponents in th
he PCRV. Taable 20 gives some of the ssystem param
meters for the F
Fort
St. Vrain plant.

Fig. 49. Fort St. Vrain arrangement of comp
ponents withiin the PCRV.
[“Experiience with the Fort
F St. Vrain Reactor.” Wallker]
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Table 20. Fort St. Vrain design parameters
[“Fort. St. Vrain Experience,” H. L. Brey and H. G. Olson; “Fort St. Vrain Nuclear Generating Station
Construction and Testing Experience,” A. L. Habush and R. F. Walker; “The HTGR: From Demonstration
Experience to Co-Generation Applications,” C. L. Rickard and P. Fortescue; “Comparison of Predicted and
Measured Parameters at the St. Vrain HTGR,” H. G. Olson, H. L. Brey, and K. R. Stroh; “Fort Saint Vrain Gas
Cooled Reactor Operational Experience,” ORNL]

Reactor Design Parameters
Item

Parameter

Reactor power [MW(t)]

842

Net reactor power [MW(e)]

330

Heat transport system
4.78 MPa (693 psia)
387°C (728°F) at circulator discharge
767°C (1413°F) at core exit
491.5 kg/s (3,898,000 lb/h)
96.5 kPa (14.0 psi)
204°C (400°F)
540°C/16.6 MPa (1000°/2,400 psig)
22.9 m (75 ft)
9.4 m (31 ft)

Helium coolant pressure at rated power
Cold helium temperature
Hot helium temperature
Core helium flow rate
Core helium pressure drop
Feedwater temperature
Steam temperature/pressure
Reactor vessel internal height
Reactor vessel inner diameter
Loop description
Loops
Steam generators per loop
Helium circulators per loop

2
6
2

Reactivity control
Control rod pairs

37

Core and fuel cycle
Fuel element

Prismatic hex-block, ~36 cm across flats × 79 cm
height
1,482 elements in 247 vertical columns; 37 flowcontrolled regions
Uranium oxycarbide
6.3 W/cm3
93.15% 235U
1.4:1
ThO2
721/15,905
20%/7%

Active core configuration
Fissile material
Power density
Average enrichment
Power peak/average axial ratio
Fertile material
Initial core loading, kg: 235U/Th
Burnup limit, %FIMA fissile/fertile

On the secondary side, each loop contributed half the total output of the nuclear steam supply system.
This produced steam at 16.55 MPa (2400 psig) and 532°C (991°F). After passing through the highpressure turbine, steam passed to the helium circulators and then back to the steam generators for reheat
to 524.4°C (976°F) before passing to the intermediate-pressure turbine. After the intermediate-pressure
99

he steam passsed to the low
w-pressure turb
bine, then thee condenser. T
The condensaate system useed a
turbine, th
full-flow demineralizerr, three low-p
pressure heateers, and a deaeerator. Three boiler feed pumps (two
turbine-drriven and onee motor-driven
n) directed the feedwater thhrough two hhigh-pressure heaters back to
the steam generator mo
odules to com
mplete the seco
ondary loop. (“Fort St. Vraain Experiencce,” Brey andd
Olson). Fiigure 50 illustrates the con
nfiguration off the primary aand secondaryy parts of thee plant.

Fig. 50. Turb
bine generatorr configuration
n and balancee of plant.
[Fort St. Vrain Nuclear Generating Sttation Construcction and Testiing Experiencee, A. L. Habushh and R. F. Waalker]

4.5.2

Decay
D
heat removal
r
sys
stems

Unlike oth
her GCRs desscribed in thiss summary, Fort
F St. Vrain did not employ a separatee, dedicated
shutdown
n cooling systeem as describ
bed in Sect. 2..7.1 of this repport or a passsive reactor caavity cooling
system deescribed in Seect. 2.7.2 for decay
d
heat rem
moval. Insteaad, the Safe Shhutdown Coooling System w
was a
function or
o mode of op
peration of thee same system
ms used for noormal heat rem
moval. The seismically annd
environmentally qualiffied Safe Shuttdown Coolin
ng System thaat was crediteed in the safetty analysis forr
emergency core coolin
ng consists of five major diivisions of equ
quipment show
wn in Fig. 50:: (1) the heliuum
circulators operated on
n water turbin
ne drives, (2) the
t helium cirrculator auxilliaries, (3) thee steam generrator
fo both main and reheat steeam, (4) the alternate
a
flow
w paths to the helium circullator water
sections for
turbines and
a steam gen
nerator section
ns, and (5) thee safety waterr supply sourrce. Other alteernative, nonssafety
sources off water for thee cooling flow
w to the steam
m generators w
were availablle as were nonnsafety steam
m
supply an
nd nonsafety pressurized
p
water supply fo
or the steam aand water turbbines to meett diversity andd
redundanccy requiremen
nts.
In normall shutdown op
peration, the heat
h removal operated justt as in power ooperation. Steeam producedd by
the reacto
or drove the stteam turbine to
t power the helium
h
circullators which ccool the core. The same steeam
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also powered the boiler feed pumps. When the power level and cooling rate of the core was insufficient to
produce steam, the circulators were powered by pressurized water from the either the boiler feed or the
condensate pumps. The water turbine, called the Pelton wheel drive, was a safety component. Electrically
powered and steam-powered boiler feed or condensate pumps gave diverse supplies of pressurized water
for the steam generators and the Pelton drives. Diesel generators provided backup electrical power, and an
auxiliary boiler and a backup auxiliary boiler could provide steam for the steam-driven boiler feedpumps.
Auxiliary systems for circulator seals and bearings are safety-grade components. In normal shutdown
cooling mode, excess steam from the steam generators is routed to the steam drain tank and then to the
condenser or the service water heat exchangers in closed loop cooling. The safety-grade water source is
the firewater system which is supplied by two seismically qualified storage ponds which are required to
have 9 days’ supply of cooling water available. Other nonsafety water sources were also available.
Unlike other GCR designs in this summary, Fort St. Vrain was a larger core and required forced helium
circulation to be started within 60 minutes of depressurization from equilibrium full power. In the
depressurization event, two loops must be able to operate. “Operate” means that one of two circulators in
each loop must be operational, and the associated water turbine must be able to sustain a rotational speed
of 8000 RPM. If depressurization event started from an equilibrium power of 82% and only one circulator
could be started, analysis showed that less than 1% fuel damage is sustained.
The dependence on operational equipment during accident conditions led to a complex analysis of the
safety of the cooling systems to determine that the regulations and general design criteria in 10 CFR 50
were met. In the technical evaluation38 of the safety-related and important-to-safety cooling functions in
Fort St. Vrain’s Updated Final Safety Analysis Report, a method of identifying analogous systems and
functions for shutdown cooling in the Westinghouse Standard Technical Specifications and the Fort St.
Vrain plant was used to show that the plant met the intent of the 1967-proposed GDC 1 through 5, 19
through 26, and 40 through 43. Nevertheless, the system was complex and was the source of multiple
water ingress events during operation.
4.5.3

Containment heat removal

The Fort St. Vrain system also required a cooling for the metallic liner and the structural concrete of the
PCRV. The cooling system, called the PCRV liner cooling system (LCS), was in continuous operation for
all normal and accident conditions. The system is divided into two redundant trains, either is sufficient for
cooling the PCRV. The cooling tubes on the PCRV liner are alternately fed from the two trains so that all
parts of the vessel are adequately cooled by a single train. In normal operation, the LCS rejects heat in a
recirculating closed mode to the nonsafety Service Water heat exchangers or, in emergencies, is supplied
with water by the safety class firewater in an open, nonrecirculating cooling mode.
4.5.4

Leak detection systems

The Steam Line Rupture Detection/Isolation System (SLRDIS) automatically detected and isolated High
Energy Line Breaks (HELBs). The isolation maintained building environment to assure continued
operation of the safety-related electrical equipment for safe shutdown and decay heat removal. Following
actuation of the SLRDIS, safe shutdown cooling was restored within 90 minutes by providing boosted
fire water to one helium circulator and fire water to one steam generator (last resort).
The Maximum Credible Accident resulted from multiple failures involving the helium purification system
regeneration piping. The primary coolant leakage resulted from a postulated rupture of a 2-in. pipe from
the PCRV top head to the helium purification regeneration system just below the refueling floor. About
2 minutes into the accident, the reactor would scram on low primary pressure. The peak building
38
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temperature would be about 79.4°C (175°F) 40 minutes into the accident, not accounting for heat sinks or
helium mixing in the building volume. Since the electrical equipment would remain operable in that
environment, reactor cooldown was accomplished by continued forced circulation core cooling at a
reduced helium density.
4.5.5

Current status

The Fort St. Vrain reactor initially loaded fuel in 1974 and reached power operation in 1976. The plant
ended nuclear operations in 1989 due to higher-than-anticipated operations and maintenance costs. A
review of operational experience is given NUREG/CR-6839.39
4.5.6

Plant protection, control, and instrumentation systems36

Plant protection system (PPS)
The PPS contained
1. reactor protective circuitry,
2. instrumentation and control for certain engineered safeguards, and
3. circuitry oriented toward protecting various plant components from major damage which is
only indirectly concerned with the basic safety of the plant as it relates to the public.
The major automatic functions of the PPS were:
1. reactor scram,
2. loop shutdown and steam/water dump,
3. circulator trip, and
4. rod withdrawal prohibit.
The plant protection system consisted of the instrumentation and controls required to initiate automatic
corrective actions upon onset of an unsafe condition. These actions were directed toward reducing plant
power and shutting down reactor plant equipment and were designed to override the plant operator and
the normal plant controls. The plant protection system was utilized upon occurrence of the following.
1. Equipment failures which require corrective action beyond the capability of the plant control
system.
2. Failure of the plant control system causing an abnormal condition.
3. Incorrect operation which result in a potentially unsafe condition.
The protective functions required of the plant protection system were related to conditions which might
lead to:
1. loss of core cooling,
2. power increase not matched by core cooling,
3. PCRV pressure rise, and
4. core or major equipment damage.
The plant protection system achieved reliability through redundancy and coincidence and was designed to
perform its function in the presence of any single failure and consequential effects. The system also used
channel independence to guard against the effects of plausible single events, such as shearing or blocking
of process connections, environmental effects, seismic events, and module removal. Independence is
achieved through:

39

NUREG/CR-6839 (ORNL/TM-2003/223), Fort Saint Vrain Gas Cooled Reactor Operational Experience,
Oak Ridge National Laboratory, 2003.
102










channel combination (voting logic) as close to output as practical,
physically separated channel connections from PPS to process,
physically separated redundant sensors (separate wells),
physically separated wiring races for channels,
redundant power supplies,
ground/short isolation,
fail-safe circuits/components where practical, and
instruments located to minimize chance for common mode accidental damage
– protection and control measurement channels are physically and electrically separated,
and
– bypass or removal of scram-related channels initiates a trip.

Safe plant shutdown and normal core afterheat removal could be performed with one operational steam
generator loop. Thus, complete automatic shutdown of the second loop is prohibited by the PPS except
for the case of a steam pipeline rupture and which is automatically followed by a reactor scram.
Channel trips used 2 out of 3 general coincidence logic system for in the reactor scram circuitry. Three
independent sensing circuits (A, B, C) are provided for each scram parameter. One sensor circuit for each
input parameter was combined in an OR solid-state gating to trip A (similarly in B and C)—a trip of any
one sensing circuit trips the channel.
Reactor scram logic
Automatic brakes in the control rod drive mechanisms are energized to hold the rods out of the core
during normal plant operation. Upon scram signal, the brakes were de-energized, and the rods fall into the
core by gravitational force.
Figure 51 shows the logic diagram for the reactor scram. The following plant states are used by the plant
protection system to initiate the automatic reactor scram logic.


















Manual (two independent switches and actuation mechanisms are provided)
Low main steam line pressure
Low hot reheat steam pressure
High wide range channel rate of neutron flux change
High startup count rate (startup only)
Rate of change of startup count rate (startup only)
Neutron flux high
High moisture in the primary coolant
High reheat steam temperature
Low helium pressure (only at power)
High primary coolant pressure
High hot reheat line pressure (only at power)
Low superheat line pressure( only at power)
Plant electrical system power loss
Two-loop trouble (leak detected in more than one steam generator loop)
Reactor building temperature
Auxiliary scram actions
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Fig. 51. Control logic diag
gram—scram logiic.
[Fort Stt. Vrain FSAR, Rev
vision 8, Chapter 7]]

s
events involved trip envelops thaat were functioons of two orr more variablles.
Several off the reactor scram
The Fort St.
S Vrain operrated with a fixed
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Fig. 52. Primary coolant preessure vs circu
ulator inlet tem
mperature.
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The feedw
water flow vs circulator speeed also depeended on pow
wer level. The trip envelopee for speed vss flow
(shown in
n Fig. 53) enfo
orced the variiable limits an
nd an overall high speed liimit. In additiion to circulattor
speed dep
pendence, the limits depend
ded on the nu
umber of circuulators operatting in a loop as shown in
subplots (a)
( and (b). Th
he programm
med limits werre implementeed using analoog hardware.
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Fig. 53. Programmed
d trip limits fo
or helium circu
ulator speed vs feedwater fl
flow.
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Circulator trip logic
The circulator trip results in (1) closing the circulator steam turbine inlet and outlet valves, (2) reducing
the load setting of the main turbine governor to 50% load, and (3) changing the feedforward and
proportional gain in the steam temperature control.
In the event of a failure of a single helium circulator, the plant remained online at a reduced load. The
turbine and reactor did not automatically trip. Power level was reduced to 50%, and normal plant controls
acted to stabilize the feedwater and steam systems at the lower level. In the loop with only one circulator
running, control gains were modified, but the action was otherwise normal control of circulator speed.
The circulator trip logic systems used redundant input channels in a 2-out-of-3 with specific (local)
coincidence logic. The plant protection system used these parameters in circulator trip circuit and
provided an input to the reactor protection through loop shutdown and two loop trouble.














Manual
Low circulator speed
High circulator speed—steam turbine
High circulator speed—water turbine
Low feedwater flow
Circulator bearing water loss
Circulator seal malfunction (bearing water leakage to primary coolant, labyrinth helium flow
high)
Circulator penetration pressure high
Loop shutdown
Steam leak detection (turbine building pressure, rate of rise)
Steam leak detection (reactor building pressure, rate of rise)
Steam leak detection (turbine building pressure, fixed setpoint)
Steam leak detection (reactor building pressure, fixed setpoint)

Rod withdrawal prohibition logic
The rod withdrawal logic used redundant A and B hindrance logic and was, otherwise, similar to the loop
shutdown and circulator trip logic. The plant protection system used these parameters in rod withdrawal
prohibition:










low count rate,
high startup range channel rate of neutron flux change,
high wide range channel rate of neutron flux change,
high flux level,
flux level interlocks,
rod control circuit load,
power range downscale failure,
rod group sequencing, and
automatic loop shutdown logic,

The plant protection system used these parameters in automatic loop shutdown:






high loop moisture (high-range instrument or low-ranger instrument),
high reheat header activity,
hot reheat header radioactivity high,
steam generator penetration overpressure,
low superheat header temperature (only at power),
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high differential temperature between loops,
high primary coolant pressure, and
trip of both circulators in a loop.

Reserve shutdown system and safety shutdown cooling system logic
The reserve shutdown system and safe shutdown cooling systems were manually actuated with no
operating bypasses.
Steam/water dump
The steam dump system isolated and drained a steam generator to limit the amount water in the steam
generator that could enter the primary in the event of a steam generator tube leak. The detection of
moisture in the primary resulted in activation of emergency feedwater isolation valves. Steam from the
other steam generators was prevented from entering the isolated steam generator by main steam
stop/check valves. The dump was accomplished by the rapid opening of two parallel redundant valves
relieving water and steam through the feedwater header to the dump tank. Either valve was sufficient to
drain the steam generator. The dump was terminated manually by the operator by closing the dump valves
when it was determined from the radiation monitors in the drain tank that helium was entering the drain.
The steam/water dump activation of one loop prevented initiation of the dump of the other loop. This
interlock ensures that cooling was provided during shutdown. The system was triggered by




detection of moisture in a helium loop,
high primary coolant pressure, or
high pressure in the steam generator penetration interspace.

Analysis showed that if the wrong steam generator was isolated (the intact steam generator), the operator
would have sufficient time to detect the error from humidity readings in the primary or radiation readings
in the reactor cavity and would be able to restart the intact steam generator and isolate the failed steam
generator before significant damage to the fuel or radiation release occurred.
4.5.7

Plant control system

The Fort St. Vrain plant operated in fully automatic control mode from 25 to 100% of full power. The
plant was designed for base load operation at a fixed power level but was also capable of following load
changes with a maximum rate of change of about 5% per minute. The control system was designed
regulate the production of high-pressure, high-temperature steam for the electrical power generation. The
plant started up under manual control by the operator. From 0 to 30%, individual systems were switched
into automatic control mode as the plant reached the normal power range.
The overall plant controls system design is shown in Fig. 54. The automatic control system regulated the
system to the operating point and responded to load changes and gradual changes in the plant. The control
system was also designed to respond automatically to larger disturbances such as loss of feedwater,
turbine-generator trip, and reactor scram.
The control scheme for normal power operation was a boiler-follow-turbine strategy in which load
changes were introduced by changing the position of the turbine admission valves. The feedwater valve
position, circulator speed, and reactor rod position were operated in feedforward plus feedback control
scheme to respond to the load change promptly and then regulated the plant to the operating point. This
scheme gave rapid turbine response by drawing down stored energy from the steam generator and from
the thermal mass in the core and reflector. The feedback response to errors in steam pressure, steam
temperature, reheat temperature, and differential pressure across the feedwater control valves gradually
restored these variables to their operating point.
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Fig. 54. Fort St. Vrain plant control system
m.
[Fort Stt. Vrain FSAR, Rev
vision 7, Chapter 7]]

Alarms for abnormal values of plant parameters were provided. The system allowed operators to take
manual control instead of automatic to avoid initiation of protective functions of the safety system. The
safety system always provided the necessary safety response when design trip conditions are exceeded.
The following sections describe the individual control loops.
Feedwater flow control
The feedwater flow setpoint was adjusted to control steam pressure. The steam pressure setpoint was
16.5 MPa (2400 psig) throughout the normal load range. The feedwater flow setpoint was computed as a
steam pressure error with proportional and integral action summed with the first stage pressure. The first
stage pressure is very nearly proportional to turbine load. This part of the flow setpoint signal served as a
feed forward of the load to the feedwater flow.
The feedwater flow setpoint cascaded to the flow controller. Each feedwater control valve received the
same flow setpoint. The flow controller was a closed loop controller that adjusted the feedwater valve to
match the measured feedwater flow to the flow setpoint received from the pressure controller.
The turbine speed control for the boiler feedpump was based on maintaining a constant differential
pressure across the feedwater control valves. The measured differential pressure across the valve was
used in a closed loop control for the turbine speed.
The feedwater flow controller also contained a fast runback mode that was initiated following most
scrams. A feedwater flow runback rate of 0.5%/s was used for reactor scram and turbine trip. A runback
rate of 0.25%/s was used for loop shutdown, circulator trip, trip of three circulators, and boiler feedpump
trip. The rapid runback brought feedwater flow down to the required level very quickly and through the
feedforward ties to circulator control and flux control was able to coordinate the reductions in power
production and transport through the primary system.
Helium circulator control
The helium circulators were used in a closed loop control to maintain main steam temperature at the
setpoint of 541°C (1005°F). The main steam temperature was controlled by individual loop temperature
controllers, each of which determined a helium circulator speed setpoint for its associated loop. The
circulator speed setpoint contained steam temperature error with proportional and integral action and an
anticipatory feedwater flow signal. The feedwater flow is a feedforward signal to ensure rapid response to
load changes. The feedback errors react more slowly and stably to bring the temperature to the setpoint.
Reactor power control
Reheat steam temperature was controlled by creating a change in the neutron flux controller setpoint,
which changed neutron power which, in turn, restored reheat steam temperature to its setpoint. The flux
setpoint contained the reheat temperature error with proportional and integral action and a signal
proportional to steam flow which was used as a feedforward to anticipate load changes. The flux setpoint
cascaded to the flux controller.
Reactor power was controlled via flux controllers. The flux controller operated one control rod drive for
automatic power regulation. The automatic rod drive was connected to a pair of control rods near the
center of the core. The flux measurement signal for the flux controller was averaged from six detectors.
The flux controller was a three-zone, on-off controller with an adjustable deadband acting on the flux
error. The rod position controller effectively integrated the flux error to achieve zero offset between
measured flux and the flux setpoint that cascaded from the steam temperature control.
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Only one pair of control rods was automatically controlled. Since one rod pair is insufficient for the 25 to
100% normal load swing, manual shimming of three symmetrically located rod drives was required
occasionally.
Helium temperature was not directly controlled but was determined by the helium flow rate and the
reactor power level for the hot helium and by the feedwater temperature entering the economizer for the
cold helium. The control scheme described thus far has five manipulated variables—turbine admission
valve position, rod position, feedwater valve position, helium circulator speed, and boiler feedpump
speed. The system has five measured variables that are controlled to setpoints—load, steam pressure,
steam temperature, reheat steam, and feedwater valve differential pressure. Hence, the degrees of freedom
match the constraints, and it is not possible to control helium temperature also. Nevertheless, the average
helium temperature is uniquely determined (though not fixed to a setpoint) by the other constrained
variables and remains in the safe operating range. A consequence of not controlling the average helium
temperature was that the helium pressure varies over the power range. This expected variation is included
in variable helium pressure trip setpoints in the reactor protection system.
Shim rod control
The core contains 37 pairs of control rods. Normally, only one pair was dedicated to automatic control.
Six pairs were used as shim rods which were manually controlled to adjust core reactivity in response to
burnup and large load swings. The shim rods also had an automatic runback mode in which the group of
six rod pairs was used simultaneously by the flux controller for fast power reductions. The remaining 30
pairs are used for safe shutdown of the reactor.
Because of the potential for uncontrolled reactivity insertion, the shim rod control system was designed
with simple, reliable switch controls for positioning the rods, rod position indications, indications for inlimit, out-limit, and slack cable, and inhibits to prevent multiple rod pairs to be inserted or withdrawn
simultaneously. Alarms were provided for group misalignments. Nevertheless, accidents involving the
simultaneous withdrawal of all 37 rod pairs at 25 and 100% were considered in the design basis accidents.
Analysis showed that negative temperature feedback is sufficient to protect the core from damage starting
from any initial power level in the event all rods are run out simultaneously.
Orifice control system
The orifice control system in Fort St. Vrain positioned variable orifices in inlet coolant passages within
the reactor to control the distribution of flow of helium coolant through each region of the core to
compensate for variable power generation in each region. The purpose was to reduce the variation in core
outlet temperatures across fuel and reflector. No GCR design since Fort St. Vrain has used the orifice
flow control mechanism.
The orifice valves were manually controlled from the control room. Only one orifice at a time may be
repositioned. Limit switches were provided at the 98.5 and 1.5% of open positions, to prevent running
orifice valves into their mechanical stops. Orifice position indication was required in the control room.
The control and position indication system was integrated with the region outlet temperature display and
other pertinent information displayed on the primary coolant control board.
The orificing valve was positioned by a stepping motor. The total time to drive the valve from the fully
open position to the fully closed position was approximately 30 minutes. Transfer of the orifice selector
switches during orifice motion was prohibited by solenoid interlocks on the selector switches. The motor
control indexer required that the AC power not be turned on during the selection of a drive. A “NormalSelect” pushbutton switch was also provided and electrically interlocked to the selector switches and
indexer. This pushbutton was depressed to allow the orifice selector switches to be repositioned and it
simultaneously disconnected AC power to the motor control indexer. Indicator lights were provided to
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monitor the condition of the orifice control circuitry. One light indicated the availability of power; the
other indicates when a motor is in a drive cycle.
Three digital orifice position indicators were provided which obtain position information from
potentiometers in the mechanism. The selection of an orifice for positioning (by the orifice selector
switches) simultaneously selected its position for display on the appropriate digital indicator. An
indicating light directed the operator's attention to the position indicator corresponding to the valve being
operated.
The outlet gas and fuel temperatures that resulted from accidental closure of an orifice were analyzed and
shown to be within acceptable limits.
4.5.8

Plant control system transient events

The plant control system was studied extensively in dynamic simulations prior to operation to investigate
the adequacy of the design under a wide range of operational events. This section illustrates three basic
events with normal control system response. The events are a normal load change, turbine trip without
scram, and reactor scram. The events depicted show that the normal operational control is smooth and
stable and that conditions that might damage the fuel or affect the design life of fuel or core structural
materials are not reached by a considerable margin.
Normal load change (Fig. 55) is an example of the capability of the plant control system to respond at the
maximum design rate of load change, 5%/m. The transient ramps from 100 to 25% and back. The reactor
power leads turbine power in the decrease. The reactor power must lead the turbine power on the
decreasing ramp to reduce the temperature of the fuel and reflector. Similarly, the reactor power leads the
turbine load on the increasing ramp to heat the core and reflector back to the temperature corresponding
to full power.
The steam pressure error remains close to setpoint throughout the transient. The maximum deviation is
9.1 psi (62.7 kPA) over the setpoint. The main steam and reheat steam temperature have very little
deviation from setpoint in the transient. The maximum positive deviation from setpoint is 15°F (8.3°C)
and maximum negative deviation is 6°F (3.3°C).
Turbine trip without scram
Figure 56 shows turbine trip from a full load without a scram. This event is a reduction in the heat
removal capability of the secondary. The control strategy is to run the reactor back to the heat removal
capacity of the steam bypass system without tripping the reactor. This strategy minimizes thermal stresses
on the core and potentially reduces the time for return to power thereby improving plant availability.
After tripping the turbine, steam pressure goes to the bypass system backpressure control setpoint 17.58
MPa (2550 psig) with the steam pressure regulated by the bypass system. The reactor power decreases to
steady-state of approximately 25% after approximately 20 minutes. Rapid runback controls for feedwater
valves bring the feedwater flow back to a low flow limit that is within the reduced load capacity of the
bypass system. In back pressure control mode, feedwater flow is no longer responsible for controlling
steam pressure.
Circulator speed and flux controls operate to regulate steam temperature and reactor power and, because
of the feedforward terms, are coordinated with the feedwater flow. Over the same 20-minute period, the
reheat steam temperature and main steam temperature are restored to their setpoints. The turbine trip
without scram transient illustrates the capability for rapid runback through feedforward actions plus
gradual feedback to restore the plant to operating point following a major disturbance.
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Fig. 55. Normal
N
load change
c
at maxximum design rate.
[Fo
ort St. Vrain FS
SAR, Revision 7, Chapter 7]
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Fig. 56. Turb
bine trip from full load.
[Fo
ort St. Vrain FS
SAR, Revision 7, Chapter 7]
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Fiig. 57. Reactor scram from full power.
[Fo
ort St. Vrain FS
SAR, Revision 7, Chapter 7]

4.5.9

Plant
P
instrum
mentation

Nuclear instrumenttation
The nucleear instrumenttation (Fig. 58
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Fig. 58. Nuclear instrum
mentation diagram
m.
[Fort Stt. Vrain FSAR, Rev
vision 7, Chapter 7]]

ors are located
d as shown in
n Fig. 59 in eigght wells in tthe PCRV; noone penetratess the
The 14 neeutron detecto
liner. Six wells extend vertically dow
wnward from
m the operationns floor abovve the reactor vessel to a
position opposite
o
the core midplane. Two verticaal wells each ccontain two ddetectors (onee for control, oone
for protecction). Two startup source-range detecto
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core. Figu
ure 59 also sh
hows the locattion of the staartup neutron sources.

Fig. 59. Co
ore locations fo
or startup sou
urces (and deteectors).
[Fo
ort St. Vrain FS
SAR, Revision 7, Chapter 7]

The high--sensitivity staartup detectorrs were B-10 lined proporttional counterrs with a senssitivity of
~18 cps/n
nv in a 200 R//h gamma fielld. The remain
ning 12 detecctors were duaal-range fissioon chambers
having thee following seensitivities:
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As a counter:
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.
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Fig. 60. Moissture samplingg system.
[Fo
ort St. Vrain FS
SAR, Revision 7, Chapter 7]
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The trip mode operated at a fixed temperature setpoint corresponding to the dewpoint temperature of the
limiting concentration for moisture in the coolant. A decrease in light reflected by the mirror indicated
fogging and that moisture content was higher than the limit. The measurement gives a discrete state
change at the trip point but does not give a continuous measurement of the moisture content. By contrast,
the indicating mode of the DPPM increases and decreases the mirror temperature to locate the dewpoint
temperature in a continuous cycle. The location of the servo amplifier indicates the instrument operation.
In trip mode (Fig. 61), the servo amplifier which located near the bottom of the diagram is controlled by
the temperature. The amplifier turns on the heater when the mirror temperature is below the setpoint and
turns it off when the temperature is above. This mode of operation maintains the mirror at the setpoint
temperature. In the indicating mode (Fig. 62), the servo amplifier, which is located near the center of the
page, is controlled by the optical reflection signal. If the light is reflected, the servo amplifier turns off the
heater which cools the mirror. If the light is not reflected, the amplifier turns on which heats the mirror. In
this control mode, the mirror temperature tracks the dewpoint temperature. The trip limit is detected in the
indicating mode of operation by detecting when the measured dewpoint temperature is less than the
temperature corresponding to the limiting moisture content. The DPMM also has circuits to indicate
malfunctions such as failure of the temperature controller, low flow to the cooling circuit, or failure of the
servo amplifier.
All six detectors are set to trip at a moisture concentration of 100 ppmv of 4.83 MPa (700 psia) pressure
[ppmv is parts per million by volume]. Two additional trip instruments sample a mixture of primary
coolant gas from both loops and are set to trip at a moisture concentration of 500 ppmv at 4.83 MPa (700
psia) pressure. The three-detector system identifies the leaking loop; the two-detector system detects high
moisture for reactor scram.
Temperature, pressure, and flow
Outlet coolant thermocouples measured the temperature of the coolant gas at the outlet of each of the 37
fuel regions and were used for high temperature alarm. The outlet coolant temperatures were used in
conjunction with the hot reheat steam temperature to adjust the core orifices and to estimate fuel
temperatures.
Reactor pressure was required to be measured by three independent pressure sensors for the reactor
protection system. Each measurement was fully redundant from transducer to the protection system
including electronics and power supply. A total of six pressure sensors were installed (three operational
and three spares), each in a separate penetration. The pressure transducers had the capability for online
testing. A line at the inlet to the PCRV pressure transducer was utilized for operational checks and
calibration of the transducers. The instrument was checked by connecting a helium cylinder to the line
and pressurizing the line to above the pressure of the PCRV. A restrictor in the sampling line to the
transducer allowed helium from the cylinder to flow into the PCRV; the differential pressure across the
restrictor and sensing line, plus the PCRV pressure, was then measured by the instrument. This test allows
a quick operability check of the transducer to demonstrate that it responded to a pressure increase. The
same test facility was used for calibration but required access to the penetration interspace to close the
isolation valves in the sensing lines.
In addition to the main reactor pressure instrumentation, the low-range primary coolant pressure was
monitored during the late phase of depressurization, shutdown, and early part of repressurization. A
differential pressure transducer was provided to monitor the core pressure drop.
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Fig
g. 61. Moisture deetector—operating in trip mode.
[Fort St. Vrain FSAR,
F
Revision 7, Chapter 7]
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Fig. 62
2. Moisture detecctor—operating in
n indication modee.
[Fort St. Vrain FSAR,
F
Revision 7, Chapter 7]

Mass flow in each circulator was computed from differential pressure across the circulator inlet nozzle.
The flow was compensated for helium density using the circulator inlet temperature measurement and a
common pressure measurement at the inlet plenum. Power-to-flow measurement was accomplished by
totaling the coolant mass flow from the circulators and taking the ratio of total flow to reactor power. The
power-to-flow ratio measurement system was not safety-related (not PPS, Class 1 nor required for safe
shutdown), and did not initiate any automatic protective system or control system actions as in some
GCRs. (It is comparable to LWR post-accident monitoring instrumentation such as LWR reactor coolant
system subcooling margin monitor, etc.)
Radiation monitoring
The hot reheat steam lines and the outlet of the main condenser air ejector were monitored for possible in
leakage of radioactive contaminants from the primary. Two sets of three redundant detectors were located
adjacent to each of the two hot reheat loop headers and were shielded from background by 1.5 in. of lead.
The two sets of monitors were part of the protective system. Each set was connected in 2/3 coincidence.
Other radiation detectors monitor the loop header condensate, the exhaust line of the air ejector, and the
reactor building ventilation exhaust.
4.5.10 Safety evaluation
Upgraded final safety analysis report
Chapter 14 of the Fort St. Vrain Upgraded Final Safety Analysis Report (UFSAR) provides a complete
review of the safety events and their evaluations that are considered in the Fort St. Vrain safety analysis.
The availability of the FSAR gives a more complete evaluation of this plant than is possible with the
other reactors considered in this summary. Only a summary of the analysis is given in this section.
Considerably more information is contained in the UFSAR.
The UFSAR divides the events considered into categories:
1. Environmental events
Events including seismic, wind, flood, fire, landslides, snow and ice, and explosions from
nearby natural gas wells
2. Reactivity accidents and transients
Upsets from various reactivity sources and from rod withdrawal incidents
3. Incidents
Miscellaneous structural events
Primary coolant events including malfunctions of helium circulators and their auxiliary
system
Malfunctions of the instrument and control systems
Malfunctions of the electrical system
Malfunctions of the helium purification system
Malfunctions of the helium storage system
Malfunctions of the nitrogen system
Malfunctions from handling heavy loads
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4. Loss of normal shutdown cooling
Cooling on one steam driven circulator
Cooling with one water driven circulator
Partial loss of circulators (at least one circulator operational) and depressurization events
Heat removal events (e.g., flooded reheater, loss-of-coolant flow for less than 30 minutes)
5. Secondary coolant system events
Steam leaks inside and outside the PCRV
Steam/water leaks into primary
6. Auxiliary system leakage
Failures of the helium purification failure
Accidents involving the gas waste system
7. Primary coolant leakage
The design basis events are events that are the worst case events conceivable. Two events were originally
considered credible. Design Basis Accident No. 1 was the permanent loss of forced circulation. Design
Basis Accident No. 2 was a rapid depressurization event.
The permanent loss-of-forced circulation would require the extended failure of all four helium circulators,
their steam and water drives or their multiple sources of motive power, or failure of both the main steam
and reheat steam sections of both steam generators. Two hours following loss of forced circulation at full
power the plant operator would begin depressurization of the primary coolant system. The PCRV was
depressurized through the helium purification system and the reactor building vent stack filters to
atmosphere. When the operator realized that the loss of circulation was permanent, about 5 hours
following the loss of forced circulation, the reserve shutdown system would be operated to assure
adequate shutdown margin. The PCRV cooling water system would continue. Two separate identical
closed loops supplied cooling water to the separate zones of the PCRV—top head penetration, core
support floor, PCRV liner on side wall and top head, and PCRV bottom head and bottom penetrations.
The assumed case had only one loop operating. This accident involved core damage and fission product
release causing offsite doses. The peak core temperature reached 2982°C (5400°F); approximately 95%
of fuel particles suffered failed coatings, releasing 28% of the core fission product inventory (less than
5% gas borne in the PCRV). The 6-month doses at the low-population zone boundary were 0.37 mrem
whole body gamma, 36 mrem thyroid, and 1 mrem bone. [FSAR Chap. 14 Rev. 5]
The Design Basis Accident No.2, (DBA-2) “Rapid Depressurization/Slowdown,” was a rapid
depressurization/blowdown from a hypothetical sudden failure of both closures in the bottom head access
penetration. This accident was not considered credible [FSAR Chap 14 Rev. 8] because it required failure
of two safety valves in the reactor penetration closure to fail. The UFSAR has retained the analysis of the
event for historical purposes.
In DBA-2, blowdown of the PCRV to atmospheric pressure is completed in about 2 minutes. A reactor
scram would occur on low primary coolant pressure with forced circulation cooling being continued by
auto-start of the Pelton wheels using feedwater. In the analysis performed in UFSAR Section 14.11.2.2,
forced circulation cooling was assumed to be interrupted until the auto-start of the helium circulator
Pelton wheels occurring 5 minutes into the accident. The analysis indicates a peak fuel temperature of
1427°C (2600°F), which is below the conservative FSAR temperature limit of 1593°C (2900°F), a
temperature well below that at which rapid fuel deterioration is expected to occur. Ambient reactor
building temperatures would quickly peak at 131°C (267°F) with an elevated high temperature and a rateof-rise sufficient to trip SLRDIS. This would result in isolation of all secondary coolant flow not
permitting forced circulation cooling to be quickly re-established as assumed in the current FSAR
accident analysis.
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Delay times of 30 and 60 minutes for manual restart of forced circulation were considered in the analysis.
For a 60 minute delay in restart of forced circulation, the maximum fuel temperature is 1543°C (2810°F).
This maximum fuel temperature satisfies the conservative FSAR temperature limit of 1593°C (2900°F), a
temperature well below that at which rapid fuel deterioration is expected to occur. Average core outlet gas
temperature is less than 1093°C (2000°F) and, therefore, is acceptable regarding Class B thermal barrier
insulation. The total amount of graphite oxidation due to air ingress for the 60-minute interruption in
forced circulation is 10.5 kg (23 lb). This amount of oxidation is not significant.
The UFSAR concluded that while rapid depressurization would result in an interruption of forced
circulation due to actuation of SLRDIS, sufficient time existed for the operators to restart forced
circulation cooling with no change in the accident consequences. The need for forced circulation and the
reliance in some scenarios on non-safety equipment for pressurized water supply for the steam generator
cooling and for motive power for the helium circulators is one of the weaknesses in the safety case that is
addressed in other designs by sufficiently low-power density that passive reactor cavity cooling systems
can maintain safe fuel temperatures in a depressurized loss of forced circulation.
4.5.11 Evaluation of operating experience
In 2003, a study was conducted by Oak Ridge National Laboratory to assess the operational experience of
Fort St. Vrain using the monthly operating experience reports produced by ORNL during the years 1981
through 1989.40 The report was produced under contract to the NRC to capture lessons learned from the
Fort St. Vrain experience for future GCRs that might be built.
The monthly reports which were the source material for the analysis were generated by ORNL from
Licensee Event Reports. ORNL filed 96 monthly reports with the AEOD between 1981 and 1989. These
monthly reports were reviewed again in the ORNL study. The 279 events reported in the set of monthly
reports were catalogued into one of seven categories: (1) 29 water incursion events and failures of
moisture detection systems; (2) two air or other unwanted gas incursion events and failures of gas
detection systems; (3) three fuel failures or anomalies; (4) two failures or cracks in graphite, pipes, and
other reactor structural components; (5) no failures of nuclear instrumentation systems; (6) 47 human
factors and operator performance issues; and (7) 196 other events or conditions that may be relevant to
current GCR designs. The assessment of the categories given in the report is as follows:
1. Moisture Intrusion
The moisture intrusion events had the greatest safety significance. The 29 events were placed
into one of four subcategories as follows: (1) 18 were classified as thermal-hydraulic
moisture outgassing events, (2) four were determined to be tube leaks, (3) five involved
moisture detection instrumentation failures, and (4) two were a plugging of or an obstruction
of process lines.
2. Gas Intrusion
The two instances of helium leaks did not present a safety hazard at Fort St. Vrain.
3. Fuel Failures
A dropped Lucy Lock (a Lucy lock is a mechanical device to maintain uniform spacing of
prismatic fuel elements) to the top of the core during a refueling outage did not damage the
fuel. Another event caused only slightly skewed radial and axial power profiles; however,
there was no adverse power peaking. A third event was a failed surveillance on one hopper.

40

D. A. Copinger and D. L. Moses, Fort Saint Vrain Gas Cooled Reactor Operational Experience,
NUREG/CR-6839 (ORNL TM-2003/223), September 2003.
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However, the system would still have been able to perform its design safety function. Based
on these assessments, the three incidents did not present a safety hazard at Fort St. Vrain.
4. Structural or Graphite Failures
Routine inspections discovered superficially cracked fuel element webs that were not
considered a safety issue at Fort St. Vrain. Corroded prestressed concrete reactor vessel
tendon wires also did not present any undue safety hazards to Fort St. Vrain.
5. Human Factors
There were no extraordinary human factors issues uncovered as part of this analysis, and they
did not present a safety hazard at Fort St. Vrain.
6. Instrumentation and controls
No failures of nuclear instrumentation systems were recorded.
7. Other
The potential safety consequences from the 196 other events were collectively representative
of routine operational events at Fort St. Vrain. A more detailed analysis of the 196 events
may reveal a hidden component or cause that was not apparent from the study.
4.5.12 Significant issues
The safety consequences from moisture intrusion events at Fort St. Vrain are arguably the single most
important issue identified in the operation of the plant. The events directly affected the plant’s safety and
accident analyses. While the final safety analysis report accident analysis accounted for large moisture
incursions over the short term, the long-term effects from a small incursion (i.e., low volumetric or
inleakage rates) were not clearly understood or appreciated, and ultimately these had a much greater
effect on plant operations. Small amounts of moisture degraded both the control rod drive and reserve
shutdown systems. Moreover, six control rod pairs failed to scram during an event on June 23, 1984. This
failure to guarantee a plant shutdown when required represented a significant safety hazard for plant
operations. Low levels of moisture were a common cause effect leading to the failure of the both the
primary and backup scram mechanisms.
The Fort St. Vrain plant required forced circulation from two loops for a trip with maximum decay heat.
Providing a primary and backup safety related means for power to the helium circulators required an
extensive list of plant equipment. The analysis of that system was difficult to analyze and to license.
Later generations of GCRs were designed and sized for passive decay heat removal at temperature levels
below the point at which fuel particle failure would occur. Other revisions based on the Fort St. Vrain
circulator problems were the use of a separate shutdown cooling system rather than the main helium
circulators for normal plant post-shutdown cooling and the use of electric drives for the helium circulators
rather than steam and water turbines.
4.6

10 MW High Temperature Gas-Cooled Test Reactor (HTR-10)

4.6.1

Reactor system design

The HTR-10 design, as described by Wu,41 is a Chinese pebble bed reactor core with online refueling
based on the German HTR-Module design. The objective of the HTR-l0 for the emerging Chinese nuclear
power plant industry is to verify and demonstrate the technical and safety features of the modular HTGR
41

Z. Wu, D. Lin, and D. Zhong, “The Design Features of the HTR-10,” Nuclear Engineering and Design, 218,
pp. 25–32 (2002).
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and to establish an experimental base for developing nuclear process heat applications and the gas turbine
cycle for electricity production. The specific goals of the HTR-10 have been defined as follows:






acquiring expertise in the design, construction, and operation of HTGRs;
establishing an irradiation and experimental facility for fuel elements;
demonstrating the inherent safety features of the modular HTGR;
testing electricity/heat co-generation and gas turbine technology; and
carrying out R&D on high temperature process heat application.

The HTR-10 is the first step of development of modular high temperature gas-cooled reactors in China.
The HTR-10, in its initial configuration, provides co-generation of electricity using a once through steam
generator and conventional steam turbine and district heating with its rated 10 MW thermal power. A
planned future upgrade of the test facility will increase the helium operating temperature to allow
operation of a gas turbine topping cycle. The modified system will incorporate an intermediate heat
exchanger (IHX) in series in the steam generator. The secondary side of the IHX will use nitrogen gas as
the working fluid and will be connected to a gas turbine for energy conversion. The steam turbine and gas
turbine will operate together as a combined cycle plant.
The pebble bed core of HTR-10 contains about 27,000 spherical fuel elements of 6-cm diameter. The fuel
elements contain TRISO coated fuel particles in much the same design as the AVR fuel. The core region
is 180 cm in diameter and 197 cm in average height. The mean power density of the core is 2 MW m3.
The small physical size of the core and low power density contribute to the ability to use inherent heat
removal for decay heat removal. The HTR-10 is refueled online.
The upper, side, and bottom graphite reflectors surround the reactor core. Each layer of the side reflector
consists of 20 segmented graphite bricks with drilled channels for ten control rod channels, seven
absorber ball channels, and three experimental channels. In addition, 20 cold helium channels are located
in each layer of the side reflector to reduce the graphite temperature under operating conditions and to aid
in cooling the core under accident condition due to the large heat capacity of the graphite structure. The
bottom structure of the core is a conical section with a 30° angle to allow free movement of the fuel
elements into the refueling system by gravity. The heated helium gas flows through the channels in the
bottom reflector graphite bricks and into the hot gas chamber, and then out of the reactor vessel through
the hot gas duct which connects the reactor vessel with steam generator. The inner surface of the side
reflector has dish-like indentations to prevent pebbles from forming a rigid bridge structure that would
prevent free movement of fuel pebbles down the internal wall surface of the reflector.
Boronated carbon bricks surround the graphite reflector. The carbon and boronated carbon bricks serve as
thermal insulation to reduce heat loss from the core and as neutron shielding to protect the core barrel and
the reactor pressure vessel from neutron irradiation damage. The graphite and carbon bricks are connected
vertically with a dowel and socket system, and horizontally with the key and keyway system to insure the
mechanical stability of the core structure and to prevent the formation of gaps which would allow excess
bypass flow. The dowels and keys are made from graphite material. The ceramic internals are supported
on a metallic lower support plate and are connected with the core vessel by metallic keys. The bottom of
the metallic internal structure is supported on the inside flanges of the reactor pressure vessel wall by ten
roller bearings. The movable structure allows differential thermal expansion between the metallic internal
structure and the reactor pressure vessel. A cross section of the reactor structure of the HTR-10 is shown
in Fig. 63.
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Fig. 63. Thee HTR-10 rea
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The HTR-10 uses chemically inert helium gas as coolant. The cold helium enters the core at an inlet
temperature of 250°C. The coolant flows up through the reflector and then flows downward through the
pebble bed core exiting the core with an average temperature of 700°C. Under normal operating
condition, the peak fuel temperature occurs near the core outlet. One of the benefits of the concurrent
flow design in which both fuel and coolant flow downward in the core is that the higher burnup fuel and
the higher coolant temperature both occur near the outlet. Both burnup and Doppler feedback tend to
reduce the flux peaks in the lower region of the core. The co-current flow has the beneficial effect of
reducing the peak fuel temperature in comparison to counter current flow of fuel pebbles and coolant as in
the AVR.
The main design parameters of the HTR-10 are summarized in Table 21. The main features of the reactor
are shown in Fig. 64.
4.6.2

Heat transport loop

The reactor vessel and the once-through steam generator shell are steel pressure vessels arranged side by
side as shown in Fig. 63. The two vessels are connected by the annular hot gas duct. The flow path is
designed so that the pressure vessel walls of the reactor, steam generator, and hot gas duct are in contact
with the cold helium (about 250°C) as it leaves the circulator. The hot gas flows in the interior of each
vessel. This arrangement protects the metallic surfaces from the hot gas temperature. The helium
circulator is located on top of the steam generator vessel. The helium enters the main circulator from the
annular tube bundle. The pressurized helium flows down the outside of the steam generator to the outer
coaxial pipe of the hot gas duct. It enters the channels in the side reflector, and then flows through these
channels from bottom to top. The cold gas turns downward in the upper plenum and enters the reactor
core region passing through the pebble bed from top to bottom where it is heated to a temperature of
about 700°C. The hot helium exits the hot gas chamber in the bottom reflector and flows through the hot
gas duct to the steam generator. The heat from the helium is transferred to water in the secondary circuit
to produce steam. The temperature of the helium at the exit of the steam generator is 250°C.
The advantages of the side-by-side arrangement of the reactor and steam generator are the ease of
maintenance and the reduced probability of a steam generator tube rupture resulting in water entering the
reactor core. Both maintenance and water intrusion were problematic for the AVR design with the steam
generator above the reactor in a single vessel. The once through steam generator has 30 helical tube
bundle modules. A small helical tube bundle with a diameter of 112 mm is contained within each module.
The heat transfer tubes are constructed with 2-1/4 Cr–1 Mo and can withstand temperatures up to 500°C.
FigureFig. 63 shows the HTR-10 reactor and steam generator arrangement in the primary cavity.
4.6.3

Online refueling

The reactor has an online refueling system similar to the AVR reactor described in Sect. 4.3. The HTR-10
refueling apparatus is shown schematically in Fig. 64.42 Loss of reactivity in the core over time can be
compensated by adding fresh fuel pebbles from the top of the core. The fuel pebbles are circulated
through the core region an average of five times before their burnup limit is reached. The mixture of fresh
and burned fuel in the ‘multi-pass’ scheme reduces the power peaking factor of the HTR-10 in
comparison to a single pass.

42

Y. Yang, Z. Luo, X. Jing, and Z. Wu, “Fuel Management of the HTR-10 Including the Equilibrium State and
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Table 21. Major design parameters of the HTR-10 test reactor43
Item

Unit

Value

Core
–
–
–
–
–
–
–
–
–
–

Thermal power
Reactor core diameter
Average core height
Primary helium pressure
Average helium temperature at
reactor inlet/outlet
Helium mass flow rate at full
power
Average core power density
Power peaking factor
Number of control rods in side
reflector
Number of absorber ball units
in side reflector

MW
cm
cm
MPa

10
180
197
3.0

°C

250/700

kg s-1

4.3

MW m-3

2
1.54
10
7

Fuel
–
–
–
–
–
–
–
–
–
–
–
–

43

Nuclear fuel
Heavy metal loading per fuel
element
Enrichment of fresh fuel
element
Number of fuel elements in
core
Fuel management
Average residence time of one
fuel element in core
Max. power rating of fuel
element
Max. fuel temperature (normal
operation)
Max. burn-up
Average burn-up
Max. thermal flux in core
(E>1.86 eV)
Max. fast flux in core (E>1
MeV)

UO2
g

5

%

17

Multipass

27,000

ERPD

1080

kW

0.57

°C
MWd tHM-1
MWd tHM-1

919
87,072
80,000

n cm-2 s-1

3.43 × 1013

n cm-2 s-1

2.77 × 1013

Wu, op. cit.
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Fig. 64. Onliine refueling system; cross-ssection of the HTR-10.
[Y. Yaang et al., “Fueel Managementt of the HTR-1
10 Including thhe Equilibrium State and Runnning-In Phase,,”
Association of German Engineers
E
(VDII), Nuclear Eng
gineering and D
Design, 218, ppp. 33–41 (20002)].
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The fuel elements drop into the reactor core from the central fuel charging tube. An estimated space of 40
cm height between the top of the pebble bed and the bottom of upper graphite reflect provides a margin
for accommodating the criticality calculation uncertainty and burnup. The fuel elements move downward
through the reactor core and discharge through a tube of 50 cm inside diameter at the core bottom. A
singularizer lines up fuel elements and separates individual spheres for testing one by one.
The defective fuel elements and the scrap fragments are detected by the refueling system and diverted into
a scrap container. The burnup for each fuel pebble is measured in the refueling apparatus. Elements which
have not reached the burn-up target are re-circulated into the reactor core. The spent fuel elements
exceeding the burnup target are discharged and transported into the spent fuel storage tank. New fuel
elements to compensate for burnup are loaded into the core via a special pressurized charging facility to
prevent air from entering into the primary system or coolant being released into the environment. Fuel
elements are conveyed through the fuel handling system by pneumatic force and gravity.
4.6.4

Confinement

The HTR-10 adopts the confinement rather than containment strategy. As described by Wu,44The
concrete compartment around the pressure vessel is not a sealed containment designed to retain released
gases throughout any accident as in a conventional PWR. This confinement design is permissible because
the safety analysis of the plant shows that radioactive release in all safety events is below allowable limits
for the following reasons.
1. No possible accident can cause the fuel elements to exceed their temperature limit and lead to
widespread release of fission products from the fuel particles.
2. The uranium content of the fuel elements is low.
3. The graphite retains a significant fraction of the radioactive contamination released by any
failed fuel particles.
4. Activated corrosion products in the primary coolant are negligible.
The HTR-10 relies on confinement of the reactor atmosphere to allow retention of contaminants from the
reactor and filtering before release when needed. Concrete compartments which house the reactor vessel,
the steam generator vessel as well as other parts of primary pressure boundary are designed to be leaktight and serve as the confinement. While the concrete structure does not have sufficient pressure capacity
to withstand a total core depressurization event, the confinement, together with the accident ventilation
system, serves as a barrier against the release of radioactivity into the environment.
During normal operation conditions the exhaust system maintains the cavity of the concrete
compartments at negative pressure to prevent the dissipation of radioactivity inside the cavity into the
reactor building. The air from the confinement building is filtered before exhaust via the chimney to
minimize the impact on the environment according to the ALARA (as low as reasonably achieveable)
principle.
In depressurization accidents, when the pressure inside the cavity exceeds 0.1 bars above atmospheric
pressure, a rupture disk in the exhaust pipe automatically opens. The air exiting the cavity initially is not
filtered but is released directly into the atmosphere via the chimney. The design of the confinement is
based on a concept of lowest risk release. In a severe depressurization accident, the release of
radioactivity can be divided into two parts, the prompt release and delayed release. Gaseous fission
products in the helium coolant and solid fission products deposited on the graphite dust are transported to
the break by the flow of the helium coolant. However, the initial part of the release contains relatively low
contamination because of normal operating controls and purification of the coolant. The main danger of
the initial release is the high volume and energy of the initial release that could potentially damage the
filters. The delayed release of the depressurization has the potential for higher contamination because, as
44

Wu, op. cit.
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the accident progresses, fuel elements may be damaged by the higher, post-accident temperatures or by
the introduction of air or water into the core. This delayed release could last for several tens of hours.
Therefore, the prompt release without filtering of the initial depressurization protects the filters from use
and damage by the initial high energy and volume prompt release and conserves the filters for the delayed
stages of the transient with lower volume but potentially higher contamination.
4.6.5

Shutdown cooling system

During normal shutdown operation, core decay heat is removed by the main heat transport loop. The main
heat transfer system is composed of the primary helium circulator, steam generator and feed pump, and
circulating water system. The primary helium circulator cools the core and transfers to the start up and
shut down system through the steam generator. Heat is removed from the secondary side of the steam
generator by the circulating water system. In a depressurization event, the main heat transfer system is
ineffective due to the reduced density of the coolant. However, analysis shows that no forced circulation
core cooling is needed at all. Decay heat can be dissipated via the core structure by means of heat
conduction and radiation to the outside of the reactor pressure vessel, where a reactor cavity cooler is
installed on the wall of the concrete housing cavity. The reactor cavity cooling system is connected to the
air coolers on the top of the reactor building. The RCCS is a passive, natural circulation heat transport
loop that conveys the decay heat to the atmosphere via the air coolers.
The HTR-10 has two independent of RCCS trains for passive decay heat removal system. Each train has
the capacity to remove 100% of decay heat. The core diameter of HTR-10 is small and the average power
density is low, therefore, the maximum fuel temperature in a depressurization event with the passive
RCCS is more or less equal to normal operating conditions with forced flow and 100% power. Even in
the extreme condition of the failure of both trains of the RCCS, the core could dissipate its decay heat
through the wall of reactor concrete to the surrounding earth. The maximum temperature of fuel elements
in this beyond design basis event would be below the temperature limit of 1600°C.
Analysis also shows that the cooling system for the concrete reactor housing cavity, which is designed to
provide for cooling for the vessel and its support in normal operation, will keep the fuel temperature in
the allowable range if neither the main heat transport loop nor the RCCS is available. The instrumentation
of and surveillance for cavity cooler are maintained to ensure the operability and control of the cavity
cooling as necessary for emergency conditions.
4.6.6

Helium purification plant

The helium purification system45 of the HTR-10 purifies a bypass stream from the primary coolant system
to remove chemical impurities, such as hydrogen, carbon monoxide, carbon dioxide, water vapor, oxygen,
nitrogen, methane., and gaseous radionuclide fission products such as krypton, xenon etc. in the primary
coolant helium. The system also removes particulate solids produced by abrasive action of the pebble
flow. The normal sources of contaminants are low level quantities of air or moisture that are desorbed
from reactor components, residual air, air in-leakage, fission products that migrate from the fuel, moisture
from steam generator leakage, and contaminants from new helium supply. The helium purification system
is not a safety grade system and is not credited in the safety analysis of the reactor. However, moisture
removal purification is important for the post-accident operation in water ingress events. Consequently, a
postaccident purification train, consisting of a cooler and a moisture separator, is provided.
The helium purification system, shown in Fig. 65 of is composed of a cartridge filter, a copper oxide bed,
a molecular sieve adsorber, a low-temperature adsorber, and two diaphragm compressors. The cartridge
filter at the beginning of train removes particulate impurities. For particles of 5 µm or larger, a retention
45
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storage system. The purification system also purifies helium transferred from the primary circuit to the
storage during depressurization for maintenance.
Reactor protection system
The HTR-10 reactor protection system is a fully digital protection system. In the event of an accident, the
reactor protection system detects changes in the process variables that are indicative of the accident and
initiates the protective functions. These protective actions include:








drop of the reflector rods by gravity,
shutdown of the primary circuit blower,
isolation of the secondary system,
isolation and draining of the steam generator,
isolation of the primary system,
dropping of the small absorbed balls by gravity,
startup of the helium purification system, etc.

The reactor protection system performs different protective measures depending on the measured
conditions. For example, when the protection system detects that the primary circuit humidity exceeds the
limit value, the isolation of the secondary system will be implemented. The reactor protection system trip
parameters and protective actions are given in Table 22.
Table 22. Reactor protection system trip parameters of the HTR-10
Protection
Warning
Trip
variables
level
setpoint
Nuclear power (source range)
150% rated power 1 MW
Nuclear power ( power range)
110% rated power 120% rated power
Rate of power increase
2.3%/s
3.5%/s
Core outlet temperature
720°C
740°C
Core inlet temperature
270°C
290°C
Increase rate of helium pressure
0.01 MPa/min
0.03 MPa/min
Decrease rate of helium pressure
0.01 MPa/min
0.03 MPa/min
Ratio of helium to water flow
1.2
1.3
Ratio of water to helium flow
1.17
1.33
Helium humidity
50 ppmv
800 ppmv
Decrease rate steam pressure
0.6 MPa/min
1.0 MPa/min
Deviation of helium flow from rated 20% of rated flow 20% of rated flow
A – Reactor trip and helium circulator shutdown.
B – Isolate and drain steam generator.
C – Isolate refueling system.
D – Isolate the thermal measurement system from the primary.

4.6.7

Applicable power
range
Power <1 MW
Power >1 MW
Power <500 W
Power >3 MW
Power >1 MW
Power >1 MW
Power >1 MW
Power >1 MW
Power >1 MW
Power >1 MW

Action
A
A
A
A
A
A
A,C,D
A
A
A,B
A
A

Plant instrumentation and control systems

Normal operating instrumentation and control system
The HTR-10’s instrumentation and controls for the heat transport systems are described by Shuoping46.
The main functions are:
46

Z. Shuoping, H. Shouying, Z. Meishing, and L. Shengquiang, “Thermal Hydraulic Instrumentation System of
the HTR-10,” Nuclear Engineering and Design, 218, pp. 199–208 (2002).
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providing the thermal parameters
p
to monitor and ccontrol the opperation of thhe HTR-10 in the
main contrrol room or lo
ocally in the plant
p
where neeeded,
providing safety-related
d thermal paraameters to triggger protectivve actions forr the protectioon
system of the
t HTR-10, and
providing safety-related
d thermal paraameters for thhe accidents m
monitoring syystem during aand
after accid
dents. Those data
d can be ussed to monitorr the reactor sstatus, to deteermine the
initiating event
e
for an accident, or to evaluate the accident resuults.

Operatin
ng controls
The operaating controls are implemented in a digiital control syystem illustratted in Fig. 66. The details oof the
control alg
gorithm are not
n given in an
ny reference found
f
to date .

Fig. 66. HTR-10 data acquisition an
nd control sysstem.
[Z. Sh
huoping, H. Sho
ouying, Z. Meiishing, and L. Shengquiang,
S
““Thermal Hyddraulic Instrumentation System
m of
the HTR-10,” Nuclear En
ngineering and
d Design, 218, pp. 199–208 (22002).]

4.6.7.1 Startup/shu
utdown
Normal sttartup
To monito
or the approacch to criticalitty in the HTR
R-10, a neutroon source is innserted to tracck subcriticall
multiplicaation. This neutron source (a 20-Curie Am-Be
A
sourcee) along with three 3He neuutron countinng
detectors are placed in three experim
ment channelss. The neutronn source emitts 4.4 × 107 neutrons per
n the approach
h to criticality
y, the fuel is loaded
l
by thee elevator of thhe fuel loadinng and dischaarging
second. In
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system. The balls are loaded at a rate not faster than three balls per minute and at a rate of reactivity
increase not faster than 7 × 10-5 (Δk/k)/min. The initial start-up found that the critical configuration was
9,627 fuel balls and 7,263 graphite balls.47
Normal shutdown
The normal and backup shutdown systems for the HTR-10, described by Wu et al.,1 are similar to the
systems of other HTR reactors. The normal system consists of 10 control rods which are inserted into
drilled holes in the reflector blocks. The backup system consists of boronated absorber balls which also
are inserted into channels in the reflector. Both shutdown systems are able to bring the reactor to cold
shutdown conditions with the allowable subcriticality margin. The control rod drive mechanism is
composed of a step motor, a gearbox, a chain wheel, a speed restrictor, and a rod position indicator. Each
control rod consists of five individual sections held together by articulated joints. Each section of rod is an
annulus formed by 1-Cr 18-Ni 9-Ti coaxial cladding tubes. The absorber material in the form of annular
rings of sintered B4C fills the space between the two coaxial tubes. The total length of the control rod is
2750 mm including the absorber length of 2435 mm. On normal drive demand, the control rods are driven
by the step motor and chain wheel. On trip demand, the stepper motor is de-energized which releases the
electromagnetic holding force of the motor and the rods drop into channels of the side reflector by means
of gravity.
The small absorber ball system is the second reactor shutdown system, also called the standby shutdown
system. When flux and/or rod position measurements indicate that rods did not drop on demand, the small
absorber ball system can be manually triggered to bring the reactor to subcritical conditions at cold
shutdown. The small absorber balls are composed of sintered graphite mixed with 25% B4C. The balls are
5 mm in diameter of. Seven ball storage tanks are installed on the upper support plate above the upper
reflector. The tanks are connected to seven slotted channels of 160 × 60 mm2 cross-section to the side
reflector. On demand, a motor pulls a plug covering a hole on the bottom for each storage tank and the
balls in the seven storage tanks drop through the holes into the reflector channels by gravity. A pneumatic
suction system is used to return the absorber balls from the reflector channels to the storage tanks one by
one before the reactor can be restarted.
In an event in which rods fail to scram, the reactor first shuts down by automatic trip of the helium
circulator. As the reactor temperature rises with decreased cooling, the strong negative temperature
reactivity coefficient then provides sufficient negative reactivity to stop the chain reaction. The absorber
balls are manually triggered to maintain subcriticality as decay heat diminishes and the reactor approaches
cold shutdown.
Normal operation
HTR-10 is an experimental reactor for the evaluation of operations and equipment for HTGRs. TECDOC119848 describes two operational test phases for the HTR-10. The first phase has a core outlet temperature
of 700°C and a core inlet temperature of 250°C. The second phase core outlet temperature is 900°C and
its core inlet temperature is 300°C. The first phase has a steam turbine cycle for electricity generation, and
maintains a capability for district heating. The second phase has a combined cycle gas turbine and steam
turbine for electricity generation. In the first phase, steam is produced in the steam generator at 400°C and
a pressure of 4.0 MPa and sent to the turbine-generator unit. In the second operational phase, a helium-tonitrogen IHX with is added to the primary circuit. The secondary side of the IHX produces nitrogen gas at
47

X. Jing, X. Xu, Y. Yang, and R. Qu, “Prediction Calculations and Experiments for the First Criticality of the
10 MW High Temperature Gas-Cooled Reactor Test Module,” Nuclear Engineering and Design, 218, pp. 199–208
(2002).
48
IAEA-TECDOC-1198, Current Status and Future Development of Modular High Temperature Gas Cooled
Reactor Technology, February 2001.
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850°C for the gas-turbine cycle. The steam generator produces steam at 435°C for the steam-turbine
cycle.
Operation of online refueling
The HTR-10’s spherical fuel handling system (FHS) loads new fuel, recirculates partially burned fuel,
and discharges fully burned fuel elements during reactor operation.49 Table 23 summarizes the principal
parameters of the FHS.
Table 23. Principal parameters of the fuel handling system9

4.6.8

No.
1

–

Designation
Fast circulation rate

2

–

Conventional circulation rate

3

–

4
5

–
–

6
7

–
–

8

–

9
10
11
12

–
–
–
–

The number of fuel elements fed per
equivalent full-power day (EFPD)
New fuel elements fed per EFPD
Average time per fuel element for
measuring burn-up
Operating pressure
Operating pressure after the first charging
isolation valve
Operating pressure ahead of the third
discharging isolation valve
Operating temperature
Fuel element capacity of failed fuel cask
Fuel element capacity of buffer line
Spent fuel element capacity of shipping
cask

Parameter
Approximately 350 balls per
hour
Approximately 50 balls per
hour
Approximately 125 balls
Approximately 25 balls
Approximately 60 s
Approximately 3.0 MPa
Approximately 0.2 MPa
Approximately 0.2 MPa
150–180˚C
Approximately 1000 balls
Approximately 30 balls
Approximately 2000 balls

Safety evaluation

The main safety functions of a nuclear power plant are to control reactivity, control heat removal, and
limit release of radionuclides to less than licensed limits. An evaluation of design basis accidents of the
HTR-10 by Zuying50 found that no accident caused the maximum fuel temperature to exceed the fuel
temperature limit or caused the reactor core pressure to exceed the limit for the safety valve. Therefore,
the fuel element and the primary pressure boundary are not expected fail under any circumstances.
Because the reactor has a negative temperature coefficient of reactivity, even if an ATWS accident occurs
the reactor will shut itself down. The reactor cavity cooler and decay heat removal system then transfer
the decay heat out of the system safely. The analysis also studied hypothetical beyond basis accidents
(BDBA) and found that the maximum fuel temperature in no BDBA exceeds 1230˚C and graphite
corrosion never exceeds 320 kg. The fuel particles will retain their fission products, and the released
radioactivity is kept to a low level. No hypothetical design basis or beyond design basis accident poses
any safety danger to the environment or public.

49

J. Liu, H. Xiao, and C. Li, “Design and Full Scale Test of the Fuel Handling System,” Nuclear Engineering
and Design, 218, pp. 169–178 (2002).
50
G. Zuying and S. Li, “Thermal Hydraulic Transient Analysis of the HTR-10,” Nuclear Engineering and
Design, 218, pp. 65–80 (2002).
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Reactivity insertion events
The study by Zuying looked for the most severe reactivity insertion initiating event which was found to
be a design basis earthquake. The earthquake is a Class IV accident with a very low probability. The
reactivity insertion combines two hypothesized worst case reactivity effects. First, the earthquake is
assumed to cause a failure of rod controls or rod drive system resulting in the uncontrolled withdrawal of
a control rod with reactivity worth of Δk/k = 0.01207. Second, the pebble bed density is assumed to
increase due to packing and settling of the fuel pebbles resulting in a reactivity addition of Δk/k =
0.00207. In a worst case scenario, the primary trip (which would be on high neutron flux) is assumed to
fail. Therefore, flux rises until the back-up trip, high outlet temperature setpoint, is reached. The analysis
estimates the trip occurs at 69.1 s. The maximum temperature that the fuel is estimated to reach is
1209.9˚C, less than the accident limit of 1230˚C. Therefore, the accident does not result in an unsafe fuel
temperature increase, and therefore the fuel is expected to retain its fission products with no radiation
release or safety consequences. The following safety analyses describe the mechanisms that protect the
plant in various design basis events.
Core heat removal events9
The disturbance of the heat transfer is caused by a chain of events initiated by the loss of external power.
This loss of power causes the helium circulator and the feedwater pump to stop working. Then, the
reactor core temperature begins to increase. Even if several protective actions fail, the reactor will still
shut itself down because of its negative temperature coefficient of reactivity. The decay heat removal
system then removes the residual heat. This transient can produce a maximum temperature of 1033°C,
and a maximum pressure of 3.18 MPa, which is below the safety values of temperature and pressure.
Therefore, the release of fission products is prevented because the integrity of the fuel is not
compromised.
Water and air ingress events
Three different water and air ingress events have been looked at in the Zuying study. The first event is a
rupture accident of the fuel loading tube. To be conservative, the decay heat is assumed to be 20% higher
than calculated. The location of the fuel loading tube rupture is assumed to be at the top of the pressure
vessel. Following the rupture, coolant leaks until the pressure increases to the point that the reflector rods
are dropped to shut down the reactor. Then, the reactor temperature increases. Finally, the oxidization
reaction process between the graphite and the oxygen begins. Since the natural convection is very weak
after depressurization, only a very low flow rate of air reaches the hot fuel and thus graphite corrosion is
very low. The fuel particles maintain their integrity. The maximum fuel temperature does not exceed
1230°C, and the fuel elements prevent the release of radioactive contamination. Corrosion slows as the
temperature of the core drops following shutdown
The second event that was studied was a hot-gas duct rupture. In this event, the internal and external tubes
of the hot-gas duct rupture at the same time resulting in rapid depressurization followed by an air ingress
accident.
When the reactor cavity pressure is greater than 0.11 MPa, the rupture disc in the reactor cavity will break
and the gas will rapidly discharge into the environment from the reactor cavity without filtration. After
pressure equilibrium is reached between the reactor pressure vessel and the reactor cavity and the
negative sliding rate of reactor cavity pressure reaches 1000 Pa s−1, the negative pressure ventilation
system is closed and 5 min later, the isolation valve on the pressure relief line is closed. Then the negative
pressure ventilation system is started up again. The air in reactor cavity is discharged after filtration and
the ventilating flow is 100% per day in the first 3 days. Counter measures (e.g., foam) are assumed to be
implemented after 3 days that cut off the air source in to the reactor pressure vessel to any further prevent
air ingress into the reactor, then the cavity is sealed. Natural convection is established via gas diffusion
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and convection. For this hypothetical accident, the total graphite corrosion is 319.2 kg. The estimated fuel
temperature remains below 906.5°C, and no significant fission product release occurs.
The third event and most severe hypothetical ingress accident that was studied is two steam generator
tube rupture and the secondary relief system failing to work, simultaneously. Following the rupture, water
and steam enter the primary system, eventually reaching the core region. Various protections systems
activate. The analysis estimates that 129.9 kg of water enters the core region, resulting in a slightly
positive reactivity. However, the maximum fuel temperature is 1036.2°C, well below the limit of 1230°C
to produce fuel particle failures. At this temperature the steam-carbon reaction is slow and despite the
large amount of water, total amount of graphite corrosion is estimated to be less than 4.88 kg. Therefore,
no significant fission product release is expected to occur, even for the most severe hypothetical accident.
5.
5.1

NEXT GENERATION NUCLEAR PLANT—NGNP

Reactor System Design

This section provides a summary of the instrumentation and control features of the Next Generation
Nuclear Plant (NGNP). The NGNP project was established by the U.S. Department of Energy (DOE) to
integrate high-temperature reactor technology with the production of electricity, process heat, and
hydrogen. The scope of the NGNP project includes design, construction, licensing, and operation of a
full-scale prototype high temperature gas-cooled reactor (HTGR) plant.
5.2

Current Status

Over the last several years, DOE has funded the preconceptual development of three plant designs: a
pebble bed reactor developed by a Westinghouse-led team and prismatic core reactors developed by
General Atomics and AREVA, respectively. Preconceptual design work on these three designs was
completed in 2007.
The NGNP project, the three contractors, and an industry alliance performed a comprehensive review of
industry needs and project objectives. The NGNP 2009 Status Report51 summarized the results of this
review. Important conclusions from the review were that the technology be supplied by the early 2020s, a
commercial rather than a demonstration plant be constructed, a reduction in outlet temperature
requirements, and desirability of a modular-type plant. Consequently, each contractor team developed a
simplified preconceptual design that used a steam generator in the primary loop. Instead of preparing
conceptual designs for all three options, DOE developed a Funding Opportunity Announcement to share
development cost in the development of up to two conceptual designs. A decision to fund conceptual
designs for the PBMR and the General Atomics was announced in March 2010.52 Also, a decision by the
South African government to eliminate funding for the Pebble Bed Modular Reactor Company53 may
affect the development of that NGNP concept. In light of this uncertainty, all three pre-conceptual designs
of the NGNP will be summarized. As more details of the simplified designs become known, information
in this section may need to be updated. The instrumentation and control features of the designs have not
yet been established; however, possible implementations will be discussed.

51

Next Generation Nuclear Plant Project 2009 Status Report, INL/EXT-09-17505, May 2010.
Teams Compete for NGNP Design, World Nuclear News, March 9, 2010,
http://www.world-nuclear-news.org/NN_Teams_compete_for_NGNP_design_0903101.html.
53
Government Pulls Plug on PBMR, Johannesburg Times Live, July 18, 2010,
http://www.timeslive.co.za/business/article555632.ece/Government-pulls-plug-on-PBMR.
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5.3

Fuel
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Fig. 67
7. TRISO fueel.
[Next Generation
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oject 2009 Statu
tus Report, INL
L/EXT-09-17505]
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As discussed in the context of the existing HTGRs in Chapter 4, the inherent safety attributes of the
HTGR are based on the properties of the fuel. The fuel particles retain their integrity (and fission
products) even at the highest temperatures seen in normal operation and accident conditions. The helium
coolant is chemically inert and nonreactive. The graphite core retains its strength at high temperatures and
is effective in slowing down neutrons for efficient fission reactions. HTGR reactor cores have a highthermal mass which limits heat up and cool down rates and greatly reduces the need for fast acting control
systems to manage transient conditions in accidents.
Two types of core configurations are being considered for the NGNP—prismatic and pebble. The
prismatic fuel is based on the MHTGR and Fort St. Vrain designs presented in Sects. 4.1 and 4.4,
respectively. The core prismatic block reactor consists of hexagonal blocks of graphite that are stacked
inside a cylindrical pressure vessel. Vertical holes in the blocks are provided to contain fuel cylinders
filled with cylindrical fuel pellets, allow coolant flow, and provide space for control rods or other means
for reactor shutdown. Graphite blocks stacked around the outside of the core area (and sometimes the
inside of the core area as well, leaving an annular fuel region) reflect neutrons back into the core. New
fuel is added every 1.5 to 2 years.
The second alternative is the pebble bed design. This design follows after the fuel design pioneered in the
German AVR reactor presented in Sect. 4.3. The pebble bed is also used in the South African PBMR
design and the Chinese HTR-10 described in Sect. 4.5. The pebble bed reactor uses fuel formed into
billiard ball size spheres (pebbles) instead of long cylinders. The pebbles fill a cylindrical reactor core
volume. Graphite reflectors surrounding the pebble region return neutrons to the core. Some designs also
use an inner reflector to displace fuel from the center of the core to reduce fuel temperatures at the central
area of the core. Pebbles are continuously withdrawn from the bottom of the core, monitored, and inserted
back into the core. New pebbles replace those which have reached their prescribed burnup levels or are
identified as defective; thus, pebble bed reactors operate continuously and do not have planned shutdowns
for refueling. Preconceptual design parameters for the NGNP reactor are shown in Table 24. The
parameters vary depending on the design.
Table 24. Generic NGNP reactor parameters
Reactor type
Reactor power
Primary coolant
Inlet temperature
Outlet temperature
Coolant pressure
Active core height
Inner core/reflector diameter
Outer core diameter
Side reflector diameter
Reactor pressure vessel outer
diameter
Reactor pressure vessel height

Prismatic block or pebble bed
500–600 MW(t) (in early design
variations—less in newer design
variations)
Helium
350–500°C
700–950°C
7–9 MPa
8–11 m
2–3 m
4–5 m
5–6 m
7–8 m
25–31 m

Teams headed by Westinghouse, AREVA, and General Atomics prepared pre-conceptual designs for
consideration by DOE. Descriptions of their designs will be summarized in the following sections. These
designs were prepared prior to a decision by a NGNP project, contractor, and industry alliance partnership
to reduce the reactor coolant outlet temperatures to 700–800°C, which might have an effect on subsequent
designs, especially on material requirements for metallic components.
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5.4
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Conceptual D
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Report.54
5.4.1

Reactor
R

Figure 68 shows the reeactor compon
nents of the PBMR.
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Fig. 68. PMBR.
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rods run in the upper half of the reflector block. A secondary shutdown system above the central reflector
drops small B4C spheres into channels in the central reflector if rods fail to operate.
A stainless steel core barrel sits between the wall of the reactor pressure vessel (RPV) and the outer
reflector to support the graphite blocks and maintain core geometry.
The RPV is a cylindrical vessel with hemispherical bolted upper heat and welded lower head. The upper
head has an opening to provide access to the core for reflector replacement. The lower head has openings
to discharge of fuel pebbles and secondary shutdown pellets. The RPV has a diameter of about 6.8 m and
is about 30 m high.
Intermediate heat exchanger vessels contain the intermediate heat exchangers and connect the primary
system to the secondary system.
5.4.2

Shutdown cooling

The core conditioning system is used for decay heat removal during normal shutdowns or if the main
circulator trips. It can also be used to remove decay heat during postulated accident conditions to
supplement passive heat removal features of the reactor design.
5.4.3

Reactor cavity cooling

Figure 69 shows the reactor cavity cooling system (RCCS). The RCCS is a constant flow, water-based
cooling system that cools the concrete walls of the reactor cavity during normal shutdown and accident
conditions. The RCCS operates by pumping water through standpipes that line the inside of the cavity. It
can also operate in a passive mode by boiling the water in the standpipes, possibly for up to 72 hours. The
time requirement has not yet been fixed.
5.4.4

Fuel handling

The fuel handling system moves fuel pebbles to and from the reactor core. Fuel is discharged from the
bottom of the reactor and passed through the fuel monitoring system to determine its integrity and fuel
burnup. If the fuel has burnup remaining and is in good condition, it is returned to the top of the reactor
where it is dropped into inner or outer core positions, depending on the desired neutron flux effect. Over
time, the pebbles move from the top of the core to the bottom as pebbles are continuously cycled. New
fuel is inserted and used fuel is stored as needed. Fuel insertion and removal rates and can be varied to
suit longer-term reactivity requirements. The fuel sphere transfers are made in a pressurized helium
environment.
5.4.5

Helium services

Helium services systems and subsystems are used to clean the helium coolant and maintain coolant
inventory and pressure.
5.4.6

Instrumentation and control systems

The preconceptual design of the PBMR NGNP plant does not describe I&C requirements or control
philosophy. However, the plant will have many similarities with the PBMR demonstration power plant
originally planned for Koeberg, South Africa. Conceptual design information based on that plant has been
provided to the NRC for a design certification preapplication review for the PBMR.
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Fig.
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Reactor protection system—Ensures that reactor heat production safety limits are maintained
by automatically shutting down the reactor under design basis conditions.
Post-event instrumentation—Provides information displays to operators in normal, accident,
and post-accident conditions to allow them to monitor the condition of the plant.
Equipment protection system—Provides investment protection capability.
Operational control system—Performs nonsafety plant protection, control monitoring, and
data recording, including automatic runback of control rods.
Reactor manual shutdown system—Provides manual control of control rod insertion and
secondary shutdown system small absorber sphere insertion.
Activity measurement system.
Burnup measurement system.
Core instrumentation.

5.4.6.1 Human system interface
Two control areas are provided from which the operator can interact with the automation system. The
main control room is the primary area. The post-event monitoring and recovery room is an alternative
area. The control areas will provide a habitable environment with workstations with multifunctional
displays to provide a consistent, ergonomic interface for operator activities for all plant operating
conditions.
5.4.6.2 Reactor protection system
The RPS will be a Class 1E digital system with 2 out of 3 coincident logic and will be compliant with
IEEE Std 603 and IEEE Std 7-4.3.2. It will be capable of bringing the reactor to a subcritical condition
and maintaining that condition under all design basis accidents. It will be powered by an uninterruptible
power supply. The RPS will sense and monitor process conditions and initiate protection actions
appropriate for the sensed conditions. Actions include a control rod scram in which 12 control rods drop
by gravity into the side reflector channels, a reactor scram in which the 12 control rods and 12 shutdown
rods all drop into their side reflector channels, and the initiation of the small absorber sphere insertion into
the central reflector channels. Several reactor conditions are monitored by the RPS system, including the
following.







Reactor overpower—A control rod scram is initiated if reactor power based on ex-core
neutron detectors reaches 105%. A reactor scram is initiated if reactor power reaches 110%.
A control rod scram is also initiated if reactor power remains at 103% for 8 consecutive
hours.
Primary coolant over-temperature—For the PBMR demonstration power plant, a control rod
scram is initiated based on average high reactor coolant outlet temperature (925°C) as
measured by thermocouples located in the reactor outlet pipe upstream of the high-pressure
turbine. A reactor scram is initiated if the temperature is 935°C. The temperature setpoints
have not yet been stated for the revised PBMR NGNP design, whose planned core outlet
temperature is 700–800°C, instead of ~900°C for the PBMR demonstration power plant
design.
Excessive reactor power increase rate—A control rod scram is initiated if the reactor period
as calculated from the ex-core neutron detectors is too short.
Loss of forced cooling—A control rod scram is initiated after a predetermined time delay on
loss of coolant flow through the reactor as measured by differential pressure instrumentation.
The time delay is long enough to minimize operational interference but short enough to
prevent the reactor from becoming critical again after it has gone subcritical due to its
negative temperature coefficient.
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Loss of primary coolant—Two RPS actuations may occur following the loss of core coolant
pressure. A reactor scram could be initiated (per Kling, PBMR Automation System) or the
secondary shutdown system insertion of the small B4C spheres into the core could be
initiated57. The initiation of either could occur after a time delay following the initiation
signal of loss of core coolant pressure. The time delay is long enough to minimize operational
interference but short enough to prevent the reactor from becoming critical again after it has
gone subcritical due to its negative temperature coefficient.
Seismic event—A reactor scram and secondary shutdown system actuation are initiated
following detection of a safe shutdown earthquake.

5.4.6.3 Post-event instrumentation
The post-event instrumentation system (PEI) provides information monitoring, recording, and display of
plant parameters to operators during normal operation and during and following design basis accidents to
ensure that they can assess the safety status of the plant. The information is provided in the main control
room and in the post-event monitoring and recovery room. The system is powered by an uninterruptible
power supply for 24 hours. It would be designed to meet the guidance of NRC Regulatory Guide 1.97.
The PEI provides indication of the RPS, safety-related equipment, plant status during and after design
basis accidents and system bypassed information, including:











RPS, including its execute functions,
other auxiliary or supporting system that could render safety functions of the RPS
inoperative,
RCCS water level status,
pressure relief shaft damper status,
reactor shutdown status parameters,
residual heat removal system status and performance parameters,
primary coolant pressure boundary status parameters,
containment integrity parameters,
reactor cavity parameters, and
radiological release monitoring parameters.

5.4.6.4 Equipment protection system
The equipment protection system (EPS) provides investment protection capability for significant, high
value, plant systems and equipment (e.g., turbogenerator). It is intended to be a highly reliable nonsafety
system that monitors plant parameters and initiates protective action to prevent potential equipment
damage. For the PBRM demonstration power plant, example protection functions are provided below.
The NGNP PBMR functions for the pre-conceptual design (also a Brayton cycle gas turbine) are expected
to be similar. Functions for the revised PBMR design with a lower core outlet coolant temperature and
steam turbine system have not yet been stated.








Turbogenerator overspeed
Turbogenerator vibration
Turbogenerator axial displacement
Turbogenerator bearing status
Turbogenerator bearing oil supply failure
Turbogenerator turbine high-inlet temperature
Turbogenerator turbine high-exhaust temperature
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Technical Description of the PBMR Demonstration Power Plant, PBMR Document Number 016956,
February 2006 (NRC ADAMS accession number ML061420576) (Proprietary).
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Turbogenerator blade path temperature spread
Turbogenerator dry gas seal
Turbogenerator electrical system trip
Turbogenerator slow acceleration during run-up
High-pressure compressor high-inlet temperature or surge
Low-pressure compressor high-inlet temperature or surge
Recuperator high-inlet temperature
Reactor high-inlet temperature
Reactor high reactor temperature differential
Failure of the operational control system main power system controllers

5.4.6.5 Operational controls system
The operational control system (OCS) is expected to be a commercially quality distributed control system
consisting of distributed input/output modules and intelligent field devices that provide closed-loop
control of plant variables; nonsafety plant protection, control monitoring, and data recording; diverse
reactor shutdown capability; and monitoring and storage of plant variables and data for operators for plant
supervision and control.5,6 Redundant networks and controllers protect against consequences of single
equipment failures. The system is to be planned to permit hardware and software upgrades over time. It
will be implemented on a type of platform that is diverse from the RPS.
Automatic functions to regulate the operating conditions within set limits for the PBMR demonstration
plant systems and components are shown below. Automatic functions for the NGNP PBMR preconceptual design (with the Brayton cycle gas turbine) are expected to be similar. Functions for the
revised PBMR design with a lower core outlet coolant temperature and steam turbine system have not yet
been stated.










Reactor outlet temperature
Reactor inlet temperature
Recuperator inlet temperature
Helium inventory
Reactor core power
High-pressure compressor pressure
Compressor surge margin
Turbogenerator speed
Core conditioning system decay heat removal

Additional process controls or capabilities include






reactivity shutdown margin monitoring,
reactor core neutron flux distribution alarms,
reactor approach-to-criticality and startup operations support,
primary pressure boundary leakage alarms, and
fuel handling operations.

5.4.6.6 Reactor manual shutdown
The reactor manual shutdown system is operator initiated to shut down the reactor through control rod
insertion or through insertion of the small B4C absorber spheres. This system, with independent,
hardwired controls, provides a diverse shutdown capability from the automatic reactor shutdowns from
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the reactor protection system or operational control system. Manual shutdown capabilities are provided in
the main control room and in the post-event information monitoring and recovery room.
5.4.6.7 Activity measurement system
The activity measurement system uses a wide-range gamma sensitive ionization chamber to measure the
gamma radiation emitted by fuel spheres to determine whether the spheres contain fuel or graphite
moderator.
5.4.6.8 Burnup measurement system
The burnup measurement system measures the degree of fuel utilization of PBMR fuel spheres. The
system measures the fuel burnup using a cryogenic, high-purity Germanium detector, digital signal
processor, and photon collimator to evaluate burn up of the fuel based on its inventory of 137Cs. The
PBMR Automation System presentation reference notes that a test program will be developed to validate
the proposed fuel management program.
5.4.6.9 Core instrumentation
Ex-core neutron detection is provided to measure neutron flux and correlate the measurement to reactor
power.
In-core instrumentation for the PBMR is used for source range flux measurement for approach to
criticality and initial startup, to map core flux distribution, measurement of graphite core structure and
core barrel temperature distribution, and measure displacement of the core barrel top plate and core barrel
support structure. Flux measurements are made with self-powered neutron detectors. Temperature
measurements are provided by thermocouples. Displacement measurements are provided by strain
gauges.
5.5

AREVA Prismatic Core Design

As noted in Sect. 4.1.2, a decision was made in March 2010 to fund conceptual designs for the PBMR and
General Atomics. However, much work was performed to prepare a pre-conceptual design study of the
AREVA prismatic core gas-cooled reactor and elements of that design could be of interest from the
regulatory perspective. Therefore, a summary of the AREVA recommendations for the reactor design
presented in the 2007 NGNP Pre-Conceptual Design Report (INL/EXT-07-12967) will be provided.
5.5.1

Reactor

AREVA recommended a prismatic core for the NGNP HTGR in part because a reactor with a prismatic
core (Fort St. Vrain) had already been licensed and operated; thus, there was a degree of familiarity with
the design. The AREVA prismatic reactor is shown in Fig. 70. The prismatic fuel blocks have 360-mm
flat-to-flat spacing. Fuel blocks with and without holes for control rods are shown in Fig. 71.
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Fig. 70. Prismatic
P
rea ctor.
[NGNP Pree-Conceptual Design
D
Report, INL/EXT-07--12967]

Fig. 71. Prrismatic fuel b
blocks.
[NGNP Pree-Conceptual Design
D
Report, INL/EXT-07--12967]
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or internals of the AREVA
A prismatic co
ore pre-concepptual design iincluded three zones of
The reacto
graphite reflector
r
block
ks that moderrate neutrons and serve as a large, core tthermal mass. Central and inner
side reflecctor blocks arre replaceablee. An outer sid
de reflector iss permanent. Graphite struuctures also suupport
the top an
nd bottom of the
t core.
There are 36 control ro
ods in the inneer ring of the outer reflectoor and 12 starrtup control roods in the innner
hat are withdraawn while thee reactor is inn operation. N
Neutron absorrbing materiall
ring of fueel columns th
(B4C and other materiaals to be consiidered) in thee control rods is encased inn carbon compposite sleevess. A
secondary
y shutdown sy
ystem is proviided in which
h spherical abbsorber pelletss are droppedd into channells in
selected fuel
fu blocks. Th
he carbon com
mposite sleev
ves were notedd as requiringg significant rresearch activvities
to qualify
y their use.
A core baarrel that conssists of a doub
ble-wall structture of Incolooy 800H mateerial between the reactor
pressure vessel
v
and thee outer side reeflector is provided to suppport the graphhite reflector bblocks and
maintain core
c
geometry
y.
The reacto
or pressure veessel is shown
n in Fig. 72. The
T RPV is abbout 25 m higgh, 7.5 m in ddiameter, and
150 mm th
hick at the co
ore belt line. It
I is expected to be made oof 9 Cr–1 Mo,, a material beeing developeed for
this usagee. Penetrations for the conttrol rods and the
t fuel handlling system arre provided inn the upper veessel
head. Thee shutdown co
ooling system
m blower conn
nects at an opeening in the bbottom vessell head. Nozzlee
penetratio
ons are provid
ded around thee lower vesseel for multiplee loops.

Fig
g. 72. RPV.
[NGNP Pree-Conceptual Design
D
Report, INL/EXT-07--12967]
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ng of concentrric ducts (coo
oler gas in thee outer duct, hhot-core outleet gas in the innner)
Cross vessels consistin
he reactor preessure vessel with
w the interrmediate heat exchanger (IHX) vessel. ((For the simplified
connect th
design, th
he cross vessel would conn
nect the reacto
or vessel withh the steam geenerator vesseel.)
5.5.2

Shutdown
S
co
ooling

A shutdow
wn cooling sy
ystem is used to provide fo
or decay heat rremoval if the main circulator trips during
accident conditions
c
to supplement passive
p
safety features of thhe reactor or during refueling periods.
An additio
onal heat rem
moval path in a secondary loop is envisiooned for use aas a startup annd decay heatt
removal system
s
in the pre-conceptu
p
ual design thatt has a seconddary gas loop. Whether a ssimilar additioonal
heat remo
oval path wou
uld be provideed in the simp
plified design having a steaam secondaryy loop is not cclear.
5.5.3

Reactor
R
caviity cooling

Figure 73 shows the RC
CCS. This sy
ystem consistss of water-fillled panels connnected to waater tanks andd ring
the reacto
or cavity. Heat is removed from the caviity to the wateer storage tannks by naturall circulation. A
nonsafety
y water circulaation loop witth forced flow
w rejects heat from the watter storage tannk to the outsside
environs. If forced coo
oling is not av
vailable, waterr in RCCS paanels boils andd steam is vennted to the
atmospherre.

Fig
g. 73. RCCS.
[NGNP Pree-Conceptual Design
D
Report, INL/EXT-07--12967]
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5.5.4

Fuel handlin
ng

The fuel handling
h
systeem consists of
o a fueling ad
dapter, fuel eleevator, and a fuel handlingg machine robbotic
manipulattor as shown in Fig. 74. Th
he adapter is placed
p
on topp of the reactoor vessel. The fuel elevatorr is
inserted th
hrough the ad
dapter through
h which the manipulator
m
iss placed. A grrapple hooks tto a connectoor in
the top off the fuel or reeflector block
ks, which are moved
m
one att a time.

Fig. 74. Fu
uel handling s ystem.
[NGNP Pree-Conceptual Design
D
Report, INL/EXT-07--12967]

5.5.5

Helium
H
serviices

Helium seervices system
ms and subsysstems purify the
t primary hhelium coolannt and maintaiin helium pressure
and inven
ntory during reeactor operatiion and shutd
down periods..
5.6

Ge
eneral Atom
mics Prismattic Core Design

As did AR
REVA, Generral Atomics preconceptual
p
l design of thee NGNP plannt was a prism
matic core desiign.
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5.6.1

Reactor
R

The Geneeral Atomics pre-conceptua
p
al NGNP desiign prismatic core has 3600-mm flat-to-fflat spacing. F
Fuel
blocks hav
ve holes for fuel
f compactss, coolant chan
nnels, and hooles for burnabble poison. Sample fuel
assembliees are shown in
i Fig. 75. Th
hree reflector zones are speecified. Centrral and inner sside reflectorss are
replaceable. An outer side
s reflector is permanent. Graphite strructures also ssupport the toop and bottom
m of
the core.

Fig. 75. Fuel block asseembly.
[NGNP Pree-Conceptual Design
D
Report, INL/EXT-07--12967]

ods in the inneer ring of the outer reflectoor and 12 starrtup control roods in the innner
There are 36 control ro
hat are withdraawn while thee reactor is inn operation. A
Annular comppacts formed ffrom
ring of fueel columns th
B4C granu
ules in a graphite matrix seerve as neutro
on absorbers iin the control rods. The compacts are
retained in
n Incoloy 800
0H canisters for
f support. A secondary shhutdown systtem consists oof 18 channells in
which borronated pelletts are inserted
d if needed.
The reacto
or pressure veessel is about 31 m high an
nd about 8.2 m in diameterr. It may be m
made of 2-1/4 Cr–1
Mo, 2-1/4
4 Cr–1 Mo–V
V, or SA508/SA533 steel, depending
d
on expected opeerating tempeeratures and/oor the
provision for vessel cooling. Cross vessels
v
consissting of conceentric ducts (ccooler gas in the outer ducct, hot
core outleet gas in the in
nner) connectt the reactor pressure
p
vesseel with the poower conversion system vessel
and interm
mediate heat exchanger
e
vesssel. (For the simplified deesign, the crosss vessel wouuld connect thhe
reactor veessel with the steam generaator vessel.)
5.6.2

Shutdown
S
co
ooling

A shutdow
wn cooling sy
ystem is used to provide fo
or decay heat rremoval if the power convversion system
m is
not availaable or for norrmal heat rem
moval under acccident condiitions.
5.6.3

Reactor
R
caviity cooling

Figure 76 shows the RC
CCS. This is a passive system that remooves heat from
m the reactor cavity duringg
accident conditions
c
wh
hen the powerr conversion system
s
and thhe shutdown ccooling system
m are not
available. Panels that connect
c
to risiing concentricc ducts in whhich hot gasses rise in the innner duct andd vent
to the env
virons and coo
oler outside aiir returns thro
ough the oute r duct. As thiis is a passivee system, theree are
no active components. The system operates
o
contiinuously in naatural circulat
ation.
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Fig
g. 76. RCCS.
[NGNP Pree-Conceptual Design
D
Report, INL/EXT-07--12967]

5.6.4

Fuel handlin
ng

The fuel handling
h
systeem consists of
o a fuel handlling machine,, two fuel trannsfer casks, ann auxiliary
transfer caask, positioneed, support strructure, and spent
s
fuel storrage and handdling facilities as shown inn
Fig. 77. Fuel
F and reflecctor blocks arre moved colu
umn by colum
mn rather thann layer by layyer.
5.6.5

Helium
H
serviices

Helium seervices system
ms and subsysstems purify the
t primary hhelium coolannt and maintaiin helium pressure
and inven
ntory during reeactor operatiion and shutd
down periods..
5.7

Po
ower Converrsion and Hydrogen
H
Prroduction

The three 2007 preconceptual designs from Westtinghouse, AR
REVA, and G
General Atom
mics teams delliver
0°C and the caapability of pproviding highh-temperaturee process heatt to
core outleet temperaturees of 900–950
support po
otential end user
u needs as described
d
bellow.
Westinghouse proposed using two IHXs
I
in seriess to remove hheat from the pprimary loop and supply
energy to a secondary helium
h
loop. The high-tem
mperature heatt exchanger is potentially silicon carbidde to
tolerate th
he high end off the range fo
or reactor outlet temperaturre. The seconddary loop conntains a high-temperatu
ure top cycle for
f hydrogen production an
nd a bottom ssystem for steeam productioon. The tentattive
design sho
ows hot gas to
o a hybrid theermochemical plus electrollysis process for hydrogenn production. The
bottom cy
ycle takes the hot exhaust from
f
the chem
mical plant thrrough a steam
m generator thhat supplies stteam
to a steam
m turbine geneerator as show
wn in Fig. 78.
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Fig. 77. Fu
uel handling s ystem.

Fig. 78. Westinghousee original NGN
NP configurattion.
[NGNP Project
P
2009 Sta
atus Report, IN
NL/EXT-09-177505]
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NTARES plaant, which waas designed too produce elecctricity and
AREVA’ss design is baased on the AN
provide hiigh-temperatu
ure process heeat as shown in Fig. 79. Inntermediate looops feed a coombined cyclee
turbine co
onfiguration used
u
for electrricity producttion using a ggas turbine with a steam boottoming cyclee and
the processses requiring
g high-temperrature heat.

Fig. 79.
7 AREVA orriginal NGNP
P configuration
n.
[NGNP Project
P
2009 Sta
atus Report, IN
NL/EXT-09-177505]

General Atomics
A
origin
nal design waas based on th
he GT-MHR pplant and used a direct Braayton cycle gaas
turbine an
nd an intermediate loop to deliver high-ttemperature pprocess heat aas shown in F
Fig. 80. A verttical
axis turbin
ne configurattion was plann
ned as shown
n on the left inn the figure. A compact heat exchanger to
provide hiigh-temperatu
ure heat is sho
own on the right.
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Fig. 80. General
G
Atomiics original NG
GNP configurration.
[NGNP Project
P
2009 Sta
atus Report, IN
NL/EXT-09-177505]

5.8

Vendor Design Comparis
sons

The NGNP
NP Pre-Concep
ptual Design Report (INL--EXT-07-129967) includes comments frrom contractoor
teams sup
pportive of theeir particular designs. Wesstinghouse nooted that







the PBMR
R fuel and fuelling system has
h been demoonstrated andd qualified bassed on AVR
experiencee,
PBMR dev
velopment costs and risks are lower beccause of ESK
KOM’s work oon the PBMR
R
demonstraation power pllant;
a vendor/supplier infrasstructure has been
b
establishhed;
higher cap
pacity factors inherent in th
he design (duee to online reffueling);
lower fuel temperaturess during norm
mal operation rresult in loweer maximum rradionuclide
releases un
nder accident conditions; and
a
lower fuel temperaturess during norm
mal operation aallow use of L
LWR reactorr vessel steels,
n reduced vesssel high-temp
perature steell developmennt effort and cost.
resulting in

AREVA noted
n
(withou
ut elaboration
n in some casees) that their ddesign had addvantages oveer the PBMR
design, in
ncluding






greater eco
onomic poten
ntial,
higher pow
wer level and passive safety
y,
design flex
xibility,
U.S. licensse history (refferring back to
t the Fort St.. Vrain reactoor), and
predictablee core perform
mance and sch
heduled outagges reduce thhe chance of fo
forced outagess.
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General Atomics also noted benefits of its design over the PBMR design, including




inherently higher reactor power levels resulting in better economics;
less uncertainty associated with dust in the primary coolant loop, core thermal/hydraulic
performance, ease of replacement of graphite reflectors, and fuel accountability; and
more flexible fuel cycle options (e.g., MOX fuel, transuranics from LWR fuel).

The purported benefits of the various pre-conceptual designs may vary, however, following an assessment
of the needs of potential end users [described in the NGNP Project 2009 Status Report (INL/EXT-0917505)], since all the prospective design teams revised their designs and plant configurations to help bring
the concepts to market faster and with lower risk from the technology development perspective. In the
revised designs, the reactor outlet temperature is lower, lower reactor power options are considered, and
the principal product is steam that could be used to power a steam turbine generator or be used for on-site
processes requiring steam. End users in the petrochemical and fertilizer industries still voiced their desire
for economic hydrogen production. Thus, the NGNP project continues to support development of
hydrogen production capability. The Status Report noted “high temperature steam electrolysis as the
leading candidate for integration with NGNP in 2021.” The design teams recommended that a prototype
of a hydrogen production process be demonstrated separately from the NGNP plant configuration.
5.9

Pending Issues

The NGNP Project 2009 Status Report describes the considerable effort that has been expended to
develop the preconceptual designs and realize accomplishments associated with research and
development, engineering, and licensing areas (e.g., high-quality fuel manufacturing and initial testing,
graphite testing, high-temperature metals testing, modeling methods, end user requirements, high-priority
licensing issues, etc.). Additional issues to be addressed were also noted.









Reference configuration—At this point (prior to the NGNP conceptual design) the full
definition of project needs has not been established. The need for steam to power a turbine
and supply an industrial process was established. A module for supplying high-temperature
process gas may also be specified. The selection of a pebble core or prismatic core must be
decided. Outlet temperature and power level specification will be determined. Designspecific analysis models are needed for use in finalizing reactor type, design configuration
details, and to support pre-application licensing activities.
Completion of research and development qualification programs—Four formal R&D
programs are underway to validate that fuel, graphite, high-temperature materials, and
analytic methods are adequate to ensure that design requirements are met. Two areas of
special importance from the technical and licensing perspective are the confirmation of
attenuation factors in barriers to fission product transfer to the environment in support of
source term and dose calculations and determining the effects of air and water ingress to the
core-on-core integrity and source term. Low-dose rates under all conditions are critical to
being able to locate an HTGR onsite with the user of process heat.
Analysis codes for gas-cooled reactors need to be updated to reflect the results of
experimental and development work since they were originally developed.
Development of a commercial supply of reactor fuel and reactor-grade graphite.
ASME code case development—Code cases and specifications are needed for graphite core
components. Code cases may need to be updated for some materials to cover the operating
temperatures expected, even given the reduced core outlet temperature specification.
Equipment and materials infrastructure development—A capable and reliable supply of
equipment and materials is needed for large vessels, helium circulators, ceramics, hightemperature heat exchangers, I&C components (for measurement of neutron flux,
temperature, and flows in high-temperature conditions and for coordination and control of
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processes across primary, intermediate, and other heat transfer loops), and valves used in
high-temperature gas-coolant loops and to evacuate (dump) water quickly from steam
generators.
Facility or facilities for large-scale tests of critical components to ensure they achieve the
technical readiness level for use in a first of a kind HTGR plant.
Development and demonstration of hydrogen production processes.
Improving cost and schedule estimate confidence levels.
Control of contamination affecting co-located users and products—The process by which
products produced co-located industrial processes could be contaminated by radioactive
materials and the consequences to the plant energy users need to be understood and
communicated.
Design, licensing, and operational impacts of plants with multiple reactor modules and
potentially shared control areas and staff.
Integration with end user industrial processes—The process of integration of nuclear codes
and standards with complex requirements of various industrial uses requires further
development.
6.

6.1

KEY ISSUES IN I&C FOR NGNP

Issues in Licensing

One of the strategies of HTGR designers has been to use the inherent safety properties of the HTGR
design to gain an economic advantage by the reducing the number and scope of safety systems required in
comparison to conventional LWR designs. Two of the proposed changes are (1) not to have a sealed
containment but to rely on the ceramic fuel particle coating for protection against release of radioactive
fission products and (2) to lower the safety designation of some equipment which has traditionally been
designated by the NRC as safety-related to a new designation which is called “investment protection.”
This strategy may have an indirect effect on I&C systems which are discussed in this section.
6.1.1

Safety system vs investment protection system

In the preliminary licensing proposal on the MHTGR presented by General Atomics to the NRC,58 a
licensing strategy was proposed that may foretell a trend in NGNP protection systems. The strategy was
to take advantage of the inherent safety of the design to reduce the number of systems considered to
perform safety-related functions. Certain functions which protect equipment but are not necessary for
meeting dose limits in accident analysis are put into a new category of equipment which General Atomics
called “investment protection systems” rather than “safety-related systems.” Systems that are investment
protection in the MHTGR include many support functions that would be safety-related systems for
conventional LWRs. The distinction between the safety and investment protection label is not in the
systems themselves. The applicant is certainly motivated to protect his investment in the plant. The
objective of the “investment protection” designation is to reduce regulatory oversight and leave the
determination of acceptability of the investment protection systems to the licensee. The purpose of the
designation is presumably to make the HTGR economically more competitive by reducing licensing and
oversight costs associated with safety-related equipment.
The inherent safety function provides only limited protection of equipment other than the fuel itself.
While the fuel is generally protected and radiation release is predicted to be within 10CFR100 limits
58

Pre-Application Safety Evaluation Report for the Modular High-Temperature Gas-Cooled Reactor (MHTGR),
NUREG-1338, December 1995.
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when relying solely on passive response of the reactor system, other equipment important to investment
and operation may be vulnerable at the temperatures that may exist in the reactor and confinement cavity
when only the inherent passive cooling is available. Active components such as pumps, valves, motors,
control rod drives, and instrumentation may in fact be damaged by the high temperatures reached when
the plant is involved in a worst case event unless active cooling systems are operational. The class of
support function which would cool the active components is called “investment protection.” The concept
of “investment protection” as an intermediate class between safety-related and nonsafety-related is a
licensing approach that has not been accepted by the NRC. When the MHTGR preconceptual design was
reviewed by the NRC, one of the unresolved issues was the concept of “investment protection” rather
than “safety-related” designation for equipment analogous to LWR systems which are safety grade.
The regulatory basis for making auxiliary cooling equipment safety-related may come down to the need
for maintaining diversity. The inherent reactivity control and passive core cooling method of protecting
the public from radiologic release is a single type of protective function. The reliability of the inherent
protection depends on the engineering of that design to have foreseen the most limiting conditions and
designed the system adequately to shutdown the reactor and remove decay heat so that the limiting
conditions for the fuel damage are not exceeded. If this analysis proves to be in error, there is not backup
system to cool the plant. The high temperature could cause failure of most of the active cooling and
reactivity control systems rendering any other cooling option but the inherent properties unavailable.
Applying the diversity principle, it would seem that a different safety system (in this case an active
system and any supporting equipment cooling functions) must back up the inherent features, thus
requiring the component cooling water and shutdown cooling systems to be safety-related. In any case, it
seems a weak safety argument to rely solely on the inherent properties. If component cooling systems fail
and all instruments, pumps, and valves consequently fail, the operator has very few options to take
corrective action to bring the plant to a safe configuration under any unforeseen circumstances. Making
systems safety-related means that the NRC has the responsibility for determining that the supporting
cooling systems are adequate.
6.1.2

Confinement vs containment

The confinement rather than containment strategy is touted as both an economic savings and safety
enhancement. The reduced maximum pressure requirement of the confinement translates directly into
significant construction cost savings. The advance in reactor safety is a more complex argument but
hinges on releasing high energy coolant (high temperature and pressure helium) but low contaminated
helium gas initially. The inventory of helium released from the reactor to containment is argued to be a
higher risk for severe consequence if retained than if released. Helium release later may become more
contaminated because of the progress of the event and higher fuel temperature. Retaining the high energy
gas in a containment creates a mechanism for distributing the contamination more widely if the
containment cannot be maintained in the long term.
The instrumentation and controls issue is that the new confinement strategy relies on radiation monitors
and active control of relief valves and filtering systems to maintain safety whereas traditional containment
buildings are primarily passive structures. In this case, it appears that the HTGR designs have swapped
the LWR’s passive safety system (i.e., sealed containment) for an active controls system (confinement
with direct release and filters and controls). It is not clear what licensing issues may emerge from the
confinement strategy. But, the use of active controls and filtering processes for protection of the public
against a radiation release in a loss of coolant accident is a new idea that must undergo careful scrutiny
and requires development of appropriate regulatory guidance and acceptance criteria.
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6.2
6.2.1

Issues in Protection System
High-temperature effects

Since the introduction of inherent safety as a design and operating principle of the AVR, all HTGRs have
been designed to use the negative Doppler coefficient to shutdown the reactor in conjunction with a
continuous passive heat removal process that is capable of removing the worst-case decay heat from the
core without an active cooling system. The inherent safety approach makes the HGTRs safe from fuel
damage and radionuclide release in excess of licensing limit even under some of the most severe accident
conditions conceivable. However, the high temperatures that exist under passive cooling are potentially
damaging to many systems in the plant. The consequences and vulnerabilities of systems to the resulting
high temperatures needs to be fully understood. Operability of most of the active components, such as
motors, valves, even control rods themselves, could be compromised. Peak temperatures in the upper
head during passive cooling are difficult to calculate and measure. The main concern of LWRs is the fuel
which is very susceptible to damage in loss of coolant and other undercooling events. In HTGRs, the fuel
is much more robust to the consequences of accidents. However, other systems may be vulnerable. The
issue is, what is the essential function of the safety system? Does an NRC-approved safety system have to
preserve options for the operator to initiate an active system despite engineering predictions that they are
not needed for protection of the fuel?
6.2.2

New types of protection systems

The inherent safety properties of HTGRs eliminate or significantly reduce the risk of some of the most
severe accidents that LWRs deal with. However, some new types of active safety systems may require
formulation of new requirements and guidance. The most severe accidents for HTGRs involve air and
water ingress. Air ingress may rely on measures to reduce or restrict available air in the vicinity of a leak.
Mitigation measures, such as foam to stop or slow air ingress, may be required to protect the fuel from
erosion by oxygen. Water ingress may require an operable helium purification system to remove moisture
in water ingress events. Confinement systems with active controls on either filtered or released helium
leaked from the primary system in a depressurization event are also a new type of protection system. An
inadvertent restart of a helium circulator following any emergency shutdown when the core is at peak
temperature can produce helium temperatures that would damage heat exchangers. An inhibit function to
prevent the start of the circulator when the core temperature is high may be needed. Acceptance criteria
for these new types systems are not suggested by the existing general design criteria.
6.3
6.3.1

Issues in Control Systems
Automation and operational awareness

The advanced plant may have a much higher level of automation than existing plants. It may employ trip
avoidance strategies to reduce the demands on the protection system. The heat load of a chemical plant
for hydrogen production is very likely to be a more complex system than a conventional electrical power
plant. A combined cycle plant with electrical and heat plant loads requires the control system to manage
the load distribution and to respond to all operating events and failures of all loads. The controls for
combined plant is thus considerably more complex than a plant with a single load. Traditionally, the
review of I&C systems has focused primarily on the protection system with only limited review or
regulation concerning the operating control system. However, as the complexity of operation and the
degree of automation increase, the safety implications of control also increase and may become a safety
issue.

161

6.3.2

Protection of heat exchangers from hot helium in loss of process heat plant

Very high temperature reactors for hydrogen production may operate with reactor outlet temperatures
exceeding 900°C. Such reactors may have considerably greater reliance on active control systems to
ensure emergency cooling of metallic components such as a steam generator or gas-to-gas intermediate
heat exchangers from excessively high temperature during or following common operational occurrences.
At temperatures proposed for hydrogen production, the heat exchanger materials could be subject to
thermal shock or overheating. Active systems to isolate both sides of the heat exchanger or to provide
emergency cooling from the secondary side may be required.
6.3.3

Support system controls

The discussion in this report focuses on the instrumentation and controls for the reactor and major heat
transport systems. Other controls may also need to be examined in some detail in the future. Some
control systems in HGTRs may be new or unique and may have greater safety implications than control in
traditional LWR power plants. Two such control systems which bear examination are the magnetic
bearing control for the helium circulator and shaft seal controls.
One potential concern regarding the magnetic bearing controller is that a failure of the control device and
catcher bearings could cause the displacement of the impeller and motor shaft leading to failure of the
pressure boundary in the circulator. The magnetic bearing control design issue has been raised as a part of
this review but no details of the magnetic bearing controls and their safety implications in plants which
employ them have been found in literature. This event, a control system failure leading directly to a loss
of coolant accident is a possible accident with a much higher severity category than other control system
failures in licensing reviews.
A related problem is helium shaft seals. The helium circulator motor and shaft are likely to be externally
sealed. That is, the motor and impeller are sealed within the helium pressure boundary. However, the
main coolant cannot be allowed to circulate freely around the motor and impeller because of dust in the
coolant which could damage the circulator components and radioactive contamination deposits which
would greatly increase the radiation exposure of workers during maintenance. The helium from the main
reactor circuit must be kept out of the internal motor and impeller space by internal seals and a flow of
higher pressure clean helium into the space toward the reactor. Because the consequences of failure are
severe, control of the seal flow and cooling becomes an issue for the regulator.
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1.
1.1

INTRODUCTION

Project Overview

The objective of the project designated as Job Control Number (JCN) N6177 is to support the U.S.
Nuclear Regulatory Commission (NRC) in identifying and evaluating the regulatory implications
concerning the control and protection systems proposed for use in the U.S. Department of Energy’s
(DOE’s) Next Generation Nuclear Plant (NGNP). The NGNP, using gas-cooled reactor technology, will
provide the basis for the commercial industry to manage the heat for energy production and industrial
processing including hydrogen production. The high temperature gas-cooled reactor (HTGR) can provide
heat for industrial process at much higher temperatures than conventional light water reactors, 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 or VHTR. In this project, the gas-cooled reactor design for the
NGNP is referred to as the VHTR even though DOE’s current plans focus on the lower end of the abovenoted temperature range for ultimate deployment of NGNP.)
The JCN N6177 project involves five tasks, which are titled:
Task 1.
Task 2.
Task 3.
Task 4.
Task 5.

Control and Protection Systems in VHTRs for Process Heat Applications
Highly Automated Control Room Design
Models for Control and Protection System Designs
Advanced Control and Protection System Design Methods
Develop Technical Guidance and Acceptance Criteria for Safety-Related Protection and
Control Systems Designs

The overall objective of this research is to review potential technologies likely to be employed for the
control and protection system design for the VHTR for process heat applications including possibly
hydrogen production. The investigation also addresses modeling methods and plant models, including
multi-modular models, as well as the level of automation that can be achieved and the degree of
integration in control room designs that may result. In addition, this research examines such design
aspects and issues as prediction of the state and effect of control systems actions, overall resilience of the
control and protection systems designs, and fault detection capability. The culminating activity, to the
extent possible based on the maturity of the VHTR design and particular process heat application, is to
assist NRC in developing technical guidance and acceptance criteria for these safety-related protection
and control systems designs for the VHTR.
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1.2

Task Objectives

The principal objectives of Task 2 are to investigate automation features and approaches that may be
considered in VHTR control room designs and to identify technical issues arising for high levels of
automation that could impact safety. In order to assess the potential safety impact of highly automated
control rooms for VHTRs, the research approach employed involves determining the extent of automation
and identifying key design features. As part of the investigation of automation issues, consideration was
given to increased complexity of control and protection that could arise from management of alternate
generation products and implementation of multi-modular plants.
The investigation focused on the systems aspect of automation and integration within the VHTR and
process heat plant control room(s). Specifically, the coordinated control and protection within a unit
and/or among units, the impact of interconnected systems, and fault tolerance capabilities were
considered. The primary emphasis of this investigation is the prospective application of state-of-the-art
automation approaches and assessment of the impact on the degree to which the control room of a VHTR
plant may be highly integrated.
As part of the research activity, issues associated with control and protection of multi-modular plants
were investigated. These issues included integrated control of reactor and process heat plant systems,
automated transition (e.g., switching or redistributing flow) among multiple heat transport systems to
enable support of co-generation plants, complex dynamics for multiple reactors feeding a common
process heat plant, and combined operation of multiple reactors. No concrete examples of existing plants
or near-term designs were found that gave explicit examples of applications incorporating these
characteristics. For example, the evolving NGNP design indicates that the nuclear power plant control
room will be separate from management of any process heat plant (i.e., hydrogen production plant) and
that isolation capabilities will be provided to decouple the plants as needed in the event of upsets. Thus,
the extent of the investigation into unique (i.e., VHTR or process heat plant specific) issues for
automation technologies and approaches was limited by the available information.
Since the treatment of plant staffing requirements and human-machine interfaces implementations are
covered under regulatory reviews of nuclear power plant instrumentation and control (I&C) systems, this
investigation did not address human factors considerations in any detail. However, potential challenges
associated with operational approaches enabled by highly automated control rooms were considered to
the degree supported by the available information.
1.3

Organization of Report

Task 2 involves an evaluation of automation technologies and operational approaches that are relevant in
considering the safety implications of highly automated control room design for VHTRs. Chapter 2
presents the state of the technology for automation by describing the characteristics and capabilities
associated with resilient control and autonomous control. Chapter 3 discusses automation for nuclear
power plants. In particular, examples of integrated plant control, plant limitation strategies, and HTGR
concepts of operations are documented. Chapter 4 summarizes relevant regulations and regulatory
positions to establish the regulatory baseline for review of highly automated control rooms. Chapter 5
presents the design considerations and proposed strategies for automating NGNP. Finally, Chapter 6
discusses insights into key regulatory issues arising from highly automated control room design for
VHTRs.
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2.

AUTOMATION TECHNOLOGIES

The operation of a plant or system is managed through the interaction of humans or electronic equipment
with field devices (i.e., actuators) that can affect the process (i.e., control). The command for a specific
action is initiated by either manual input or automatic control action (or some combination of each) based
on information about the state of the plant systems or processes (e.g., measurements, diagnostics,
constraints, procedures). For automated control, the command or control action is the result of
calculations that are based on process measurements and accomplished by control algorithms
implemented in hardware or software. No human intervention is required, although the automatic control
function can be switched out to permit direct manual control.
In traditional control systems, the decision-making (i.e., the choice among valid solutions or options) is
left to the human. Elements of the decision process, either during design or operation, include
determination of the control strategy (i.e., goals, key variables, available actuators) to be employed,
establishment of the acceptable range of actions, and the coordination among individual control loops
during all events and conditions. Generally, the application of automation is limited to repetitive or
sequential tasks for specific operational modes, continuous regulating control for well-defined normaloperation scenarios, and fast-acting predetermined protective actions for design basis event conditions. In
many cases, human intervention is required to retain operability during off-normal or unanticipated
events, especially under failed or degraded conditions.
Automation has been employed by various process, manufacturing, power and transportation industries to
minimize active reliance on human operators while increasing cost and performance efficiencies. Most
instances involve the implementation of modern control methods and digital electronics to achieve
automation of control loops, often with some degree of high-level integration for coordination or
supervision. However, there are approaches to plant control that invoke more extensive automation
capabilities to provide enhanced fault tolerance and to enable significantly reduced demands for active
engagement by human operators. These control approaches may be applied to operational control and
plant management of VHTRs to minimize the burden on human operators, optimize operations staffing
requirements, and increase plant operational efficiency. This chapter describes key technological
approaches to achieving highly automated control.
2.1

Resilient Control

At its most basic level, a process control system implements algorithms with real-time hardware and
software to reduce the error to zero between a command and the output of a process during various
conditions. A control system consists of control algorithms, implementation hardware, and data links or
communication networks between individual controllers. Traditionally, process control focuses on
maintaining stable operation under a range of well-defined conditions of noise, changing parameters and
exogenous inputs to the controlled system. The traditional approach, which may provide optimal control
across a specified narrow range, does not incorporate a means for adapting to a wide range of
disturbances, failure events, errors, subsystem losses and incorrect human intervention (accidental or
malicious). Modern approaches to control system design treat fault tolerance, failure immunity, and
reliability in addition to controller performance.
The concept of resiliency has been developed through control theory research to address issues such as
disturbances, failure events, errors, incorrect human operation, and cyber-attacks. 1 A resilient control
system is defined as “one that maintains state awareness and an accepted level of operational normalcy in
response to disturbances, including threats of an unexpected or malicious nature.”2 In this sense, state
awareness involves knowledge of conditions and parameters relevant to control decisions, including an
understanding of the status of the process being controlled and the control system itself. A primary goal in
3

achieving resiliency is to design, install, operate, and maintain control systems that can survive a natural
disaster, human error, or intentional cyber-attack without the loss of any critical functions. 3
Concepts and characteristics of resiliency are evident in aerospace, defense, and nuclear power industry
applications. For example, provisions for independence and redundancy result in resiliency against single
failures and propagation of effects while the incorporation of diversity in an I&C architecture provides
resiliency against common-cause failure. Signal validation, error checking and recovery, and selfdiagnostics are specific techniques that are widely implemented to detect failures and respond to their
consequential effects.
Resilient control offers advantages with respect to traditional control. Unlike the primarily reactive nature
of traditional control systems, a resilient control system is proactive in its approach. Resilience involves
rapidly identifying threats, generating essential operational information, and enabling an adaptive
response to events and conditions. The scope of control in a resilient strategy extends beyond traditional
control to include detection of abnormal conditions, selection of mitigation strategies, and a large degree
of freedom to implement solutions in real-time.
2.1.1

Framework

The realization of truly resilient control involves a comprehensive, integrated treatment of complex
networked system design, human interaction, and cyber-security. Design for resilient control provides for
state awareness, accommodates human-automation interaction, accounts for complex interdependencies
and latencies in highly integrated control, enables adaptation to unexpected conditions, and addresses
cyber-threat mitigation and response. 4 Fundamentally, resilient control integrates traditional feedback
control concepts with the capability to adapt to a wide range of degradation and failures. Figure Fig. 1
illustrates the integrated capabilities that characterize resilient control. These resilient control capabilities
are intended to address all identified threats, supply the means to determine operational status, and
provide mechanisms by which to assure proper operation. The adaptive capabilities indicated in the figure
address process efficiency and stability, failure management, security (physical and cyber), and process
compliance.

Fig. 1. Resilient contr ol capabilities.

Reiger4 represents resilient control in terms of framework of three system elements: operational data and
controls, intelligent interpretation and control, and operational state awareness dashboard. These
framework elements roughly correspond to a physical architecture consisting of field equipment for
measurement and actuation, computational electronics for control and monitoring, and human-machine
interfaces for display and interaction. The operational data and controls element includes traditional
control and measurement capabilities. The operational state awareness dashboard element includes
information displays and operator support features, which can be tailored to meet the needs of specific
4

users based on access rights and experience. The intelligent interpretation and control element integrates
knowledge extraction and human-automation interaction capabilities within a hierarchical, multi-agent *
control system structure that can facilitate robust, adaptive control. The transition from data to
information to knowledge is achieved through data fusion techniques while human-automation interaction
support involves mixed initiative control (i.e., interfaces to support collaborative human response and
automatic action).
Traditional measurement and controls focus on process stability and safety as principal goals. The
operational data and controls element of resilient control systems introduces an expanded treatment of
threats and events that could compromise operational control. The extended scope of resilient control is
achieved by addressing process efficiency, security, and compliance in the control system design. As
illustrated in Fig. 1, a resilient control system incorporates adaptive capabilities to address failure, error,
intrusion, and management optimization. Adaptive and fault-tolerant controls are traditional means of
promoting efficient performance and robustness against uncertainty, degradation, and failure. Resilient
control extends these methods by taking a whole-plant approach employing integrated advanced control
methods, embedding diagnostic and predictive capabilities to anticipate deviations from nominal
behavior, and incorporating the capability to adapt and optimize from the local subsystem level to the
global system level. Security is addressed through enhanced cyber awareness, with detection and
mitigation capabilities embedded throughout the layers of control to ensure the integrity of the cyber
environment. Compliance (e.g., inventory control, configuration management, nonproliferation and
safeguards) is addressed through real-time knowledge management, tracking, and identification and
accountability techniques.
The intelligent interpretation and control element of the resilient control framework facilitates the
expanded capabilities of resilient control to anticipate, perceive, respond, and adapt to events,
disturbances, and intrusions. In resilient control design, the collaboration of human and automation is
taken into account in the implementation of monitoring and control. This consideration informs not only
the allocation of roles and responsibilities but also impacts the selection of techniques and methodologies
to provide the necessary information management and control capabilities to support both automatic and
manual actions. In treating human support for mixed initiative control, the processing of data to generate
information and extraction of knowledge from information must be addressed comprehensively to enable
consistent, coordinated, and complementary interactions for optimal response of the human-system team.
In addition, the mechanisms of human-automation collaboration are incorporated in the interface and
communication capabilities of the control system design to enable access management with adaptation
based on a user’s needs and abilities.
The hierarchical, multi-agent structure adopts a supervisory design approach that allows the interrelated
processes within a plant to be controlled in a coordinated, integrated fashion. Based on this approach, the
global treatment of process (or plant) operation in the resilient control design is facilitated through
integration and state awareness at higher levels of the hierarchy while fault tolerance and optimization are
enabled through detection and adaption at the local levels of the hierarchy. The provision of knowledge
generation and state identification capabilities allow for prioritization of information and tasks. The
distributed, hierarchical structure permits semi-autonomous operation of local control within boundaries
established for global coordinated control. Basically, the higher levels of the hierarchy ‘oversee” the
lower levels with goals, demands, and constraints being communicated downward and data to support
*

An “agent” (sometimes called an “intelligent agent”) is defined as “a person, a machine, a piece of software, or a variety of other
things, i.e., one who acts.”5 While the application of individual agents is possible, their greatest potential is realized when
multiple-agents work together to achieve a common goal. These collectives are known as multi-agent systems. A requirement
that is essential for multiple agents to cooperate is that they share a common “view” of their world and be able to communicate in
a common “language” or ontology. An agent is characterized by knowledge (i.e., beliefs, goals, plans, assumptions, etc.), and it
interacts with other agents using an agent communication language. An agent can also possess additional characteristics, such as
being autonomous, interactive, adaptive, proactive, cooperative, competitive, etc.
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state awareness being communicated upward. In addition, the flexibility and reconfigurability offered by
the hierarchical structure facilitates real-time adaption (e.g., “autonomy on the fly” 6).
2.1.2

Features

Resilient control is intended to reduce the likelihood of occurrence for adverse events and minimize the
impact should such an event occur. Therefore, characteristics exhibited by a resilient control system must
include features that allow it to anticipate, perceive, respond, and adapt.7 Perception and response are
basic features of traditional control systems. These features correspond to measurement and control
capabilities. However, resilient control systems have expanded capabilities to support perception of
adverse situations and conditions and enable response to degraded or unanticipated circumstances.
Detection and diagnosis of threats involves capabilities such as condition monitoring and state
identification. Anticipation and adaption are not common features of traditional control systems. The
anticipatory feature allows a resilient control system to predict disturbances, incipient failures, or other
threats. Real-time simulation and model-based diagnostics and prognostics are examples of capabilities to
support anticipation. The adaptive feature enables a resilient control system to adjust its control concept
or mechanisms to accommodate extreme conditions or unanticipated events (e.g., system degradation or
beyond-design-basis events). Basically, a resilient control system minimizes the consequences of events
by perceiving disturbances and responding appropriately. Furthermore, a resilient control system reduces
the likelihood of adverse events by anticipating challenges and adapting as necessary. 8
A specific example of a control system feature that is unique to resilient engineering is embedded cybersecurity. This feature involves more than imposed isolation and intrusion detection techniques that have
been developed for the Information Technology (IT) application domain. A common characteristic of
traditional supervisory control and data acquisition (SCADA) systems that differentiates them from IT
systems is that communicated commands (internally or from operators) are treated as valid. This
fundamental TRUST Model assumption poses a vulnerability that can be exploited by malicious intruders
should they defeat the typical IT cyber-security measures. Thus, defensive capabilities are included in
resilient control designs to confirm the authenticity of commands and the acceptability (e.g., safety,
investment protection) of actions based on those commands.
Recently documented attacks on control systems, such as Night Dragon and STUXNET, demonstrate the
potential for and consequences of this type of malicious cyber activity. 9,10 These attacks have shown that
vulnerabilities in SCADA systems can be used to acquire information and disable or disrupt physical
processes and critical infrastructure. STUXNET was able to penetrate an air-gap isolated system in which
it proceeded to destroy hardware process systems, devices and components while remaining undetected
for a significant length of time. Attack vectors such as STUXNET could be successfully defended with
resilient control capabilities that recognize the malicious behavior and maintain the system in a safe
operating domain.
The resilient control cyber-security approach includes an embedded capability for the control system to
identify and reject improper commands that could lead to damage or a catastrophic failure. There are two
main approaches an attacker can use to exploit a real-time control system once penetrated: (1) commands
can be issued that will cause the larger system to become unstable in some way, thereby causing damage
or destruction or (2) sensor data can be modified or corrupted so as to essentially blind or confuse the
control algorithm. The effect of these cyber-attack vectors is similar to control system failures. This
overlap permits methodologies developed to detect and survive failures to be employed to support
resilience against cyber-attacks that exhibit the similar characteristics. Consequently, resilient cybersecurity features (i.e., diagnostic capabilities and design attributes) that are embedded in the control
system design can augment more conventional defense-in-depth cyber-security methods 11,12 (i.e.,
techniques developed for IT systems). The concept is illustrated functionally in Fig. 2.
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Resilient Controls

Fig. 2. Relationship between communications (IT) cyber -secur ity and r esilient contr ols.

After a cyber-intrusion has been detected, other resilient control features enable an appropriate response
by the control system. To mitigate a cyber-attack penetration vector that is intended to manipulate
commands, set points, or disable input signals, the resilient control responses can include:
•
•
•
2.1.3

rejecting corrupted data and using substitute analytical data from a real-time model,
avoiding the use of an incorrect operator command or set point and using a historical data-based
or requirements-based substitute, or
determination that the current degraded capability requires a revised modified mission, new
operating mode, new commands, etc., to provide desired safety, stability, and performance.
Functions

Stevens6 characterizes a generic control system in terms of function to support a gap analysis in
comparing traditional control and resilient control. The characterization consists of the following
functions:
•
•
•
•

monitor system,
manage and process data,
provide systems communication, and
manage control processes.

The functions for monitoring the controlled system involve measuring state, input, and response data. The
functions for managing and processing data from the system include collection, processing, storage,
analysis, and retrieval of data. The functions for providing systems communication address the services
and mechanisms for gathering or supplying information to the control system and operator as well as the
interaction of the services and mechanisms with each other. The functions for managing control processes
include regulating control and command issuance. Resilient control expands the basic functions
customary for a traditional control system to enable the adaptive capacity to respond to threats and
support the necessary level of state awareness to recognize or even anticipate disturbances.
For a resilient control system, system monitoring functionality includes additional functions to address
cyber-security and optimization. The security functions provide for data authentication and diversity to
promote data integrity. The optimization functions enable detection of incipient failure, prediction of
abnormal behavior, and runtime condition-based adaptation. The extended functionality for data
7

processing and management include data validation, prioritization, and analytical prediction/simulation.
In a resilient control system, communication functionality is augmented to provide for extensive security
detection and response mechanisms (both passive and active) with an integrated approach to cybersecurity for data transmission, information distribution, and knowledge display. The communication
functions also facilitate adaptation to respond to cyber-threats, failures, and information needs (e.g., user
access and display). Finally, control management functionality includes a hierarchical approach that
enables semi-autonomous operation of subcontrollers, oversight provisions to ensure state awareness, and
adaptation mechanisms for local optimization or graceful degradation of capabilities.
2.1.4

Formulation

Control systems configurations may be formulated as individual stand-alone systems or as distributed
SCADA systems. SCADA systems consist of a supervisory controller that issues commands to distributed
individual controllers that in turn regulate the behavior of physical processes under their control. As
discussed above, a resilient control system constitutes a whole-plant, supervisory control system with
extended capabilities. Key features include anticipation of failures or disturbances followed by adaptation
to mitigate the potential consequences as well as perception of events and conditions followed by
responsive action to ensure safety, stability, and performance. Detection of a failure, human error, or
change in status and modification to accommodate degraded or altered conditions requires that a control
system have the capability to identify abnormalities and to adapt as needed. Prevention of a cyber-attack
penetration from sabotaging a physical process (e.g., by issuing damaging commands to the controllers)
requires that the control system have the capability to determine if a command is destructive to the
process directly under control and how a change in that process will affect the larger system.
To facilitate the necessary capabilities to achieve resilience, additional knowledge and tools must be
available for the control system implementation:
•
•
•

Physics models—information about the physics of the system so that it can estimate the current
and future responses;
Historical knowledge—previous safe operating parameters that provide command validation,
input validation, redundancy and security in the decision-making process; and
Situational awareness—information about the coupling between the controller’s processes and
other processes that allow the controller to react in real-time to changes in process requirements,
upsets, attacks and hardware failures.

Figure Fig. 3 illustrates the functional formulation for resilient control.
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Fig. 3. Resilient contr ol functional for mulation.

In addition to detecting an abnormality with real-time physics-based models, situational awareness and
historical knowledge, a Resilient Executive is required to manage the resilient capabilities and properly
manipulate the real-time hardware and software control (Fig. 3). This would include concepts such as
defined safe states in the event of catastrophic failure through stability landscapes from ecological
resilience and reliability theory. These descriptions of stability regions for the system can then be used to
provide boundaries for individual processes that guarantee the safety and performance of the larger
system.
These capabilities require information about overall state awareness. As the availability of this
information decreases, resilience of the control system will degrade until it eventually becomes
comparable to a traditional control system. Basically, the availability of information and adaptive
capabilities of the control system effectively serve as the equivalent of a margin between resilient control
and the minimum acceptable control. Thus, the availability of status information allows the control
system to determine the validity of commands and prevent the process (or plant) from being damaged by
evolving to an unstable state.
2.1.4.1 Real-time physics-based models
Real-time physics-based models simulate the process and control system behavior over the correct range
of conditions and operation. Real-time physics-based models are standard practice for various purposes in
the aerospace and power industries. These dynamic models provide estimates of both the current and
future state for desired parameters to facilitate the following: (1) comparison of input signals for validity
to detect failures or cyber-attack events, (2) state estimation of key system parameters, (3) determination
of system stability, and (4) determination of parameter sensitivities.
Figure Fig. 4 illustrates various examples for dynamic system modeling. Figure Fig. 5 illustrates a system
using real-time physics-based models to detect valid input signal data. Figure Fig. 6 contains an example
of a process input failure event. At T0, the input signal x 2 fails and is detected by the system at T1 and
declared not valid.
Methods such as integration, persistence and limit thresholds can process the disagreement of the model
estimate and signal to determine possible input signal validity. System requirements for performance,
stability and reliability can determine proper thresholds for input signal validity.
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Model estimates can be used as control system inputs during conditions with invalid input signals.
Models can also estimate and synthesize parameters that are not measured or cannot be measured to
improve control system stability.
Proper requirements for the model design relating to the goals and objectives of the model for the desired
parameter estimation are vital. The models must be validated and verified to the true system and must
include considerations for uncertainties.

Fig. 4. Real-time physics-based dynamic model examples.
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Fig. 5. For mulation of r eal-time physics-based model usage for validating signals.

Fig. 6. Example of r eal-time physics-based model detection of an input signal failur e.

2.1.4.2 Historical knowledge
Historical data can be processed using various statistical methods, machine learning techniques and rulebased methods to create signatures of the process. These signatures can be used to compare present time
input signals, commands and other data for validity to detect a failure or a cyber-attack event. Figure Fig.
7 illustrates a system using historical data with various methods (e.g., statistical estimation, mean,
distribution, Bayesian, and Artificial Neural Networks) to generate a historical operating space and
synthesized commands.
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Fig. 7. Histor ical knowledge function to cr eate histor ical oper ating space and backup commands.

The historical operating space describes typical process behavior and maps the system inputs and
commands to operating conditions based on such behavior. The historical operating space is used to
verify input signals and commands with respect to historical information for validity. Synthesized
commands are generated from a mapping of system commands to operating conditions.
Figure Fig. 8 illustrates a system using historical data to validate input signals and commands. If an input
signal is determined to be invalid, then actions can be taken. For example, the model estimate can be
selected for control purposes. If a command is determined to be invalid, then several actions can be taken.
For example, synthesized commands (from historical data) can be chosen with respect to the operating
conditions.
Figure Fig. 9 illustrates the transformation and mapping that can be generated from the historical data to
determine a valid command with respect to the current process conditions. An example of this concept
follows:
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1. A person drives an automobile on the same highway every day to work.
2. Historical data are developed for a particular stretch of the highway in the form of commands
(speed, steering vector, and other relevant information), operating conditions, and location.
3. If on a particular day, the driver provides a suspect speed command, the system could determine
that the command was not appropriate. The authority of the control to take action would have to
be determined based on desired safety and other considerations.

Fig. 8. For mulation of histor ical knowledge usage for validating input signals and commands.

Fig. 9. Example of mapping of commands to pr ocess conditions and states based on histor ical knowledge.

2.1.4.3 Situational awareness
Situational awareness can be defined as “the combining of new information with existing knowledge in
working memory and the development of a composite picture of the situation along with projections of
future status and subsequent decisions as to appropriate courses of action to take.” 13
Situational awareness is a method of examining the present states and information and determining if an
abnormal condition exists and what options should be pursued as a countermeasure to maintain stability,
13

safety and performance. This examination capability will consist of systems such as a Heuristic RuleBase, Fuzzy Logic Inference Rule-Base and other methods that describe the intended system behavior
over the full range of operating conditions as shown in Figs. Fig. 10 and Fig. 11. In practice, situational
awareness involves examining input data, output data, commands, model estimates, historical operating
space, data from other control systems and synthesized commands with respect to the system and process
requirements and to process uncertainty.

Fig. 10. For mulation of situational awar eness system.

Fig. 11. Situational awar eness methods.

One key characteristic is the ability to compare data from other control systems in a distributed
architecture. If a measurement or condition is common to multiple control systems, then it is more likely
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to be genuine. In other words, if an attack causes one control system to differ from the others in its
behavior, a capability to compare with other control systems should detect the abnormal condition.
2.1.4.4 Resilient Executive
The Resilient Executive (see Fig. 3) manages the interface between the traditional real-time control
system and the resilient features that detect an abnormal condition (e.g., hardware failure, cyber-attack, or
incorrect operator command) and manipulate the information provided to the control system to maintain
stability, safe operation and acceptable levels of performance. This management utilizes the results of
physics-based dynamic model signal validation, historical data signal and command validation, and
situational awareness validated operating conditions and states to manage the information provided to the
control system. This would be realized using a rule-base and expert system based on requirements of
reliability, robustness, failure immunity, safety, and desired levels of acceptable performance during an
abnormal event.
2.2

Autonomous Control

There is a distinction between automated control and autonomous control. Consideration of the Greek
root words illustrates the difference. Automatos means self-acting while autonomos means independent.
Similarly, automated control involves self action while autonomous control involves independent action.
Autonomous control implies an embedded intelligence. Although automation includes at least a limited
inherent authority within the control system, automated control often consists of straightforward
automatic execution of repetitive basic actions. It is clear that autonomous control encompasses
automated control.
Automated control provides control actions that result from fixed set of algorithms with typically limited
global state determination. As a result, automated control is often implemented as rigidly defined
individual control loops rather than as fully integrated process/plant control. Although automated control
requires no real-time operator action for normal operational events, most significant decision-making is
left to the human rather than incorporated as part of the control system. In contrast, autonomous control
integrates control, diagnostic, and decision capabilities without required human interaction. In particular,
control decisions are the responsibility of the autonomous control function and can perform independently
of any supervising operator. Control decisions may be model-based, derived from heuristics (i.e., rulebased) or experience (knowledge-based), learned over short and long periods (i.e., data-driven), or
acquired from data mining of other systems. Diagnostics may execute at several levels: local process,
equipment/components, and across multiple processes or modules. A flexible functional architecture
provides the capability to adapt to evolving conditions and operational constraints. While automated
control is common in numerous applications, autonomous control is more difficult to achieve and the
experience base is very limited. Overviews of autonomous control characteristics, capabilities, and
applications are given by Antsaklis, 14,15,16 Astrom, 17,18 Basher, 19 Chaudhuri, 20 Passino, 21,22,23 and
Zeigler. 24
2.2.1

Experience

Control systems with varying levels of autonomy have been employed in robotic, transportation,
spacecraft, and manufacturing applications. Space usage provides the most fertile application domain for
the development of autonomous control. In fact, although autonomous control has not been developed for
an operating terrestrial nuclear power plant, it has been the subject of research investigations for spacebased reactors. 25,26 However, since consideration of autonomous capabilities for space reactor control has
primarily been conceptual to this point, this overview will focus on realized implementations of
autonomous control for space exploration.
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For more than a decade, the National Aeronautics and Space Administration (NASA) has pursued
autonomy for spacecraft and surface exploration vehicles (e.g., rovers) to reduce mission costs, increase
efficiency for communications between ground control and the vehicle, and enable independent operation
of the vehicle during times of communications blackout. For rovers, functional autonomy addresses
navigation, target identification, and science package manipulation. For spacecraft, functional autonomy
has focused on automated guidance, navigation, and control. These include target body characterization
and orbit determination, maneuver planning and execution, precise pointing of instruments, landmark
recognition and hazard detection during landing, and formation flying. 27 The capabilities that have been
addressed in research for and applications of spacecraft autonomy include the following:
•
•
•
•

intelligent task planning, scheduling, and resources management with limited available resources
and time constraints for high-level mission goals;
intelligent task-level execution including software fault tolerance, efficient control and control
performance monitoring, fault reconfiguration control, and supervisory control over the
coordination of many spacecraft activities;
model-based fault detection, isolation and recovery with model based reasoning techniques used
for automatic fault protection and immediate request for ground intervention; and
onboard data processing using knowledge discovery methods to prioritize data for ground
connection.

Autonomy for rovers has progressed over the last decade with prominent examples from efforts to explore
the surface of Mars. The Mars Pathfinder rover, Sojourner, explored the Martian terrain beginning in
July 1997. 28 The Sojourner had very limited autonomy to enable navigation and provide for resource
management and contingency response. Because it only provided supervised autonomy, repetitive ground
monitoring was required. In January 2004, the Spirit and Opportunity, twin Mars Exploration Rovers
(MER), began a surface exploration mission that has continued through 2011. These rovers employ
expanded autonomy over what was feasible for Sojourner and provide model-based recovery, resource
management, and autonomous planning capabilities in addition to autonomous obstacle detection and
navigation. The integration software architecture used to facilitate MER autonomy is the “Coupled Layer
Architecture for Robotic Autonomy” (CLARAty). 29 CLARAty provides a dual layer architecture
consisting of a decision layer for artificial intelligence (AI) software and a functional layer for controls
implementations. Implicit granularity in each layer allows for a functional hierarchy with nested
capabilities. The functional layer provides the interface to the rover hardware while the decision layer
manages high level goals by breaking them down into smaller objectives, scheduling them according to
known constraints and the current rover state, and directing the functional layer to execute the objectives.
Spacecraft autonomy has been demonstrated with the Deep Space 1 mission. Deep Space 1 was launched
in October 1998 as a test platform to validate high-risk advanced technologies in space.30 In addition to
demonstrating autonomous navigation of the spacecraft, a principal experiment involved demonstration of
an AI system for on-board planning and execution of spacecraft activities. The remote agent (RA)
architecture used for this mission includes a mission manager with a planning and scheduling engine, an
executive module, and a mode identification and recovery (MIR) module. The mission manager develops
a mission plan based on high-level goals to generate a set of time-based or event-based activities. The
executive module executes the mission plan by generating a sequence of commands and then it monitors
the spacecraft performance to ensure proper action. The MIR module assesses the spacecraft state and
supports recovery from faults. During the Deep Space 1 mission, the RA was activated to control the
spacecraft for a limited period. Testing of the RA capabilities involved an experiment that included the
injection of four simulated faults. A software flaw in the executive module was detected and diagnosed so
a second experiment was conducted to fulfill the remaining objectives of the test.

16

2.2.2

Characteristics and functionality

Autonomy extends the scope of primary control functions. Such capabilities can consist of automated
control during all operating modes, process performance optimization (e.g., self-tuning), continuous
monitoring and diagnosis of performance indicators as well as trends for operational and safety-related
parameters, diagnosis of component health, flexible control to address both anticipated and unanticipated
events and to provide protection of life limited components (such as batteries and actuators), adaptation to
changing or degrading conditions, and validation and maintenance of control system performance. Thus,
functionalities that enable monitoring, trending, detecting, diagnosing, deciding, and self-adjusting are
relevant within the autonomous control context.
Key characteristics of autonomy include intelligence, resilience, optimization, flexibility, and
adaptability. Intelligence facilitates minimal or no reliance on human intervention and can accommodate
an integrated, whole system approach to control. It implies embedded decision-making and
management/planning authority. Intelligence in control provides for anticipatory action based on system
knowledge and event prediction. To support control and decision, real-time diagnostic/prognostic
capabilities are important for state identification and health/condition monitoring. Additionally, selfvalidation is an aspect of intelligence that addresses data, command, and system performance assessment
and response.
In addition to providing an environmentally rugged implementation, resilience is addressed by accounting
for design uncertainties and unmodeled dynamics. Fault management is an important consideration in
achieving resilience. Fault management involves fault avoidance, fault removal, fault tolerance, and fault
forecasting. Fault avoidance can be accomplished through approaches such as the use of formal methods
for software design, the application of an object-oriented paradigm for the software architecture, and
software module reuse. Fault removal can be promoted through formal inspections of software, data flow
testing, and fault injection testing (e.g., either state-based or code-based). Fault tolerance can involve
redundancy, design diversity, high-reliability implementation or error detection and recovery
functionality. Fault forecasting techniques include reliability modeling, data collection and data-driven
modeling, operational profiling, and rare event prediction. Finally, resilience can also involve selfmaintenance or self-healing. This capability is promoted through means such as captured design
knowledge and self-correcting features, prognostics to identify incipient failure, and fault detection and
isolation.
Optimization implies rapid response to demands, minimal deviation form target conditions, and efficient
actuator actions. Optimized control can be facilitated by self-tuning and other forms of adaptation.
Flexibility and adaptability are enabled by diverse measurements, multiple communication options, and
alternate control solutions. Functional reconfigurability facilities the effective use of these systems
options while an inherent redesign capability permits adaptation to unanticipated conditions.
Autonomous control functionality can be decomposed into several elements. These include data
acquisition, actuator activation, validation, arbitration, control, limitation, checking, monitoring,
commanding, prediction, communication, fault management, and configuration management. The
validation functionality can address signals, commands, and system performance. The arbitration
functionality can address redundant inputs or outputs, commands from redundant or diverse controllers,
and status indicators from various monitoring and diagnostic modules. The control functionality includes
direct system/component control and supervisory control of the plant control system itself. The limitation
functionality involves maintaining plant conditions within an acceptable boundary and inhibiting control
system actions. The checking functionality can address computational results, input and output
consistency, and plant/system response. The monitoring functionality includes status, response, and
condition or health of the control system, components, and plant and it provides diagnostic and prognostic
information. The commanding functionality is directed toward configuration and action of individual
controllers and diagnostic modules. The prediction functionality can address identification of plant/system
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state, expected response to prospective actions, remaining useful life of components, and incipient
operational events or failures. The communication functionality involves control and measurement signals
to and from the field devices, information and commands within the control system, and status and
demands between the control system and a supervising authority (e.g., plant operators). The fault
management and configuration management functionalities are interrelated and depend on two principal
design characteristics. These are the ability of the designer to anticipate a full range of faults and the
degree of autonomy enabled by the control system design.
The characteristics and functionality discussed above represent the possibilities of autonomy but they do
not constitute a necessary set. Therefore, autonomous control can be viewed as providing a spectrum of
capabilities with automated control representing the lowest extreme or baseline of the continuum. The
incorporation of increasing intelligence and fault tolerance moves the control capabilities further along
the spectrum. The higher degrees of autonomy are characterized by greater fault management, more
embedded planning and goal setting, and even self-healing. The realization of full autonomy involves
learning, evolving, and strategizing independent of human interaction or supervision.
2.2.3

Functional architectures

In most cases involving development and application of autonomous control, the principal functional
architecture utilized some form of hierarchical framework with varying distributions of intelligence. A
three level hierarchy is typical for robotic applications.14,31,32 Figure Fig. 12 illustrates the allocation of
function within this hierarchy. The general concept of the hierarchy is that commands are issued by
higher levels to lower levels and response data flows from lower levels to higher levels in the multi-tiered
framework. Intelligence increases with increasing level within the hierarchy. Each of the three interacting
tiers has a principle role. Basically the functional layer provides direct control, the executive layer
provides sequencing of action, and the planner layer provides deliberative planning.

Fig. 12. Typical thr ee-level autonomous contr ol ar chitectur e.

The purpose of the functional level is execution of control. It is essentially comprised of algorithms in
software and hardware. At this level, conventional control loops are implemented in which the control
actions are generated based on specified control algorithms and communicated to plant/system actuators
for execution. The functional level is also responsible for data acquisition using the plant/system sensors.
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Before using the signals in its own control algorithms, the functional level typically processes the
measurements through some signal validation algorithms. The signal validation results are also
communicated to the higher architectural levels. At the functional level, model adaptive control is
frequently used and monitoring and diagnostic capabilities, such as failure detection and isolation
algorithms, state estimators, and parameter identifiers.
The purpose of the executive level is to provide coordination of plant/system control and to supervise the
execution of that control at the functional level. The executive level contains decision-making and
learning capabilities as well as some control algorithms. The executive level receives commands from
planner level that schedule predetermined activities. These high-level commands are translated into
sequences of control actions that are communicated to the functional level for execution. At the executive
level, a supervisory function can assess the performance of the lower level controllers and the state of the
plant/system to determine what models are to be used, how to tune parameters for control, and when to
switch the control laws and perform parameter adaptation. A control coordination function at the
executive level can deal with detected failures and anticipated events by issuing commands adhering to
pre-defined procedures.
The purpose of the planner level is to provide management and organization of the overall plant/system
control. The planner level consists of planning, decision-making, and learning capabilities. At this level,
system goals are determined, the communication interface to operators is provided, and direction for the
lower levels of the hierarchy is provided. The planner level performs high level performance monitoring,
plant/system health evaluation, capability assessments, and task planning.
As previously described, an autonomous control architecture for spacecraft was developed and tested as
part of the Deep Space 1 mission. The RA architecture 33 is illustrated in Fig. 13. In this representation, the
mission manager (MM) and planner/scheduler (P/S) are shown as separate elements. Their coupled
functionality results because the MM maintains the mission profile that guides the planning for the
mission lifetime. The P/S develops flexible concurrent temporal plans for a time horizon (typically two
weeks) based on goals from the mission profile supplied by the MM. The plans are provided to the smart
executive (EXEC), which is a control manager that executes the sequence of activities and reacts to failed
responses. It is responsible for coordinating resource management, action definition, fault recovery, and
configuration management. The MIR component is a model-based module that monitors the condition of
the spacecraft, identifies failures, and provides recovery procedures to the EXEC. On request from the
EXEC, the MM and P/S will develop a revised plan to account for failures or recoveries. Through its
multi-module approach, the RA is able to provide a reactive response to failures (EXEC) and a
deliberative response to events (P/S). The reactive response provides real-time action to address the
immediate consequences of failures. The deliberative response (i.e., replanning) provides the capability to
assess the impact of failures or events on the mission goals and then determine how to proceed with the
mission while accommodating those conditions.
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Fig. 13. Remote Agent ar chitectur e for Deep Space 1.

The Mars Technology Program has funded development of an autonomous control architecture to support
the MER mission. As noted above, the CLARAty software environment supports autonomy for Spirit and
Opportunity. The dual layer architecture of CLARAty is illustrated in Fig. 14, which was derived from a
paper by Volpe on developments for the Mars Mobile Science Laboratory. 34 The CLARAty architecture
provides an upper (decision) layer for AI software and a lower (functional) layer for controls
implementations. The development of CLARAty addresses perceived issues with the three-tiered
architecture,29 which is typical of robotic autonomy. Those issues are the tendency toward a dominant
level that depends on the expertise of the developer, the lack of access from the deliberative or planner
level to the control or functional level, and the difficulty in representing the internal hierarchy of each
level (e.g., nested subsystems, tress of logic, and multiple time lines and planning horizons) using this
representation. In one sense, the CLARAty architecture collapses the planner and executive levels, which
are characterized by high levels of intelligence, into the decision layer. Essentially, the deliberative and
procedural functionalities are merged into an architectural layer that parallels the functional layer and
provides a common database to support decision-making. Additionally, a system granularity dimension is
maintained to explicitly represent the system hierarchies of the functional layer and the multiple planning
horizons of the decision layer.
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Fig. 14. CLARAty ar chitectur e with decision and functional layer s.

The functional layer is an object-oriented hierarchy that provides access to the capabilities of the
plant/system hardware and serves as the interface for the decision layer to the subject (robot, spacecraft,
plant) under control. The interaction between the two layers depends on the relative granularity of each
layer at the interface. At lower (i.e., fine) granularity, the decision layer has almost direct access to the
basic capabilities of the plant/system. At higher (i.e., coarse) granularity, the decision layer provides high
level commands that are broken down and executed by the intelligent control capability of the functional
layer. The decision layer provides functionality to break down goals into objectives, establish a sequential
task ordering based on the plant/system state and known constraints, and assess the capability of the
functional layer to implement those commands. At lower granularity within the decision layer, executive
functions such as procedure enforcement are dominant while, at higher granularity, planning functions
such as goal determination and strategy development are dominant.
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3.

AUTOMATION OF NUCLEAR POWER PLANT OPERATIONS

This chapter presents an overview of approaches to automation that have been developed for and applied
to nuclear power plant operation. In addition, concepts of operation for existing HTGRs and recent VHTR
designs are described. The goal is to provide a general context for the state of the practice in automation
in the nuclear power industry to establish the basis for considering the extent to which automation may be
applied to VHTRs.
3.1

Plant Control

In the nuclear power industry, single-input, single-output (SISO) classical control has been the primary
means of automating individual control loops. The use of multivariate control, such as three element
controllers for U-tube steam generators of pressurized-water reactors (PWRs), has been employed in
some cases. In very limited instances, efforts have been made to coordinate the action of individual
control loops based on an overall control goal. Beginning in the mid-1980s, more integration of control
loops as part of distributed control systems was accomplished, such as through digital feedwater control
system demonstration projects sponsored by the Electric Power Research Institute (EPRI). 35,36 Current
modernization projects at existing reactors have primarily involved upgrades of individual control
systems rather than an attempt to transition to an integrated control system approach on a plant-wide
basis. The more extensive use of digital technology in the control systems defined for advanced lightwater reactor (ALWR) designs enables I&C architectures with integrated information access and greater
automation support. However, the ALWRs have adopted architectural approaches and implementation
philosophies that are fundamentally the same as for operating plants, building on the experience gained
over the years.
The application of most advanced techniques to nuclear power control issues has primarily been through
simulation as part of research by universities and national laboratories. Some of the techniques employed
in controls application research for both power and research reactors include adaptive robust control for
the Experimental Breeder Reactor II (EBR-II), fuzzy logic control for power transitions, H-infinity
control and genetic algorithm-based control for steam generators, neural network control for power
distribution in a reactor core, and supervisory control for multi-modular reactors. A useful compendium
of findings from such research activities is found in the proceedings of a series of Topical Meetings on
Nuclear Plant Instrumentation, Control, and Human-Machine Interface Technologies sponsored by the
American Nuclear Society. 37–43
3.1.1

Integrated control systems

As noted above, automatic control systems for most existing nuclear power plants consist of individual
control loops employing classical feedback control methods. Current control systems marketed for the
nuclear power industry are based on computers or programmable logic controllers (PLCs). Most of these
systems provide control application software containing basic control blocks that can be graphically
configured into a control algorithm. These systems offer classical control modules as well as model-based
control options. The control systems for ALWRs take advantage of these capabilities to enable more
extensive use of integrated control features, such as incorporating feedforward action with normal
feedback control to provide faster automated response and facilitate control loop coordination. Plant-wide
integrated control allows for a greater range of operational automation that can reduce the demands for
immediate active engagement of operators in routine procedures.
A primary example of the implementation of control system integration is the Integrated Control System
(ICS) for nuclear power plants of the Babcock and Wilcox (B&W) design. The ICS is an analog control
system based on the integrated control approach developed for B&W fossil-fired boilers. The integrated
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control strategy utilizes a common feedforward power set point to coordinate boiler and turbine control.
At the time it was introduced, the B&W nuclear ICS scheme was more advanced than other nuclear
controls in the sense that it was a multivariate control system with scheduled feedforward action whereas
other nuclear plants were operated using isolated SISO feedback control loops that offered considerably
less automation of power maneuvers. The ICS was designed to take advantage of the capability of the
B&W nuclear steam supply system’s once-through steam generators to maneuver rapidly in response to
load demand.
In the mid-1990s, the B&W Owner’s Group developed a digital replacement to the analog ICS. 44 The
Plant Control System (PCS) was designed to coordinate control of the reactor, feedwater system, and
steam system. The PCS design contains many advanced features to add expanded capability over the
analog ICS. For example, it includes digital switching logic to reconfigure the control system to match the
plant as valves are sequenced and pumps are started. In addition, automation provided by the PCS design
more fully addresses transitions among operating modes to avoid the need for manual actions that had
been found to be a frequent source of plant trips.
Features of the PCS include:
• full automatic control from 1% to 100% of full power;
• prioritized control of system parameters to maintain control of the most important parameters
despite saturation of some actuators or manual control switching for some actuators;
• automatic loading and unloading of the main turbine and the turbine-driven feedwater pumps;
• elimination of windup problems in the integral functions of the controller to provide bumpless
transfer between automatic and manual control and to improve controller performance; and
• improved transitions between control modes.
Like the ICS, the PCS control strategy is based on the feedforward-feedback approach. The feedforward
input is a centrally-generated core thermal power demand. Proportional and integral feedback actions add
stability. The feedforward term places the demand for each constitute control loop at approximately the
correct value for a given power level. The proportional and integral error terms correct any errors in the
feedforward demand and compensate for normal drift and disturbances. The feedback terms are
multivariate. That is, several values are summed to create the feedback contribution. Deadbands on all but
one primary variable cause the controller to simplify down to an SISO formulation when the plant is near
steady state. The SISO loops that exist near steady state can be thought of as the primary error control
responsibility of each subsystem. The additional terms are secondary errors that enable faster or stronger
control reaction for rapid transients. The secondary errors improve the capability for rapid response while
leaving the stability characteristics and approach to steady state as the main responsibility of the primary
control loop.
An overview of the PCS control algorithm is shown in Fig. 15. The top-level box is the core thermal
power demand (CTPD) calculator. This module computes the allowable ramp rates and applies eventbased power limits (for example, the CTPD would limit the maximum power demand if one reactor
coolant pump were tripped). The integrated master is the control manager that directs the feedback errors
determined from plant measurements to the actuators that provide the needed control action to reverse the
error. The integrated master implements the control priority strategy. Logical switching based on plant
mode and status is primarily implemented at this level. The other control boxes represent individual
system controllers. These controllers sum and integrate the feedback and feedforward control signals
passed to them by the integrated master.
The hardware architecture developed for the PCS was based on an implementation using triple-modularredundant (TMR) microprocessor-based controllers. The goal was to achieve very high reliability by
ensuring that the control system would remain fully functional given the failure of any single component.
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The selected architecture was implemented as a composite system consisting of three identical channels
of Foxboro (now Invensys) Intelligent Automation™ (I/A) modules, each of which computed the control
algorithm, and a Triconex (now Invensys) TRICON™ module to perform system voting based on median
select. A full prototype of the PCS was tested using a whole-plant simulator so that all aspects of
operation could be functionally validated.

Fig. 15. PCS integr ated contr ol design.

Because of cost considerations, the PCS was never installed at a power plant. However, the PCS became
the basis for modernization of the ICS at Duke Power’s three-unit Oconee Nuclear Power Plant in South
Carolina. 45 In the late 1990s, Duke Power installed a digital replacement of the ICS using the AREVA
(formerly Babcock and Wilcox) Control STAR™ modules. This control system was an updated digital
implementation of the ICS algorithm with many of the corrections and improvements from the PCS
added. Rather, than adopting the TMR architecture, the digital ICS architecture is simplex for most
control functions but with fault tolerance (i.e., self testing). The exceptions to simplex operation are the
reactor and feedwater controls, which are implement using dual channels. Reactor control is based on
dual coincident logic for control rod movement and feedwater control is based on average controller
output with predefined bounds. Experience with the digital upgrade has shown that automated operation
over the full power range is very reliable and the capability to automatically control low power operations
has proven to be particularly effective in reducing operator burden and eliminating unnecessary plant
trips.
3.1.2

Supervisory control systems

In most large-scale systems, there exist many processes that must coordinate to achieve system-wide
performance. Supervisory control provides management or coordinated control of many individual
controllers or control loops. Within the nuclear power industry, supervisory control systems are generally
implemented with coupling for a limited number of control loops. A common function of supervisory
control systems is to provide parameter and set point modification specific to known operating conditions.
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Interlocking logic for control system actions is also a common practice for regimenting controlled
responses to achieve defined states.
Hierarchical supervisory control, whose purpose is to achieve total plant coordination, permits individual
process control by local controllers while exercising top-down coordination across multiple process
controllers. The coordination achieves an optimization of materials and energy flow by adjusting local
controller set points and other parameters. Coordination also involves switching of controller operational
modes (e.g., for different output demands, to transition among multiple product streams, or to support
maintenance cycles). Automated start up and shutdown, as well as system-wide diagnostics, are possible
with supervisory control.
As part of research to support advanced multi-modular nuclear reactor concepts, such as the International
Reactor Innovative and Secure (IRIS) and the advanced liquid metal reactor (ALMR), supervisory control
methods for operational management of multiple units were developed and demonstrated through plant
simulation. 46,47,48 The IRIS approach involves a multi-modular plant with multiple individual or paired
units forming power blocks. The ALMR plant design involved three power blocks, with each block
consisting of three reactor systems coupled to a common energy conversion system (i.e., balance of
plant). The programmatic goal for the ALMR was for the overall supervisory control system to enable
operation of the plant with as few as one operator per power block.
To address the highly complex plant management and reactor system control issues associated with multiunit control, a hierarchical supervisory control system was developed. For the ALMR supervisory control
application, the reallocation of power demand among units within a power block was accomplished using
heuristic rules and was demonstrated under transient and degraded conditions. Additionally, various
foundational methods, such as adaptive and nonlinear control, control mode selection among algorithms,
command and signal validation, and on-line state identification, were demonstrated using more detailed
plant simulation models.
The supervisory control approach developed for multi-modular plants provides the framework for highly
automated control while supporting a high-level interface with operations staff, who can act as plant
supervisors. The final authority for decisions and goal setting remains with the human but the control
system assumes expanded responsibilities for normal control action, abnormal event response, and system
fault tolerance. The supervisory control framework allows integration of controllers and diagnostics at the
subsystem level with command and decision modules at higher levels.
The supervisory control system architecture shown in Fig. 16 is hierarchical and recursive. Each node in
the hierarchy (except for the terminal nodes at the base) is a supervisory module. The supervisory control
modules at each level respond to goals and directions set by modules above it within the hierarchy and to
data and information presented from modules below it within the hierarchy. Each module makes
decisions appropriate for its level in the hierarchy and passes the decision results and necessary
supporting information to the functionally-connected modules.
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Fig. 16. Super visor y contr ol ar chitectur e for multi-modular nuclear power plants.

The device network level consists of sensors, actuators, and communications links. The next highest level
consists of control, surveillance, and diagnostic modules. The coupling of the control modules with the
lower-level nodes is equivalent to a conventional automated control system composed of controllers and
field devices. The surveillance and diagnostic modules provide derived data to support condition
determination and monitoring for components and process systems. The hybrid control level provides
command and signal validation capabilities and supports prognosis of incipient failure or emerging
component degradation. At this level, fault identification occurs. The command level provides algorithms
to permit reconfiguration or adaptation of the control system to accommodate detected or predicted plant
conditions. At this level, active fault tolerance is accomplished. For example, if immediate sensor failure
is detected by the diagnostic modules and the corresponding control algorithm gives evidence of deviation
based on command validation against pre-established diverse control algorithms, then the command
module may direct that an alternate controller, which is not dependent on the affected measurement
variable, be selected as principal controller. The actions taken at these lower levels can be constrained to
predetermined configuration options implemented as part of the design. In addition, the capability to
inhibit or reverse automated control actions based on operator commands can be provided. The highest
level of the supervisory control architecture provides the link to the operational staff.
The functionality that is embodied in the hierarchy can be decomposed into several elements. These
include data acquisition, actuator activation, validation, arbitration, control, limitation, checking,
monitoring, commanding, prediction, communication, fault management, and configuration management.
The validation functionality can address signals, commands, and system performance. The arbitration
functionality can address redundant inputs or outputs, commands from redundant or diverse controllers,
and status indicators from various monitoring and diagnostic modules. The control functionality includes
direct plant or system control and supervisory management of the control system itself. The limitation
functionality involves maintaining plant conditions within an acceptable boundary and inhibiting control
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system actions. The checking functionality can address computational results, input and output
consistency, and plant/system response. The monitoring functionality includes status, response, and
condition or health of the control system, components, and plant and it provides diagnostic and prognostic
information. The commanding functionality is directed toward configuration and action of lower level
controllers and diagnostic modules. The prediction functionality can address identification of plant/system
state, expected response to prospective actions, remaining useful life of components, and incipient
operational events or failures. The communication functionality involves control and measurement signals
to and from the field devices, information and commands within the control system, and status and
demands between the supervisory control system and the operational supervisors (i.e., operations staff).
The fault management and configuration management functionalities are interrelated and depend on two
principal design characteristics. These are the ability of the designer to anticipate a full range of faults and
the degree of automation enabled by the control system design.
3.2

Plant Limitation

The concept of a staggered defense in depth (i.e., echelons of defense) was developed at the outset for
nuclear power plant I&C technology. This concept supports a range of operation extending from manual
control to automatic control to reactor protection. A key driver in the evolution of this concept is the goal
that immediate human action should not be necessary to maintain the nuclear power plant in a safe state
and avoid potential radiological release. At one end of the control and protection spectrum is the human
operator, who can manually control the state of the plant. At the other end of the spectrum is the
protection system, which automatically and dramatically brings the plant into a safe state when conditions
indicate an abnormal or accident state is being approached. In between these two extremes is the
automated control portion of the I&C architecture.
Initial I&C system implementations at nuclear power plants provided independent systems dedicated to
strictly separate protection and regulating control functions. However, aspects of the control system were
expanded in later designs to include detection of and response to operational transients that are precursors
to plant trip conditions. These expanded capabilities provide limitation functions that detect and minimize
incidents in their incipient stages through less severe actions than a reactor scram. Most current lightwater reactors (LWRs) include some modest limitation functions and control interlocks as elements of the
automated control system. These functions include local core protection and integral reactor power
limitation (e.g., power runbacks and rod withdrawal interlocks). In most cases, these functions are
embedded in the control system and are treated as normal control capabilities. Effectively, these functions
enable trip avoidance to promote availability or provide mechanisms to ensure investment protection.
German nuclear power plants demonstrate the most extensive and formalized use of limitation functions
within the defense-in-depth hierarchy of nuclear power plant I&C architectures. 49 The German regulatory
authorities require that the plant must be designed so that the operators do not have to intervene for 30
minutes in the sequences of events that occur during major operational incidents. Additionally, the plant
must be capable of remaining autonomous (i.e., “hands off”) for 10 hours, even in case of massive
external influences such as an airplane crash, earthquake, or sabotage. As a result, a “multi-barrier”
approach to the plant I&C architecture was developed that involves staggered levels of control, limitation,
and protection. In practice, a separate limitation system was devised that intervenes earlier and in a more
differentiated manner than the reactor protection system (RPS) but that also permits continued operation
through many events. Thus, the reactor limitation system (RLS) is an integral element of the safetyrelated I&C systems in German nuclear power plants and contributes to a staggered defense in depth with
progressively corrective actions and multiple sequential and/or parallel measures.
Limitation systems in Germany were originally developed as limit control systems for PWRs and
employed quadruple redundancy with no special qualification. The first implementation was at the Stade
nuclear power plant in the early 1970s. As the benefits of the limitation approach were demonstrated
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throughout the decade in the Biblis-type PWRs, the approach was accepted within German safety rules
and limitation systems became qualified as parts of the overall plant protection architecture.
Subsequently, all modern German nuclear power plants of the Grafenrheinfeld-type included the RLS as
an element of the safety-related I&C architecture. In recent years, a digital version of the RLS,
implemented using the AREVA (formerly Siemens) TELEPERM XS™ safety qualified platform, has
been installed through I&C upgrades at the Unterweser and Neckarwestheim nuclear power plants.
3.2.1

Limitation philosophy

The limitation philosophy employed in German PWR I&C systems is based on the understanding that
preventing damage is just as important as managing or reducing damage. Essentially, the German
approach is to enable protection of the components and systems of the plant upon occurrence of potential
incidents rather than to rely upon action by the operator or RPS. As a result of this staggered defense-indepth scheme, it is more likely that the resistance of the plant to future incidents will be maintained.
For German PWRs, the plant I&C architecture consists of a hierarchy of systems that provide progressive
levels of protection. The automatic control system provides the first level of protection by maintaining the
reactor within operational limits for effective power generation. These operational limits are kept
sufficiently below plant safety limits to ensure safety during normal power demand variations or
anticipated operational disturbances. The reactor trip system and the engineered safety feature actuation
systems provide the final level of protection. These systems, which are considered part of the RPS in
Germany, are designed to shut the reactor down, keep it shut down, and ensure adequate core and system
cooling if plant parameters exceed plant safety limits. In German PWRs, an intermediate level of
protection between the control and protection systems is provided by a distinct limitation system. The
basic responsibility of the RLS is to monitor the plant state and act to prevent operation outside the
“safety envelope” (i.e., the set of parameter safety margins) that would trigger RPS action.
The goal of the RLS is to prevent transients from resulting in scrams or trips through early, responsive,
rapid and forceful but, if possible, reversible countermeasures. The RLS achieves its protective purpose
by identification of a deviation from normal conditions and by initiation of specific actions necessary to
limit and smooth the transient. The built-in capability for diagnosis enables the RLS to detect the
transients it is designed to address during their incipient stages. In response to violations of the limitation
envelope, the RLS intercedes and drives the plant back towards normal operating conditions. When the
disturbance has been eliminated and the plant returns to its acceptable operating range, plant control is
returned to the normal control system without interruption.
In the German implementations, the RLS is a multiply-redundant system with an optimal balance between
functionality and reliability. The RLS is typically quadruple redundant with generally no internal
functional diversity. Like protections systems, the RLS cannot be manually overridden. When actuated,
the RLS works like a symptom-oriented control system, providing control reversal in a feedback mode.
When not actuated, RLS status is analogous to that of protection systems. In effect, the RLS is ready to
operate with settings slightly outside the normal operating envelope.
3.2.2

Limitation functions

The foundational application of limitation functions in German PWRs was through the use of limit
control systems, for which the actuation limits are set outside a dead band around the normal operational
regime plus a margin for overshoot of the controlled variable. The approach to limitation evolved to
include two types of limitation functions: protection limitation and condition limitation. Protection
limitation functions protect against anticipated operational occurrences (AOOs) whose consequences may
still be acceptable in the event of limitation malfunction. Clearly, the more severe AOOs that would
unquestionably lead to accident conditions are addressed by the RPS. Condition limitation functions are
designed to ensure that, at any time, the initial conditions assumed in the plant safety analysis are
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maintained. Limitation actions include dropping an individual rod (or pairs or groups of rods) for a rapid,
controlled power runback and separating coolant systems by stopping the relevant pump and,
additionally, closing the associated valve.
The principle power limitation functions include limitation of integral reactor power, limitation of local
power density in the upper and lower segments of the core, and balancing of reactor and generator powers
by quick adjustment of the reactor power. Other limitation functions that are related to reactor power
involve limitation of the average coolant temperature, control of local departure from nucleate boiling
ratio (DNBR) by power density limitation derived from in-core detector signals, and limitation of control
rod/bank movement to ensure adequate shutdown margin. Additional limitation functions focused on the
coolant system are limitation of reactor coolant system inventory changes during normal operation,
limitation of coolant temperature gradients, and limitation of coolant pressure fluctuations.
3.2.3

Reactor limitation system architecture

In Germany, the I&C system encompasses all equipment and systems used for sensing, signal
transmission and conversion, indication generation, computing, data storage and actuation for the
functions of protection, limitation, normal (feedback) control, sequence control, monitoring, surveillance,
display, modeling and the relevant power supplies. The main I&C systems are the RPS, RLS, and reactor
control system (RCS).
The purpose of the RPS is to ensure that safe shutdown is achieved and maintained for any event that
challenges the safety envelope (i.e., safety limits) of the plant. Its function is to detect incidents and
initiate protective action, such as reactor trip, emergency cooling, and residual heat removal. The RPS
provides simplified, fixed, uninterruptible, irreversible, highly reliable protective actions. Its design
requirements are intended to achieve maximum availability, testability, and simplicity of design. German
regulatory requirements also demand that at least two diverse initiation channels in the RPS must detect
key design basis events to address the potential for common mode failure.
The purpose of the RLS is to enable the avoidance or, at least, the favorable influence of operational
incidents (e.g., transients) and to thereby minimize their impact on the plant. Its function is to smooth
transients and avoid reactor trips through early detection of plant events or equipment failures and
subsequent corrective response such as enforced limits on reactor power or other plant process variables.
The RLS provides flexible, limiting, reversible, early, sensitive and reliable protective actions. Its
characteristics are high availability, redundancy, diagnosability, and graduated corrective measures.
The purpose of the RCS is to permit optimized control for start up, power maneuvering, steady state
power operation, and shut down. Its function is to provide sequence of event and feedback control for
normal power operation and permit operator interaction for manual control. The RCS provides universal,
optimized control actions that are typically determined without embedded protective constraints (i.e., the
limitation function is incorporated in the RLS). It is characterized by high functionality and condition
sensitivity, fast response, manual and automatic operation and reliability managed through maintenance
and, in some cases, redundancy.
Figure Fig. 17 shows the typical I&C architecture for German nuclear power plants illustrated from the
measurement instrumentation to the command actuators. At the top of the figure, the sensors are
indicated, along with signal transmitters. The signal path for safety-related I&C systems includes
isolation, amplification, preprocessing, and comparison (e.g., validation or plausibility). Below these
elements are the processing modules that perform computational functions to accomplish the initiation,
management, and termination of protective or control actions. These functions perform control algorithm
calculations and set point comparisons and account for logical dependencies, data trends, and calculated
values. At the bottom of the figure, the output signals of the processing modules are communicated to the
actuators with the appropriate isolation and safety priority. These signals trigger the necessary actions for
the control and protection of the plant. Also shown in the figure are the power supplies supporting the
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sensor strings and the actuator power supplies to support both autonomous (i.e., automatic) control of the
safety-related actuators (e.g., de-energized to drop rods) and operational control of the nonsafety-related
actuators.
From left to right, the figure indicates the staggered defense-in-depth approach to plant control and
protection that is employed in German PWRs. On the extreme left-hand side is the RPS, followed by the
RLS, the reactor output control (ROC) element of the RCS (i.e., the safety-related reactor control system),
the post-accident monitoring (PAM) incident instrumentation, and the plant process operational control
(POC) element of the RCS (e.g., balance of plant control). The far right-hand side of the figure indicates
the control room human machine interface segment of the I&C system.
The RPS is implemented as redundant asynchronous channels based on at least two-out-of-three logic (in
some cases, quadruple redundancy is employed). As indicated in the figure, redundancy and diversity are
employed to satisfy the regulatory requirements. Internal diversity is used to provide protection against
common mode failures by means that include functional and/or equipment diversity. As an example of
functional diversity, some system trip functions are assigned to mutually diverse processing chains within
a channel, so that the different chains process the measurements on different variables. The processing
chains may also incorporate diverse logic. This approach minimizes susceptibility to errors because the
applications in the individual chains process different data and are thus, at least to some extent,
structurally different. In final element of the RPS, logic gating for trip determination is accomplished
using a dynamic (pulsed) magnetic core system to provide a higher degree of failure detection than is
possible with static signals. Control rod drop is accomplished by de-energizing the rod coils via
mechanical switches.
The RLS is implemented as synchronous quadruple-redundant channels based on two-out-of-four logic.
This quad-redundancy is employed so that the minimum requirement of two-out-of-three logic is
complemented by a hot testing and repair channel. The fourth channel contributes significantly to the
overall reliability of the system. Internal diversity is not required for the RLS but the addition of the
intermediate limitation functionality contributes to the overall I&C system diversity within the staggered
defense-in-depth approach. The RLS combines the intelligent features of closed loop control systems with
some degree of the higher reliability afforded in reactor protection systems. Since the consequences of
failure for the RLS are less severe than that of the RPS, it is permitted reduced reliability requirements.
This condition enables more complex functionality to be embodied in the RLS than is desirable in the
RPS. Thus, greater intelligence in the form of more complex algorithms and embedded plant state
identification diagnostics is incorporated in the RLS to detect incipient transients and invoke optimized
countermeasures (e.g., slow or fast runbacks to specific power levels, power density limitations for local
DNBR management). Redundant sensor inputs are provided to each RLS channel and the signal
arbitration selects the second highest value in the safety relevant direction for processing. Measured or
computed parameters are compared against set points or operational diagrams to determine the need for
limitation action and the nature of the limitation (e.g., graded actions of increasing intensity). Finally, the
limitation signals are processed through two-out-of-four voting (or two-out-of-three voting if one channel
is out of service). Controlled rod insertion for fast runbacks is accomplished by de-energizing each
gripper coil via electronic switches. This provides diversity compared to the rod drop mechanism of the
RPS.
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Fig. 17. I&C ar chitectur e for Ger man PWRs (adapted fr om Ref. 50).

The RCS control function is performed by two effectively separate control systems, one for the generator
and one for the reactor. Well-balanced collaboration between these systems for startup, power operations
of all kinds and, if possible, for the most frequent disturbed situations is achieved partly by design and
partly by the action of limitation functions. The ROC consists of those safety-related control functions
whose failure can directly result in reduced power output or possibly even a reactor trip. The most
significant control actions (e.g., rod control) are implemented on redundant controllers. The ROC is
grouped within the safety-related “isolation island” with the RLS, PAM, and RPS. The POC provides
automated functional groups or single controllers to drive nonsafety-related plant process systems.
3.3

Concepts of Operations

Modern nuclear power plants have moved toward greater automation but still rely of human interaction
for supervision, system management, and operational decisions. More importantly, the human is also
given the responsibility to serve as the last line of defense should I&C system failure prevent automatic
plant protective measures from actuating, particularly in the case of prospective common cause failures
that could disrupt multiple safety-related systems. The operational concepts include how the plant is
operated under normal and abnormal conditions; including loss of equipment or displays and how the
operators are expected to interface with each other, etc. This section discusses the scope encompassed
within the concept of operations for a nuclear power plant and presents available examples of operational
approaches developed for HTGRs.
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3.3.1

Scope

While the human factors aspects of the concept of operations for VHTRs are beyond the scope of this
investigation, it is appropriate to consider the full breadth of the subject. From this consideration, the
potential impact of a high degree of automation on operational approaches is clarified. Of particular
interest are I&C and operational aspects such as the modes of operation for the plant, the automation
capabilities incorporated in HTGR control rooms, and the range of operational strategies support by
highly automated control room designs.
The idea of a concept of operations is a fundamental component of systems engineering, especially for the
design of any complex system. 51 Concept of operations is a significant consideration in the NRC’s review
of the nuclear power plants. 52 A top-down treatment of the concept of operations for a nuclear power
plant addresses the high-level goals for system operations. From the bottom-up perspective, the concept
of operations for the plant rests on the technological infrastructure needed to support the operational
approach and human-system interaction. Concept of operations can be characterized in terms of five
dimensions: 53
•
•
•
•
•

Role of Personnel and Automation
Staffing and Training
Normal Operations Management
Disturbance and Emergency Management
Maintenance and Change Management

The Roles of Personnel and Automation dimension encompasses the relative roles and responsibilities of
personnel and plant automation and their interrelationships. The allocation of function within a system
and between the human and the system is central to achieving human system integration. Of particular
significance beyond basic control loop automation is automation to support all human cognitive
functions, including: monitoring, disturbance detection, situation assessment, response planning, and
response execution.
The dimension of Staffing and Training involves approaches to staffing the plant, including operational
staffing levels and personnel qualifications. Traditional functional staffing models do not reflect the
optimization that can be achieved through highly automated, yet highly reliable control room design.
The dimension of Normal Operations Management reflects the approach to how the plant will be operated
and considers the means by which personnel manage normal operational modes, such as startup, low
power, full power, and shutdown. Specifically, this dimension addresses mechanisms and resources that
personnel use to interact with plant functions, systems, and components in accomplishing their main tasks
of monitoring and controlling the plant.
The Disturbance and Emergency Management dimension provides concepts for how degraded conditions,
disturbances, and emergencies can be handled, and how responses to such situations are determined.
The Maintenance and Change Management dimension addresses methods for system maintenance,
modernization installation, and configuration management.
3.3.2

HTGR operations

HTGR control schemes involve different modes and functions depending on the plant state. Most of the
main control systems have four distinct control modes: offline, startup, normal operation and shutdown.
The offline and normal operation modes are typically the continuous static states; startup/shutdown
modes are transitional between normal operation and offline. In normal operation, the control systems
regulate the process using feedback control. In modern plants and recent designs, automatic feedback
regulation control is extensively used for the full range of normal power operation. The normal operation
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mode encompasses both steady state and power maneuvering at rated ramp rates for power change.
Additional submodes in normal operation may exist for low power, rapid runback, and special plant
configurations (e.g., operation on turbine bypass versus normal turbine). Simple, automatic protection
systems provide rapid event response to address accident conditions and ensure the plant achieves a safe
state.
In the limited examples of HTGR control rooms, the experience base ranges from primarily manual
operation to extensive automation of startup/shutdown and normal operation. Design concepts for VHTRs
anticipate more comprehensive automation with the operator fulfilling the role of supervisor, possibly for
multiple units. This section discusses the operational control approaches employed by existing plants or
defined for proposed reactor designs. The discussion below constitutes a high level overview of
operational approaches employed or proposed for HTGRs. The available information offers meager
details about operator roles, interface mechanisms, or control room configurations. More detailed
descriptions of the HTGRs and their I&C systems are provided by Wilson et al. 54
3.3.2.1 Fort St. Vrain nuclear power plant
The Fort St. Vrain nuclear power plant was the second commercial HTGR to be operated in the United
States. 55,56 The helium-cooled reactor, located in Colorado, began power operation in 1976 and ended
operations in 1989. The reactor consisted of two helium primary loops with six parallel steam generators
and two steam-driven helium recirculators in each loop. Heat was removed from the primary loops via the
steam generators and was then conveyed to a conventional steam turbine for power conversion.
The Fort St. Vrain plant operated in fully automatic control mode from 25 to 100% of full power. The
plant was designed for base load operation at a fixed power level but was also capable of following load
changes. The automatic control system regulated the system to the operating point and responded to load
changes and gradual changes in the plant. The control system was also designed to respond automatically
to larger disturbances such as loss of feedwater, turbine-generator trip, and reactor scram. The plant
started up under manual control by the operator. From 0 to 30%, individual systems were switched into
automatic control mode as the plant reached the normal power range.
The control scheme for normal power operation was a turbine-following strategy in which load changes
were introduced by changing the position of the turbine admission valves. The feedwater valve position,
circulator speed, and reactor rod position were operated in feedforward plus feedback control scheme to
respond to the load change promptly and then regulated the plant to the operating point. Feedwater flow
was adjusted to control steam pressure. The feedwater flow controller also contained a fast runback mode
that was initiated following most scrams. The helium circulators were used in a closed loop control to
maintain main steam temperature at its set point. Reheat steam temperature was controlled by controlling
reactor power via flux controllers. A flux controller operated one control rod drive for automatic power
regulation. Only one pair of control rods was automatically controlled. Since one rod pair is insufficient
for the 25 to 100% normal load swing, manual shimming of three symmetrically located rod drives was
required occasionally. Helium temperature was not directly controlled but was uniquely determined by
the other controlled variables. Alarms for abnormal values of plant parameters were provided. The control
system allowed operators to intervene to take manual control to avoid initiation of protective functions of
the safety system. An orifice control system in Fort St. Vrain positioned variable orifices in inlet coolant
passages within the reactor to control the distribution of flow of helium coolant through each region of the
core to compensate for variable power generation in each region. The orifice valves were manually
controlled from the control room.
Fort St. Vrain did not employ a separate, dedicated shutdown cooling system or a passive reactor cavity
cooling system for decay heat removal. Instead, the safe shutdown cooling system was a function or mode
of operation of the same systems used for normal heat removal. Fort St. Vrain was a larger core and
required forced helium circulation to be started within 60 minutes of depressurization from equilibrium
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full power. Thus, the plant protection system (PPS) consisted of the I&C systems and functions required
to initiate automatic corrective actions upon onset of an unsafe condition. The PPS functions included
reactor scram, loop shutdown and steam/water dump, circulator trip, and rod withdrawal interlock. These
actions, which took precedence over normal operational control, were directed toward reducing plant
power and shutting down reactor plant equipment. The PPS achieved reliability through redundancy and
coincidence and was designed to perform its function in the presence of any single failure and
consequential effects. The system also used channel independence to guard against propagation of failure
and common-cause failure vulnerability.
3.3.2.2 Arbeitsgemeinschaft versuchsreaktor–AVR
The Arbeitsgemeinschaft Versuchsreaktor (AVR) was an experimental reactor that operated from 1967
until 1988 at the Jülich Research Center in the Federal Republic of Germany. 57 The AVR’s mission was
to demonstrate the concepts and safety features of the pebble bed high temperature reactor design. The
AVR was a complete power plant equipped with a turbine generator and was connected to the electrical
grid in normal operation. The I&C architecture for the AVR was based on analog technology and its
operation was primarily based on manual action by plant operators.
The AVR relied on the stability and thermal inertia of the heat transport processes to allow the operators
to control the plant in manual (except turbine admission valve). The operational approach was for the
operators to use the three manually manipulated variables (circulator speed, feedwater valve, and
reactivity) to hold three measured variables (secondary heat balance power, steam temperature, and core
outlet temperature) to desired values. Load change in the AVR was accomplished primarily by changing
the helium circulator speed using a variable frequency generator. In effect, neutron power was controlled
based on negative temperature feedback rather than direct reactivity insertion/withdrawal through rod
motion. A given neutron power level could be achieved with a range of values of circulator speed and
core outlet temperature. To set the core outlet temperature to an operating point, the operating scheme for
the AVR involved a coarse adjustment of core reactivity via the fuel pebble charging and precision
regulation by the positioning of the shutdown rods. Online refueling enabled long-term reactivity control
to account for burnup and manage the total reactivity available in the fuel. Feedwater flow adjustments
were used to control steam temperature. The operator would follow a feedwater flow change with manual
circulator speed and rod position adjustments to maintain the other measured variables at their set points.
The turbine was equipped with an automatic pressure regulator that used the turbine admission valves to
control steam pressure to a set point. Thus, the turbine was operated in a reactor-following mode, in
which the automatic pressure regulators respond to steam load.
Startup and shutdown operations were accomplished manually through sequential steps. Startup was
accomplished manually through sequential steps in which the operator adjusted the rod position,
feedwater flow, and helium circulator speed. Normal shutdown was based on negative temperature
feedback following manual switching off of the helium circulators. The AVR did not use a separate active
shutdown cooling system for decay heat removal. Following a normal shutdown, feedwater flow was
maintained to the steam generator in water-cooling mode to provide core cooling. In the event of a failure
of the secondary side cooling, passive cooling of the reactor by radiation and conduction through the
vessel and containment walls was adequate to limit temperatures in the core and vessel to safe levels.
Automatic reactor shutdown is enforced on the AVR by two means, scram and rod drive run-in. The
scram method is the faster method. The rod driving method is slower but places less stress on equipment.
In most major accident scenarios, the AVR employed passive features and characteristics to achieve a
safe shutdown. However, a water ingress accident required detection and an active response. Following
identification of an event through moisture detection, the affected steam generator’s tubes must be
isolated, the core must be shutdown by rod insertion, and active cooling of the core must be provided to
reduce temperatures to below the chemical reaction point.
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3.3.2.3 High temperature engineering test reactor—HTTR
The Japanese high temperature engineering test reactor (HTTR) is a low power, helium gas-cooled and
graphite-moderated test reactor. 58 The purposes of the HTTR are establishment of the HTGR and nuclear
heat utilization technologies, development and analysis of innovative high temperature new technologies,
and demonstration of safe HTGR operations and safety characteristics. The HTTR possesses separate
automatic control and protection systems.
The reactor control system of the HTTR is designed to assure high stability and reasonably damped
characteristics against the various disturbances during operation.59 The system consists of the operational
mode selector, reactor power control, and plant control systems. The mode switch selects several
operational modes, such as rated power operation, high temperature test operation, safety demonstration
test operation, irradiation test operation, etc. The reactor power control system consists of the power
control and reactor outlet coolant temperature control devices. The signals from each channel of the
power range monitoring instrumentation are fed to three microprocessor-based controllers. If there is a
deviation, between the process and set points, a pair of control rods is signaled to insert or withdraw at
variable speed, depending on the deviation. A control rod pattern interlock is used to prevent abnormal
power distribution. The reactor outlet coolant temperature control system gives a demand to the power
control system and changes the coolant outlet temperature by moving the control rods. The plant control
system also encompasses the reactor inlet coolant temperature control system, intermediate heat
exchanger primary coolant flow rate control system, primary pressurized water cooler primary coolant
flow rate control system, primary helium pressure control system, primary-secondary helium differential
pressure control system, primary pressurized water differential pressure control system, and pressurized
water temperature control system.59
The safety protection system consists of the reactor protection and engineered safety features actuating
systems. It is designed with two-out-of-three circuit logic and two trains. The multiple channels are
separated physically as reasonable achievable.
3.3.2.4 High temperature gas-cooled test reactor—HTR-10
The 10 MW(t) High Temperature Gas-Cooled Test Reactor (HTR-10) is a Chinese pebble bed reactor
core with online refueling based on a German HTGR module design. 60,61 The objective of the HTR-l0 is
to verify and demonstrate the technical and safety features of the modular HTGR and to establish an
experimental base for developing nuclear process heat applications and the gas turbine cycle for
electricity production. The HTR-10, in its initial configuration, provides co-generation of electricity using
a once-through steam generator and conventional steam turbine as well as district heating with its rated
10 MW thermal power.
The HTR-10 control system is fully digital and provides for automated operation. Based on descriptions
in the available literature,61 the control system provides distributed control using field stations employing
redundant computer-based controllers and local control networks. The local control loops are
interconnected through a higher-level supervisory network that interactions with the control room
operator workstation. Local control and monitoring loops are identified as control rod drive system, incore monitoring system, primary control system, auxiliary control system, and turbine generator control
system.
The HTR-10 provides two operational test phases. 62 The first phase has a steam turbine cycle for
electricity generation, and maintains a capability for district heating. The second, higher-temperature
phase has a combined cycle gas turbine and steam turbine for electricity generation.
The HTR-10 reactor protection system is a fully digital automatic protection system. The protective
actions it provides include:
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•
•
•
•
•
•
•

drop of the reflector rods by gravity,
shutdown of the primary circuit blower,
isolation of the secondary system,
isolation and draining of the steam generator,
isolation of the primary system,
dropping of the small absorbed balls by gravity,
startup of the helium purification system, etc.

The reactor protection system performs different protective measures depending on the measured
conditions. For example, when the protection system detects that the primary circuit humidity exceeds the
limit value, the isolation of the secondary system will be implemented. The HTR-10 provides normal and
backup shutdown systems. The normal system consists of control rods that are inserted into drilled holes
in the reflector blocks. The backup system consists of boronated absorber balls that also are inserted into
channels in the reflector. In an event in which rods fail to scram, an automatic trip of the helium circulator
causes the reactor to shut down due to the strong negative temperature reactivity coefficient.
Subsequently, the absorber balls are manually triggered to maintain subcriticality as decay heat
diminishes and the reactor approaches cold shutdown.
3.3.2.5 Modular high temperature gas reactor—MHTGR
The modular high temperature gas reactor (MHTGR) is a modular HTGR design whose development was
primarily supported by DOE. 63 The MHTGR was originally conceived as four identical prismatic core
reactor modules cooled by helium. Steam generators provide heat removal from the helium coolant loop
in each reactor module. The steam lines for four reactors are coupled to a steam header. Two steam
turbine-generators are connected to the steam header for electric power generation. Later design concept
variations incorporated Brayton cycle gas turbines for higher thermal efficiency either via a direct cycle
or through an intermediate helium loop. The Brayton cycle design is called the gas turbine, modular
helium reactor (GT-MHR).
The design of the MHTGR provides for interconnected and integrated automatic control of the four
reactor modules and two turbine generator systems that comprise the plant. Automatic control is used for
normal operations and for abnormal events; no operator actions are required to shut down the reactor for
event categories included in the safety analysis. The plant safety/protection function is provided by
separate, redundant safety-related I&C components. The plant control systems are to provide complete,
computerized, automatic control of the plant using hardware platforms characterized as redundant and
fault tolerant. Consequently, an operator and an assistant are capable of accomplishing operational control
of the plant from the main control room (MCR). Additional monitoring and control capabilities are
provided at a remote shutdown area room in the reactor service building and in plant protection and
instrumentation system rooms in each reactor building.
MHTGR plant protection and automatic control are provided by the partly safety-related plant protection
and instrumentation system (PPIS); the plant control, data, and instrumentation system (PCDIS); and the
miscellaneous control and instrumentation group (MCIG).
The MHTGR instrumentation and control system has several novel features compared with the existing
reactor fleet. These features include:
•
•

All four reactor modules and the two turbine generators are monitored and controlled from a
single control room via a modular, distributed control system that allows load to be allocated
automatically among the reactor modules and the two turbine generators.
An independent, redundant, and fully automated protection system, including a remote shutdown
area is provided. The safety-related portions of the system (reactor trip and main coolant loop
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•
•
•

shutdown) are fully automatic; no safety-related operation actions are necessary or are even
available in the control room.
Most of the PPIS circuitry is contained in reactor module equipment rooms. The control room is
not deemed as safety-related by the applicant.
Control room operator actions are not viewed as safety-related but as a monitoring function and
performance of plant mission management activities.
Manual initiations of protective functions may be carried out in the remote shutdown area (RSA)
or reactor module PPIS equipment rooms.

The control room, RSA room, and reactor module PPIS rooms are designed to limit operator exposures
during accident conditions.
The PPIS indicates plant status and automatically actuates safety-related control systems and investment
protection control systems. It consists of the safety protection, special nuclear area instrumentation, and
investment protection subsystems. The safety protection subsystem initiates a reactor trip and shuts down
the main cooling system. The safety protection subsystem is safety-related and quadruple-redundant
protection channels are employed for each reactor module. In effect, each module has a separate and
independent, remotely multiplexed, centrally controlled, microprocessor-based safety protection system.
As originally planned, separate and independent safety protection system operator interfaces for each
reactor module were to be provided in the plant’s RSA room. It is postulated that this interface capability
would likely have been extended to the MCR.
The investment protection subsystem monitors plant conditions and initiates protective actions to limit
plant investment risk. It was proposed as a nonsafety system whose functions include:
•
•
•
•
•

reactor trip with inner control rods,
steam generator isolation and dump,
shutdown cooling system initiation,
primary coolant pumpdown, and
shutdown cooling heat exchanger isolation.

Operator interfaces for safety protection equipment are provided for each reactor module in PPIS
equipment and RSA rooms. An operator may initiate reactor trips and main cooling system shutdown
from the remote shutdown areas, separate from the MCR. In the proposed design, manual inputs (e.g.,
manual reactor trips) to the safety protection system could not be made from the MCR; however, a normal
shutdown could be accomplished from the MCR. The operator interfaces are separate and independent of
all other plant I&C interfaces.
The nonsafety-related PCDIS is a network of integrated, hierarchical digital computers and control and
monitoring instrumentation that permits the modular reactor units and two turbine generators to be
operated and controlled from startup to power operation to normal shutdown. It is comprised of four
subsystems: (1) plant supervisory control subsystem (see Fig. 18), (2) nuclear steam supply system
control subsystem, (3) energy conversion area control subsystem, and (4) data management subsystem. 64
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Fig. 18. MHTGR plant super visor y contr ol system over view. 65

The plant supervisory control subsystem (PSCS) coordinates plant control during operation, shutdown,
refueling, and startup/shutdown. The PSCS determines the distribution of overall plant load demand
among individual reactor modules and turbine generators. It determines main steam and feedwater flow
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rates necessary to meet load maneuvers that may arise from the plant operator, grid operator, or reactor
module or plant conditions. The PSCS computers manage the plant through selection of the necessary
mode of plant operation and control strategy for best operation of the reactor modules and turbine
generators independently at various power levels and then validates appropriate plant response. The PSCS
has startup/shutdown, normal operation, refueling, shutdown, and abnormal operating modes. Startup and
shutdown operation is achieved by bringing the modules to minimum stable operating conditions
sequentially through series of operator checkpoints several times during the startup/shutdown. For
abnormal operating modes, the PSCS coordinates continuous plant operation during and following
transient conditions associated with problems with major systems or components of the reactor module
and turbine generator. The PSCS implement control strategies for reloading the plant once problems have
been corrected. The PSCS is capable of recovering from generator load rejects and turbine trips (except
on low condenser vacuum) from any power level without requiring a reactor trip, even if reactor modules
or turbine generators are constrained for some reason.
Each reactor module has its own nuclear steam supply system (NSSS) control subsystem that controls
reactor conditions and supply of steam to the main steam header. The NSSS control subsystem responds
to demands from the PSCS through appropriate local control action. The major functions of the NSSS
control subsystem are to manage module feedwater flow control demand, circulator speed control, power
characterization, main steam temperature control, and main steam pressure during startup. The NSSS
control subsystem reactor module control loops are configured to accommodate feedwater, reactor
module, and turbine trips. In addition, the control loops minimize transient extremes to protect plant
equipment and optimize NSSS availability. The NSSS control subsystem provides startup/shutdown,
normal operation, refueling, shutdown, and abnormal operation functions.
The energy conversion area control subsystem provides monitoring and control for electrical power
generation. The data management subsystem provides the data communication between the subsystems.
The MCIG systems provide additional data to the operator and for retention. These systems are (1) the
NSSS analytical instrumentation system, (2) radiation monitoring system, (3) seismic monitoring system,
(4) meteorological monitoring system, and (5) the fire detection and alarm system.
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4.
4.1

REGULATORY BASELINE FOR HIGHLY AUTOMATED CONTROL ROOMS

Code of Federal Regulations

The Code of Federal Regulations (CFR) is a compilation of rules published in the Federal Register by the
executive departments and agencies of the Federal Government. Title 10 provides regulations addressing
Energy. Regulations associated with the NRC are contained in Title 10 – Energy, Chapter I – Nuclear
Regulatory Commission, Parts 0-199. Part 50 of 10 CFR Ch I (usually abbreviated as 10 CFR 50)
primarily applies to NRC licensed commercial nuclear reactors. Criteria identified in 10 CFR 50 are
typically met by licensees through adherence to industry standards (such as applicable Institute of
Electrical and Electronics Engineers standards) and NRC regulatory guides. Part 52 addresses regulations
for early site permits, standard design certifications, and combined licenses for nuclear power plants.
Under the provisions of the certification and licensing process established in this part, compliance with
the standards and criteria set out in Part 50 is required.
This section contains an overview of key regulations related to I&C systems in nuclear power plants.
These regulations are a foundational element of the regulatory baseline for evaluating the safety
characteristics of highly automated control room designs.
4.1.1

General design criteria

The top level regulatory requirements for I&C systems are stated in the General Design Criteria (GDC) in
Appendix A of Title 10, Part 50 of the Code of Federal Regulations (10 CFR 50). The GDC are specified
for LWRs of the types previously licensed by the NRC but are considered generally applicable to other
types of reactors like HTGRs. The GDC governing I&C systems are primarily 13 and 20 through 29.
These GDC state the main underlying principles for I&C systems in providing a high degree of assurance
that the plant will operate as designed and public health and safety will be protected. Wilson et al.54Error!
ookmark not defined.
discussed the application of the GDC to HTGR safety structures and components (SSCs)
and identified differences that may need to be addressed by the NGNP safety systems. In this section,
specific considerations for I&C systems and highly automated control room designs are discussed.
GDC 13, “Instrumentation and Control,” requires that instrumentation shall be provided to monitor
variables and systems over the anticipated ranges for normal operation, for anticipated operational
occurrences, and for accident conditions. Controls must be provided to maintain systems within their
prescribed ranges.
This criterion applies to all I&C systems and supporting data communication systems. Specific elements
of the I&C system needed to meet the intent of GDC 13 include:
•
•
•
•
•
•
•
•
•
•

instrumentation to monitor plant variables and systems,
instrumentation to monitor the status of protection systems,
I&C for manual initiation of safety functions,
I&C to support diverse actuation of safety functions,
I&C to regulate engineered safety features,
interlocks to maintain variables and systems within safe states,
I&C to maintain variables and systems within normal operational limits,
protection of instrument sensing lines from environmental extremes,
set points for instrumentation system alarms and control system actions, and
data communication systems that support plant I&C.
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GDC 19, “Control Room,” requires that a control room be provided from which actions can be taken to
operate the plant safely under normal conditions and to maintain it in a safe condition under accident
conditions. In addition, equipment must be provided at appropriate locations outside the control room that
supports achieving prompt hot shutdown of the reactor and maintaining a safe condition during shutdown.
This criterion is applicable to all I&C systems and supporting data communication systems. It involves
establishment of the provision for I&C equipment to operate the nuclear power plant under normal and
accident conditions; reactor trips, interlock functions, and diverse I&C functions that support safe
operation; and safe shutdown and remote shutdown capabilities.
GDC 21, “Protection System Reliability and Testability,” requires that protection systems shall be
designed for “high functional reliability and inservice testability commensurate with the safety functions
to be performed.” GDC 21 also stipulates the single failure criterion and a design that is capable for test
for failures and losses of redundancy.
Compliance with Criterion 21 is established by addressing the following characteristics in design,
development, implementation, testing, and installation of the plant I&C systems:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

design basis reliability requirements and reliability determination methods,
single-failure criterion,
completion of protective action once initiated,
quality,
system integrity,
physical, electrical, and communication independence,
capability for test and calibration,
indication of bypass,
control of access to safety system equipment,
repair and troubleshooting provisions,
identification of protection system equipment,
auxiliary features,
multi-unit stations,
human factors considerations,
reliability,
manual controls,
derivation of system inputs,
operating bypasses,
multiple set points, and
power sources.

GDC 22, “Protection System Independence,” stipulates the independence principle. Protection systems
“shall be designed to assure that the effects of natural phenomena, and of normal operating, maintenance,
testing, and postulated accident conditions on redundant channels do not result in loss of the protection
function, or shall be demonstrated to be acceptable on some other defined basis.” The application of
GDC 22 results in design techniques known commonly as diversity and defense-in-depth.
Compliance with Criterion 22 is established by addressing the following characteristics in design,
development, implementation, testing, and installation of the plant I&C systems:
•
•
•
•
•

single-failure criterion,
equipment quality,
equipment qualification,
system integrity,
physical, electrical, and communication independence,
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•
•

manual controls, and
set points.

GDC 23, “Protection System Failure Modes,” requires that protection system failure modes terminate in a
“into a safe state or into a state demonstrated to be acceptable on some other defined basis if conditions
such as disconnection of the system, loss of energy (e.g., electric power, instrument air), or postulated
adverse environments (e.g., extreme heat or cold, fire, pressure, steam, water, and radiation) are
experienced.”
Compliance with GDC 23 involves ensuring system integrity requirements such that the protection
system can accomplish its safety functions under the full range of applicable conditions enumerated in the
design basis. For computer-based protection systems, the integrity requirements also involve software
quality assurance (including software hazard analyses) and design for test (e.g., self-testing and
diagnostics).
GDC 24, “Separation of Protection and Control Systems,” specifies separation of protection and control
systems. “The protection system shall be separated from control systems to the extent that failure of any
single control system component or channel, or failure or removal from service of any single protection
system component or channel which is common to the control and protection systems leaves intact a
system satisfying all reliability, redundancy, and independence requirements of the protection system.”
Compliance with Criterion 24 is established by addressing the following characteristics in design,
development, implementation, testing, and installation of the plant I&C systems:
•
•
•
•
•
4.1.2

single-failure criterion,
independence,
control-protection interaction,
auxiliary features, and
power sources.
Criteria for safety-related I&C systems

Paragraph 55a of 10 CFR 50 (10 CFR 50.55a) identifies codes and standards that each operating license
for a light-water reactor facility must satisfy. The relevant standard for I&C systems is identified in
10 CFR 50.55a(h). In essence, safety systems of nuclear power plants are required to meet criteria
stipulated in IEEE 603-1991, “Standard Criteria for Safety Systems for Nuclear Power Generating
Systems.” 66 IEEE 603-1991 addresses the design of systems performing safety functions. Issues such as
design bases, redundancy, independence, single failures, qualification, bypasses, status indication, and
testing are addressed.
Treatment of the safety system design criteria in IEEE 603 includes the following considerations:
Single Failure Criterion
Establish that any single failure within the safety system will not prevent proper protective action at the
system level when required.
Completion of Protective Action
Ensure that “seal-in” features are provided to enable system-level protective actions to go to completion.
Quality
Confirm that quality assurance provisions of Appendix B, Quality Assurance Criteria for Nuclear Power
Plants and Fuel Reprocessing Plants,” to 10 CFR 50 are applied to the safety system.
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Equipment Qualification
Validate that the safety system equipment is designed to meet the functional performance requirements
over the expected range of environmental conditions (including abnormal and accident conditions) for the
area in which it is located.
System Integrity
Confirm that the design includes the qualification of equipment for the conditions identified in the design
bases.
Independence
Assess independence between (1) redundant portions of a safety system, (2) safety systems and the effects
of design basis events, and (3) safety systems and other systems.
Three aspects of independence should be addressed in each case:
•
•
•

physical independence,
electrical independence, and
communications independence.

Capability for Test and Calibration
Assess the provision in the design for test and calibration.
Information Displays
Evaluate the characteristics of safety-related information displays.
Multi-unit Stations
Confirm that shared systems and resources does not impair the capability to simultaneously perform
requires safety functions in all units.
4.1.3

Guidance for safety-related digital I&C systems

Digital I&C systems are fundamentally different from analog I&C systems in that minor errors in design
and implementation can cause them to exhibit unexpected behavior. The complexity of most digital I&C
system designs means that the performance of digital systems over the entire range of input conditions
cannot generally be inferred from testing at a sample of input conditions. Thus, acceptance criteria for
digital safety-related I&C systems address the high-quality development process as well as the system
testing to establish qualification for safety application.
Regulatory Guide 1.152, “Criteria for Use of Computers in Safety Systems of Nuclear Power Plants,”
endorses the design criteria of IEEE 7-4.3.2, “Standard for Digital Computers in Safety Systems of
Nuclear Power Generating Stations,” 67 as an acceptable method for complying with NRC’s regulations
with respect to high functional reliability and design requirements for computers used in the safety
systems of nuclear power plants. IEEE 7-4.3.2 provides computer specific requirements to supplement the
criteria and requirements of IEEE 603 to establish minimum functional and design requirements for
computers used as components of a safety system.
At the highest level, the review of safety-related digital I&C systems considers evidence regarding the
system design, development process, and implementation. Essentially, the reviewer is assessing whether
the following characteristics and conditions have been demonstrated:
1. Plant and overall I&C system requirements are correctly decomposed into the digital I&C system
requirements for each digital I&C system under review. Critical hardware and software
characteristics are identified;
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2. A development process is specified and documented such that implementation of the process
gives a high degree of confidence that the functional requirements will be or are implemented in
the computer system. The life cycle process plan describes a coordinated engineering process in
which design outputs at each planned stage of the design process are verified to implement the
input requirements of the stage;
3. The specified process and products, including design outputs, are designed to be inspected at
staged checkpoints; and
4. The installed system functions as designed. Validation and integration tests, acceptance tests, and
on-site pre-operational and start-up functional tests demonstrate that the identified critical
hardware and software characteristics are verified.
The review of any digital I&C system addresses key topics such as adequacy of design criteria and
guidance, application of defense-in-depth and diversity, adequacy of system functions for the individual
I&C systems, execution of life cycle process planning, adequacy of the software life cycle process
implementation, and characteristics of software life cycle process design outputs. For life cycle process
planning, the review specifically addresses confirmation that software life cycle plans have commitments
to coordinated execution of activity groups and staged checkpoints at which product and process
characteristics are verified during the development process. For life cycle software process
implementation, the review includes audits of a sample of verification and validation, safety analysis, and
configuration management documentation for various life-cycle phases. Regarding the characteristics of
software life cycle process design outputs, the review involves conformance of the hardware and software
to the functional and process requirements derived from the design bases, confirmation that software
design outputs address the functional requirements allocated to the software and that the expected
software development process characteristics are evident, and assessment of adequacy of the system test
procedures and test results to provide assurance that the system functions as intended.
In digital I&C systems, data, software, communications, and hardware may be common to several
functions to a greater degree than is typical in analog systems. Thus, the acceptance review of digital I&C
systems emphasizes quality and defense-in-depth and diversity as protection against propagation of
common-mode failures within and between functions. Additional system aspects that may pose assurance
challenges include real-time performance, independence, and online testing.
4.1.4

Control room staffing criteria

NRC regulations and policies stipulate operator staffing requirements for licensed nuclear reactor
facilities. In particular, reactor plant control room staffing requirements are mandated in 10 CFR
50.54(m)(2)(i). These requirements are based on experience with the operation of the large, base-loaded
reactors currently in use in the United States.
Each plant must meet a minimum licensed operator staffing requirements. The required minimum control
room staffing is given in Table 1. The number of required licensed personnel when the operating nuclear
power plant units are controlled from a common control room are two senior operators and four operators.
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Table 1. Minimum requirements per shift for on-site staffing of nuclear power plant units
One unit
Number of nuclear
power units operating

None

One

Two

Three

4.2

Position

Two units

Three units

One control One control Two control Two control
room
room
rooms
rooms

Three
control
rooms

Senior
Operator

1

1

1

1

1

Operator

1

2

2

3

3

Senior
Operator

2

2

2

2

2

Operator

2

3

3

4

4

Senior
Operator

2

3

3

3

Operator

3

4

5

5

Senior
Operator

3

4

Operator

5

6

Interim Staff Guidance

To help reduce regulatory uncertainty in the review of safety-related I&C systems, NRC established the
Digital I&C Steering Committee to direct its activities toward achieving the goal of an enhanced
regulatory review process that facilitates efficient, predictable licensing while maintaining the necessary
assurance of safety. Specific Task Working Groups (TWGs), composed of NRC staff, were formed to
address the following topics: I&C Technical Issues (i.e., Digital Communication as well as Diversity and
Defense-in-Depth), Human Factors, Cyber Security, Risk Informed Digital I&C Regulation, and the
Digital I&C Licensing Process. Numerous public meetings were conducted to facilitate technical
information exchange and enable public involvement in the discussion of regulatory needs. The principal
products resulting from these interactions are Interim Staff Guidance (ISG) documents developed by the
TWGs to capture the current regulatory positions on significant digital I&C issues related to nuclear
power plants. Some of these ISG contain regulatory positions that are relevant to the assessment of highly
automated control room design for VHTRs. The positions of key ISG are discussed below.
4.2.1

Digital I&C ISG-02: Diversity and Defense-in-Depth Issues

Digital I&C ISG-02, “Task Working Group #2: Diversity and Defense-in-Depth Issues,” Rev. 2, provides
acceptable methods for implementing digital system designs that comply with NRC policies on diversity
and defense-in-depth (D3) issues. In particular, this ISG is intended to serve as clarification on the criteria
to be used in evaluating consistency of a digital system design with the NRC’s D3 guidelines.
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4.2.1.1 Adequate diversity
Determining the level of “diversity” of an engineered system—if not assigning a “quantity” to that
determination—has been a challenge, particularly for digital systems. There are credible questions:
•
•
•
•
•

How much D3 is considered adequate?
Are there precedents for good engineering practice?
Can sets of diversity attributes and criteria provide adequate diversity?
How much credit can be taken for designed-in robustness in determining the appropriate amount
of diversity?
Are there standards that can be endorsed?

Staff Position
The D3 guidance for digital RPS designs, which includes the reactor trip system (RTS) and the
engineering safety features actuation system (ESFAS), applies equally for new nuclear power plants and
current operating plants. While common-cause failures (CCFs) in digital systems are classified as beyond
design basis events, reasonable assurance should be provided that the digital RPS is protected against
CCF.
A D3 analysis should be performed to demonstrate that potential CCF vulnerabilities are properly
addressed. NUREG/CR-6303, “Method for Performing Diversity and Defense-in-Depth Analyses of
Reactor Protection Systems,” 68 and Branch Technical Position (BTP) 7-19, “Guidance for Evaluation of
Defense-in-Depth and Diversity in Digital Computer-Based Instrumentation and Control Systems,” of
NUREG-0800, “Standard Review Plant (SRP)” provide methods acceptable to the NRC staff for
performing a D3 analysis.
The D3 analysis should reveal if any of the safety functions to be performed by the RPS could become
subject to a CCF. Based on the outcome of the analysis, designers can add backup systems or provide
diverse methods to perform a safety function found to be vulnerable for potential CCF.
If additional diversity is found to be necessary for a safety function, the backup function can be performed
automatically or by manual operator actions in the MCR. Typically, the preferred method is to perform
the safety function via an automated system.
If an automated system is used as the backup, the licensee should demonstrate that the equipment
involved in the safety function would not be affected by the postulated CCF in the RPS. Furthermore, the
system should be sufficient to maintain plant conditions within the recommended acceptance criteria, as
identified in BTP 7-19, for any particular anticipated operational occurrence and design basis accident.
The automated backup functions can be performed by nonsafety systems, so long as such systems meet
the quality requirements for systems intended for protection against anticipated transients without scram
(ATWS), as required by the ATWS rule [10 CFR 50.62, “Requirements for Reduction of Risk from
Anticipated Transients Without Scram (ATWS) Events for Light-Water-Cooled Nuclear Power Plants”].
4.2.1.2 Manual operator actions
This position is intended to address the use of operator action as a defensive measure against CCF and
clarify the corresponding acceptable operator action times.
Staff Position
If the D3 analysis reveals that additional diversity is necessary, the licensee may choose to use manual
operator actions as the backup function. In this case, a suitable human factors engineering (HFE) analysis
should be performed to demonstrate that plant conditions could be maintained within the recommended
acceptance criteria given in BTP 7-19 for a particular anticipated operational occurrence or design basis
accident. Acceptability of such actions is subject to staff review in accordance with Digital I&C ISG-05,
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“Highly-Integrated Control Rooms—Human Factors Issues,” Rev. 1. For actions with limited margin,
such as less than 30 minutes between time available and time required for operators to perform the
protective actions, a more rigorous staff review should be expected.
In addition to the guidance in ISG-05, a set of displays and controls (safety or nonsafety) should be
provided in the MCR for manual actuation and control of safety equipment to manage plant critical safety
functions, including reactivity control, reactor core cooling and heat removal, reactor coolant system
integrity, and containment isolation and integrity. The manual actuation should be implemented in
accordance with existing regulations, and the displays and controls should be unaffected by the CCF in
the RPS.
4.2.1.3 BTP 7-19 Position 4 challenges
This position is intended to clarify Position 4 of BTP 7-19, which specifies the provision of a set of
displays and controls in the MCR for manual system-level actuation of critical safety functions. The intent
to is resolve uncertainty about whether credit can be taken for component-level versus system-level
actuation of equipment.
Staff Position
A revision of BTP 7-19, Position 4 is recommended to clarify the scope of the MCR displays and controls
necessary to satisfy the position. The revision specifies that diverse manual initiation of safety systems
should be performed on a system-level basis for each division. However, manual control of individual
safety system components can also be provided in addition to system-level manual controls. If their
primary function is to serve as diverse backups to automatic systems, the displays and controls should
also be able to function downstream of the lowest-level software-based components subject to the same
CCF that necessitated the diverse backup system.
With this position, emphasis is place on minimizing the number of discrete operator actions to initiate
operation of the minimum-required safety equipment to implement manual initiation of safety functions at
the division level. The important considerations are that the manual actuation is performed at the division
level from within the control room and that appropriate displays are adequate to support sufficient being
time available for the operators to determine the need protective actions, even with malfunctioning
indicators. Sufficient instrumentation should exist to indicate that (1) protective action is needed, (2) the
automated safety system did not perform the protective functions, and (3) the manual action successfully
accomplished the safety function.
4.2.1.4 Effects of common-cause failure
This position is intended to clarify whether spurious actuations should be considered when evaluating
software CCF.
Staff Position
The primary concern in a situation that disables a safety function involves an undetected failure that could
prevent system actuation when required. It is observed that spurious actuations are self-announcing so
they can be detected and corrective action taken. The NRC staff position is that spurious trips or
actuations of safety-related digital protection systems resulting from CCFs are generally of a lesser safety
concern than failures to trip or actuate. Therefore, they do not need to be addressed beyond what is
already set forth in plant design basis evaluations (i.e., the effects of spurious trips are bounded by the
plant design basis).
However, the design of a diverse automated or diverse manual backup actuation system should address
how to significantly reduce or eliminate the potential for spurious actuation of the protective system.
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4.2.1.5 Common-cause failure applicability
This position is intended to clarify the identification of design attributes (e.g., simplicity) that are
sufficient to eliminate consideration of CCF.
Staff Position
Two design attributes are identified that are sufficient to eliminate consideration of CCF:
1. Diversity: If sufficient diversity is demonstrated in the protection system (e.g., through a D3
analysis) such that the potential for CCF is fully addressed. [Sufficient diversity is treated on a
case-by-case basis considering the design and process attributes that resolve CCF vulnerability.]
2. Testability: If a system sufficiently simple, such that every possible combination of inputs,
internal and external states, and every signal path can be tested, the system is said to be fully
testable.
4.2.1.6 Echelons of defense
BTP 7-19 references the echelons of defense described in NUREG/CR-6303 for maintaining the key
safety functions within the prescribed margins. This position provides additional clarification regarding
how the echelons of defense for maintaining the safety functions should factor into D3 analyses. Of
particular concern is that the current BTP 7-19 guidance does not fully consider the impact of plant design
characteristics and operating procedures on implementation of those safety functions.
Staff Position
Since the echelons of defense are conceptual, the RTS and ESFAS functions may be combined into a
single digital platform as part of a comprehensive RPS. There is no requirement that they be independent
or diverse. However, this approach could introduce new CCF mechanisms that otherwise would not exist
if separate software applications were to be used. Thus, an assessment of postulated CCFs must
demonstrate that the safety functions of the digital RPS is not impaired and that an acceptable plant
response is ensured regardless of the echelons of defense that may be affected.
4.2.1.7 Single failure
This position is intended to clarify classification of digital system CCFs as single failures in design basis
evaluations.
Staff Position
Postulated CCFs for a digital system, including software CCFs, are not classified as single failures and,
thus, are not subject to treatment in accordance with the single failure criterion applied to safety system
designs. Consequently, postulated digital system CCFs should not be included among the single random
failures accounted for in design basis evaluations.
4.2.2

Digital I&C ISG-04: Highly-Integrated Control Rooms—Communication Issues

Digital I&C ISG-04, “Task Working Group #4: Highly-Integrated Control Room—Communications
Issues (HICRc),” Rev. 1, addresses known issues for digital I&C systems related to interactions among
safety divisions, and between safety-related equipment and equipment that is not safety-related.
Interactions among safety-related equipment that are entirely within one safety division or among other
equipment that do not perform safety-related functions are not within the scope of this ISG. However, the
positions of this ISG are relevant in considering aspects of digital control systems that are may not be
safety-related but may affect the plant conformance to safety analyses.
The term “Highly-Integrated Control Room” (HICR) is coined to refer to a control room in which the
traditional control panels are replaced by computer-driven consolidated operator interfaces. ISG-04
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describes how to maintain separation, isolation and independence among redundant channels for HICR in
which controls and indications from all safety divisions may be combined into a single integrated
workstation.
4.2.2.1 Interdivisional communications
Interdivisional communications includes transmission of data and information (both unidirectional and
bidirectional) among components in different safety divisions, as well as communications between a
safety division and equipment that is not safety-related. It does not include internal communications
within a single division.
Staff Position
Interdivisional communications and bidirectional communications between a safety division and
nonsafety equipment are acceptable with certain restrictions. The restrictions that should be enforced are
summarized as follows:
1. A safety channel should not depend on any information or resource originating or residing outside
its own safety division to accomplish its safety function.
2. The safety function of each safety channel should be protected from adverse influence from
outside its division.
3. A safety channel should not receive any communication from outside its own safety division
unless that communication supports or enhances the performance of the safety function.
4. The communication process itself should be carried out by a communication processor separate
from the processor that executes the safety function, so that communication errors and
malfunctions will not interfere with the execution of the safety function. The communication and
function processors should operate asynchronously sharing information only by means of dualported memory or some other shared memory resource that is dedicated exclusively to this
exchange of information.
5. The cycle time for the safety function processor should be determined in consideration of the
longest possible completion time for each access to the shared memory, which should include the
response time of the memory itself and of the circuits associated with it, as well as the longest
possible delay in access to the memory by the function processor assuming worst-case conditions
for the transfer of access from the communications processor to the function processor.
6. The safety function processor should perform no communication handshaking and should not
accept interrupts from outside its own safety division.
7. Only predefined data sets should be used by the receiving system. Message format and protocol
should be pre-determined. Every datum should be included in every transmit cycle. Unrecognized
messages and data should be identified and dispositioned by the receiving system in accordance
with pre-specified design requirements.
8. Data exchanged between redundant safety divisions or between safety and nonsafety divisions
should be processed in a manner that does not adversely affect the safety function of the sending
divisions, the receiving divisions, or any other independent divisions.
9. Incoming message data should be stored in fixed, predetermined locations in the shared memory
and in the memory associated with the function processor. These memory locations should not be
for any other purpose. The memory locations should be allocated such that input data and output
data are segregated from each other in separate memory devices or in separate pre-specified
physical areas within a memory device.
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10. Safety division software should be protected from alteration while the safety division is in
operation. On-line changes to safety system software should be prevented by hardwired interlocks
or by physical disconnection of maintenance and monitoring equipment.
11. Provisions for interdivisional communication should explicitly preclude the ability to send
software instructions to a safety function processor unless all safety functions associated with that
processor are either bypassed or otherwise not in service.
12. Communication faults should not adversely affect the performance of required safety functions.
13. Vital communications, such as the sharing of channel trip decisions for the purpose of voting,
should include provision for ensuring that received messages are correct and are correctly
understood. Such communications should employ error-detecting or error-correcting coding along
with means for dealing with corrupt, invalid untimely or otherwise questionable data.
14. Vital communications should be point-to-point by means of a dedicated medium (copper or
optical cable).
15. Communication for safety functions should transmit a fixed set of data at regular intervals.
16. Network connectivity, liveness and real-time properties essential to the safety application should
be verified in the protocol. Liveness means that no connection to any network outside the division
can cause an RTS/ESFAS communication protocol to stall.
17. Medium used in a vital communications channel should be qualified for the anticipated normal
and post-accident environments.
18. Provisions for communications should be analyzed for hazards and performance deficits posed by
unneeded functionality and complication.
19. All links and nodes should have sufficient capacity to support all functions, such that data
throughput will not exceed the capacity of a communications link.
20. The safety system response time calculations should assume a data error rate that is greater than
or equal to the design basis error rate, and is supported by the error rate observed in design and
qualification testing.
4.2.2.2 Command prioritization
This position is intended to provide guidance applicable to a prioritization hardware or software function
block, which is referred to as a priority module.
A priority module, which should be considered to be a safety-related device, receives device actuation
commands from multiple safety and nonsafety sources, and transmits the command having highest
priority to the actuated device.
Staff Position
Pursuant to the existing D3 guidance, priority modules that combine diverse actuation signals with the
actuation signals generated by the digital system should not be executed in digital system software that
may be subject to CCFs. Also, it should be demonstrated that adequate configuration control measures are
in place to ensure that software-based priority modules, which might be subject to CCF, will not be used
at a later time to replace modules credited for diversity. In effect, provisions of an overall quality
assurance program should address version control, component inventory management, and maintenance
process as part of configuration management to ensure that credited diversity is not compromised over the
plant lifetime.
Priority modules of various forms are acceptable subject to certain conditions. The conditions that should
be met are summarized as follows:
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1. A priority module must be treated as a safety-related device or function and meet all of the
applicable regulatory requirements for safety-related hardware or software.
2. Priority modules used for diverse actuation signals should be independent of the reminder of the
digital system, and should function, as per requirements and specifications, independent of the
state or the condition of the digital system.
3. Safety-related commands that direct a component to a safe state must always have the highest
priority and must override all other commands. For cases where a “safe state” definition is
ambiguous, the ranking rationale must be presented and explained in detail by the licensee.
4. If a priority module controls more than one component, all of these provisions apply to each of
the actuated components.
5. Communication isolation of each priority module should be as described in the guidance for
interdivisional communications.
6. Software used in the design, testing, maintenance, etc. of a priority module should conform to all
the requirements of IEEE Std. 7-4.3.2-2003, as endorsed by Regulatory Guide 1.152. Of
particular note is whether design tools used for programming a priority module require validation.
If the priority module is 100% testable, then no validation is required for the design tools.
Complete testing involves every possible combination of inputs and every possible sequence of
device states, with all outputs being verified for every case. The testing should not involve the use
of design tool.
7. Any software code that is used in support of the safety function within a priority module should
be designated as such. Nonvolatile memory should be changeable only through removal and
replacement of the memory device. Design provisions should ensure that static memory and
programmable logic cannot be altered while installed in the module. Field programmable gate
array (FPGA) contents should be considered software, and should be developed, maintained, and
controlled accordingly.
8. The priority module design should be fully tested to minimize the probability of failures due to
common software. If the tests are generated by any automatic test generation program, then all
the test sequences and test results should be manually verified. If the testing of all possible
combinations of inputs is not considered practical, then the applicant should identify the testing
that is excluded and justify that exclusion.
9. Automatic testing within a priority module—such as testing during plant operation—should no
inhibit the safety function of the module in any way.
10. The priority module must ensure that the completion of a protective action is not interrupted by
commands, conditions or failures outside the module’s own safety division.
4.2.2.3 Multidivisional control and display stations
This position is intended to provide guidance for operator workstations used for control of the plant
equipment in more than one safety division, and for display of information from sources in more than one
safety division. The position addresses independence and isolation, human factors considerations, and D3
considerations.
4.2.2.3.1

Independence and isolation

Staff Position
In instances where a nonsafety station receives information from one or more safety divisions, all
communications by nonsafety equipment with safety-related equipment should conform to the guidelines
for interdivisional communications (see section 4.2.2.1).
51

Where a safety-related station receives information from outside its own division, all communications
originating from other divisions (either from safety-related or nonsafety equipment) to safety-related
equipment should conform to the guidelines for interdivisional communications (see section 4.2.2.1).
Nonsafety stations may control the operation of other safety-related equipment provided that the
following restrictions are enforced:
•
•

Nonsafety equipment can communicate with a safety-related equipment only through a priority
module associated with that equipment.
Nonsafety equipment must not affect the operation of other safety-related equipment when the
latter equipment is performing its safety function. This provision must be an inherent and
permanent feature of the safety-related equipment.

Safety-related stations controlling the operation of equipment in other divisions are subject to similar
constraints:
•
•

Safety-related equipment may access other safety-related equipment outside its own division only
through a priority module associated with that equipment.
Safety-related equipment must not affect the operation of other safety-related equipment when the
latter equipment is performing its safety function. This provision must be an inherent and
permanent feature of the safety-related equipment.

The result of malfunctions of control system resources shared between systems must be consistent with
the assumptions made in the safety analysis of the plant. Design and review criteria include the following:
•
•
•
•
•
•

•
•
•

Control processors that are assumed to malfunction independently in the safety analysis should
not be affected by failure of a multidivisional control and display station.
Control functions that are assumed to malfunction independently in the safety analysis should not
be affected by failure of a single control processor.
Safety and control processors should be configured and functionally distributed so that a single
processor malfunction or software error will not result in spurious actuations. The likelihood and
consequences of malfunction of multiple processors as a result of a CCF must be addressed.
Any command to control plant equipment should be generated by at least two deliberate operator
actions.
Each control processor or its associated communication processor should be capable of detecting
and blocking instructions that do not pass the error checks.
Multidivisional control and display stations should be qualified to withstand the effects of adverse
environments, seismic conditions, electromagnetic interference and radio-frequency interference
(EMI/RFI), power surges, and all other design basis conditions applicable to safety-related
equipment at the same plant location.
Loss of power, power surges, power interruption and any other credible event to any operator
workstation or controller should not result in spurious actuation or interruption of any plant
service or system unless these provisions are enveloped in the plant safety analyses.
The design should have provision for an “operator workstation disable” switch to be activated
upon abandonment of the MCR to preclude spurious actuations.
Failure or malfunction of any operator workstation must not result in a plant condition that is not
enveloped in the plant design bases, accident analyses and ATWS provisions, or in other
unanticipated abnormal plant conditions.
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4.2.2.3.2

Human factors considerations

Staff Position
Safety-related equipment should have safety-related controls and displays. For any safety-related
equipment not conforming to this requirement, the license applicant should demonstrate that safetyrelated controls and displays are not needed in consideration of these requirements.
It may be acceptable for operators to use nonsafety controls and displays in lieu of safety-related controls
and displays to perform safety functions. However, it must be possible for operators to perform all safety
functions using safety-related controls and displays, and without the need for any nonsafety equipment.
If nonsafety-related multidivisional control and display stations are used, operators are expected to
confirm that appropriate responses have been achieved for the actions taken. The license applicant is
expected to demonstrate that the nonsafety control and display stations will withstand the effects of
adverse environments, seismic conditions, EMI/RFI, power surges and other plant design-basis conditions
for the purpose of surviving in the environment they are intended to function. If the response of the
actions taken by use of nonsafety control stations cannot be confirmed, then operators are required to
confirm the desired response from the safety-related controls and displays. If confirmed that operation
through the use of nonsafety multidivisional control and display station is compromised, subsequent
safety-related actions must be taken from safety-related control and display stations.
The applicant is also required to demonstrate that human factors considerations (e.g., operator response
time and situation awareness) are consistent with the system design bases, operating procedures and
accident analyses. These considerations must be reasonable and adequate given the possibility of
erroneous indications from nonsafety equipment.
4.2.2.3.3

Diversity and defense-in-depth (D3) considerations

Staff Position
D3 considerations may influence the number and disposition of operator workstations, and possibly of
backup controls and indications that may or may not be safety-related. D3 considerations may also
impose qualification or other measures. Additional guidance is provided in ISG-02.
4.2.3

Digital I&C ISG-05: Highly-Integrated Control Rooms—Human Factors Issues

Digital I&C ISG-05, “Task Working Group #5: Highly-Integrated Control Room—Human Factors Issues
(HICR-HF),” Rev. 1, provides acceptable methods for addressing human factors issues to comply with
NRC regulations regarding nuclear power plant control rooms.
4.2.3.1 Computer-based procedures
This position provides clarification on acceptance criteria for computer-based procedure systems and
computer-based procedures. It is intended to complement guidance provided in NUREG-0700, “HumanSystem Interface Design Review Guidelines,” 69 and NUREG-0899, “Guidelines for the Preparation of
Emergency Operating Procedures.” 70
Descriptions of a computer-based procedure system should address the following items:
•
•
•
•
•

interaction between the operator and the computer-based procedure,
interaction between the computer-based procedure and the control and process systems,
use of plant data, if any,
use of automation, if any,
use of operating controls, if any,
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•
•

presentation of procedures on the computer-based procedure system, and
implementation of a backup system to the computer-based procedure system.

4.2.3.1.1

Computer-based procedures systems

Staff Position
A general review criterion for computer-based procedures systems is that the system that displays
operating procedures should be designed as an integral part of the MCR. The overarching goal of such as
system is to allow operators to easily transition from one procedure to another.
The procedure system should accomplish a procedure step by step at the direction of the operator. The
information should be furnished with sufficient displays to show that the operators are indeed in control
of the system. This basis of being in control of a procedure system is rooted in the availability and
suitability of information displays, control and system processes. Further guidance on defining the
information, control and process specifications can be found in NUREG-0711, “Human Factors
Engineering Program Review Model.”52 Important parameters include, but are not limited to, the
following: (1) system response time, (2) system feedback, (3) information representation, (4) information
format, (6) information quality (validity), (7) range of control options, (8) user expectations, and (9)
providing current information.
It should be demonstrated that the computer-based procedure system will present the most recently
approved and issued version of a procedure. Measures should be in place to inform the operators if a
selected procedure cannot be displayed.
Incorporation of plant data into the computer-based procedure system is optional. If the system requires
user input, a data entry method should also be implemented. Measures should be in place to ensure that
the plant data displayed in the computer-based procedure system is consistent with the actual plant data.
The system should inform the operator if the information displayed is questionable, or cannot be
validated.
Automation of displaying procedure steps is also optional. Automatic sequencing should be initiated by
the operator, and it should be predictable. Operators should be able to interrupt the automatic sequencing
at any time, and should be able to step through the procedures.
The procedure should be selected by the operator, not automatically by the procedure system. However,
the computer-based procedure system can recommend a procedure.
Initiation of a procedure should be done at the discretion of the user, not automatically by the system.
This provision also applies to initiation of control actions: control actions can be recommended, but
operator confirmation is required in each instance. The system can prompt operators to take specific
manual action. Hold points, such as a “Caution” or “Warning” sign, should be established.
If computer-based operating procedures are implemented for emergency operating procedures, or any
procedure needed for accident mitigation, safe shutdown, emergency response, severe accident
management, or the performance of other critical manual actions identified in the plant probabilistic risk
assessment (PRA), then certain features and characteristics should be provided. These features include
notifying the operator of concurrent steps, informing the operator of incomplete results with contingency
actions, identifying applicable steps to the operator, managing concurrent use of multiple procedures,
providing integration with alarms, system status, and critical safety functions, and monitoring procedure
entry and exit conditions.
The use of “soft control” is optional in the design of computer-based procedure systems. These interfaces
should provide feedback to the user regarding the state of the plant. Control of any equipment should
require at least two actions by the operator. The displays for the procedure system should be presented to
mimic the monitoring and control panels in the MCR.
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For modernizations projects, human-system interface design should follow the plant-specific conventions
and standards to minimize operator error.
4.2.3.1.2

Computer-based procedures

Staff Position
The review criteria for computer-based procedures are based on fundamental tenets of information
presentation. The procedures should be easily legible on the display device. If scrolling is necessary,
up/down scrolling should be opted. If left/right scrolling is unavoidable, the presence of extra information
should be obvious to the operator without equivocation.
The computer-based procedure should be based on approved and issued procedures; not the other way
around. These procedures should provide the user with a minimum set of information about the state of
the plant and the procedure system. As a minimum, the procedure title should be displayed at all times.
Other relevant data can be made accessible at operators’ discretion; but do not need to be presented
continuously.
Backup procedures in an alternative medium—such as a paper-based system, or safety-related computerbased procedure system—should be maintained to perform all necessary operating procedures and
mitigatory measures. The alternative media should be available and easily accessible. These procedure
systems should have the same content, and should be subject to the same procedural controls as the
primary computer-based procedure system.
4.2.3.2 Minimum inventory
This position is intended to clarify the requirements for minimum inventory of human system interfaces
(i.e., alarms, displays and controls) needed to implement the emergency operating procedures, bring the
plant to a safe state, and execute those operator actions shown to be risk important by the plant’s PRA.
Staff Position
The minimum inventory of human-system interfaces should be developed for the MCR and the remote
shutdown facility (RSF).
The MCR minimum inventory should ensure that human-system interfaces are always available to enable
the operator to accomplish the following:
•
•
•
•
•
•
•
•

monitor the status of fission product barriers,
perform and confirm a reactor trip,
perform and confirm a controlled shutdown of the reactor using normal or preferred safety means,
actuate safety-related systems that have the critical safety function of protecting the fission
product barriers,
analyze failure conditions of the normal human-system interfaces, while maintaining the plant
operating condition and power level until the human-system interfaces are restored in accordance
with applicable regulatory requirements,
implement the plant’s emergency operating procedures,
bring the plant to a safe condition, and
carry out those operator actions shown to be risk important by the applicant’s probabilistic risk
assessment.

The RSF minimum inventory should ensure that human-system interfaces are always available to enable
the operator to accomplish the following:
•
•

perform and confirm a reactor trip and
place and maintain the reactor in a safe condition using the normal or preferred safety means.
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Applicants should include a description of the process that will be used to identify the minimum
inventory in the MCR and at the RSF within their Tier 1 information in the design control document. The
description should include an in-depth description of the selection criteria, and how these functions and
tasks will be identified. These systems should also conform to the Commission’s rules and regulations.
Applicants also should provide a description of a method to verify the completeness of the minimum
inventory for the MCR and the RSF. The description should include discussion of generic and designspecific guidelines for developing emergency operating procedures. It should also include a task analysis
to bring the reactor to safe shutdown state with and without primary instrumentation. Risk-important
operator actions should be described identified through the plant-specific PRA or plant-specific human
reliability analysis. Critical operator actions, such as those credited in the D3 analysis, should be
identified. A discussion of a full-scope simulator should also be included.
The Tier 1 information in the design control document should also include a description of the
information that will be available to implement Inspections, Tests, Analyses, and Acceptance Criteria
(ITAAC) to verify that the minimum inventory implementation processes are in compliance with the
Commission’s requirements.
A description of the minimum inventory of human-system interfaces should be included in Tier 2*
information of the design control document for approval of a MCR or RSF. The completeness of the
minimum inventory should be verified once the control room design is implemented (e.g., through
construction of a full-scope simulator). The as-built MCR and RSF should be evaluated.
4.2.3.3 Crediting manual operator actions in diversity and defense-in-depth analyses
This position is intended to define a methodology for evaluating manual operator action as a diverse
means of coping with AOOs and postulated accidents (PA) that are concurrent with a software CCF of the
digital I&C protection system. It provides guidance for demonstrating how manual operator actions that
can be performed inside the control room are acceptable in lieu of automated backup functions through a
suitable HFE analysis.
Staff Position
Manual operator actions for AOO or PA scenarios should be based upon the Emergency Operating
Procedures (EOP), and should be executed from the MCR.
In order to take credit from manual operator actions, the applicant should demonstrate that (1) the manual
actions are both feasible and reliable given the time available, and (2) the ability of operators to reliably
perform credited actions will be maintained for as long as the manual actions are necessary to satisfy the
D3 analysis.
The time available for manual actions should be based upon the methods and criteria prescribed in
BTP 7-19, and the time required for manual operator action should be estimated and validated using the
guidance in in this ISG.
Credited manual operator actions and their associated interfaces (i.e., controls, displays and alarms) must
be specifically addressed in the applicant’s HFE program.
4.2.3.3.1

Analysis

Staff Position
The D3 analysis used for crediting manual operator actions must demonstrate that (1) the time available to
perform the required manual actions is greater than the time required for operators to perform the actions,
and (2) the operators can perform the actions correctly and reliably within the time available.
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The time required for manual operator actions should be based on an HFE analysis of operator response
time. The HFE analysis should evaluate the sequence of necessary operator actions that ultimately
achieves the objectives. The applicant should establish an estimate for each individual task components,
including cognitive tasks such as diagnosis.
A time margin should be added to the analyzed time. One acceptable method is to equate the time margin
to the maximum recovery time for any single credible operator error.
The time available for manual operator action(s) is determined with a method consistent wit the guidance
of BTP 7-19. The time required for actions is based on acceptable analyses (e.g., task analysis). The
sequence of manual actions requires only the interfaces available in the MCR that are demonstrated to be
operable in a failure modes and effects analysis (FMEA). The estimated time response of operators should
be sufficient. The initial MCR operating staff size is the same as minimum MCR staff defined in technical
specifications. If manual actions require additional operator(s), the justification for timely availability of
personnel should be provided. The analysis of the action sequence should capture the critical elements of
the progression of the event. The analysis should identify credible operator errors, and should give an
estimate of time required for recovery from any single credible error.
4.2.3.3.2

Preliminary validation

Staff Position
Preliminary validation should provide independent confirmation of the validity of the analysis for
determining the time required for manual operator actions using several diverse methods. This step is not
required for upgrading existing plants. Individuals who were not involved in the time analyses for manual
operator actions should conduct the preliminary validation. The processes of validation and design are
iterative in nature so feedback between the two groups should be used to refine the design, the
procedures, and the training.
The preliminary validation activity should be conducted rigorously, and it should include a rich set of
experts such as operators, system technical experts and human factors experts. The personnel involved in
the process should be instructed to verify the correspondence between the documented sequence of
manual operator actions and the displays and controls to be used by operators.
The preliminary validation provides an independent confirmation of the analysis used to determine the
time available and the time required. The preliminary validation should be conducted by a multidisciplinary team to confirm the analysis using several diverse methods, with a minimum of two
alternative methods employed. The results should support the conclusions of the first analysis. If a
successful manual action strategy cannot be achieved, diverse automation will be required.
4.2.3.3.3

Integrated system validation

Staff Position
Integrated system validation (ISV) is an evaluation using performance test to determine whether an
integrated system design meets performance requirements and supports safe operation. An ISV should be
conducted for the manual actions credited in the D3 analysis by using a plant-referenced simulator in real
time. Response times of the operating crew should be measured using the validation guidance in NUREG0711 during an AOO or PA with concurrent software CCF. Personnel selection should be done with both
a nominal and minimum crew configurations.
Acceptable validation results will provide the basis for meeting the approval requirements. Vice versa,
unacceptable results will require modification of the D3 strategy. Validating should be based on a
simulator that accurately represents systems, human-system interfaces, operational transients, and the
digital I&C CCFs and digital failure modes. Postulated software CCF conditions should be sufficiently
represented. Simulated events for the ISV should include wide range of CCF and digital failure modes,
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postulated human-system interaction failures, and operational conditions for which credited actions may
be required. Mean performance time of the crew should be less than the calculated time determined by the
analysis.
4.2.3.3.4

Maintaining long-term integrity of credited manual action in the D3 analysis

Staff Position
A strategy should be established to cope with variations in operator training as well as possible changes in
plant design and the EOPs. This strategy should provide assurance that integrated system performance
will be maintained within the bounds established by the ISV, and support the D3 analysis. Configuration
and design control procedures should be established to protect the validity of credited manual actions
from inadvertent system modifications.
Training programs for plant operators should emphasize the philosophy of credited manual actions in
implementing the EOPs. A formal process should be implemented by which operating experience is
captured and the feedback is brought to management’s attention. A long-term program can be established
for monitoring operator performance through periodic operator surveys or license operator training. The
established programs should be structured such that corrective actions are formal, effective and timely.
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5.

NEXT GENERATION NUCLEAR PLANT AUTOMATION

The DOE established the NGNP program to integrate high-temperature reactor technology with the
production of electricity, process heat, and hydrogen. The scope of the NGNP program includes design,
construction, licensing, and operation of a full-scale prototype HTGR plant. This chapter provides a
summary of the control room automation features being considered for the NGNP.
Under the DOE NGNP program, pre-conceptual design activities were completed in 2007 to define the
characteristics of HTGR plants based on prismatic block and pebble bed reactor technologies. Three plant
design concepts were addressed: a pebble bed reactor developed by a Westinghouse-led team and
prismatic core reactors developed separately by General Atomics and AREVA. Programmatic goals
moving forward included plans to complete the conceptual and preliminary design work necessary to
support final design, licensing, and construction of a first-of-a-kind (FOAK) HTGR plant. In 2008, DOE,
the HTGR designers, and an industry alliance of potential end users and prospective owner-operators
performed a comprehensive review of industry needs and program objectives. The NGNP 2009 Status
Report 71 summarizes the results of this review. Important conclusions from the review include the
expectation that HTGR technology will be supplied by the early 2020s, specification that a commercial
plant will be constructed rather than a demonstration plant, determination that reduced outlet temperature
requirements would be suitable for initial applications, and clear preference for implementation of a
multi-module plant coupled to an industrial process application. Subsequently, DOE developed a Funding
Opportunity Announcement to share cost in the development of up to two conceptual designs. In May
2010, General Atomics was selected to prepare a conceptual design for an FOAK plant based on a HTGR
prismatic block reactor. No award has yet been made to further develop a conceptual design for the
pebble bed reactor.
Wilson et al.54 provides an overview of the pre-conceptual designs from the three development teams. In
general, the NGNP plant can be represented by a nuclear heat supply system (NHSS) and an energy
conversion system (ECS). The NHSS is comprised of the reactor (i.e., pressure vessel, internals, and
core), shutdown and support systems, and primary helium heat transport circuit. The ECS includes those
transport, power generation, and industrial process interface systems required to convert the thermal
energy from the NHSS to the form(s) required to meet the demands of the HTGR application. Identified
applications for the NGNP include “supplying: electricity to the grid; co-generation of steam; electricity
and/or high temperature heat to industrial facilities; process heat and electricity for hydrogen production;
steam or other high temperature fluid for bitumen recovery from oil sands or enhanced oil recovery from
oil shale; process heat, steam and electricity for petro-chemical and refining processes; and process heat
for conversion of coal to synthetic transportation fuels and hydrocarbon feedstock.” 72
In the available documentation on the General Atomics conceptual design of a HTGR prismatic block
reactor, the main I&C systems of the NGNP are identified as the RPS, investment protection system
(IPS), and PCDIS. General Atomics estimates the technology readiness level for these systems at
level 4, 73 which corresponds to demonstrated technical feasibility and functionality at a level
commensurate with bench-scale testing. The basis for this determination is the foundation drawn from the
conceptual design of the control and protection architecture that was developed by General Atomics for
the New Production Reactor (NPR) in the early 1990s, coupled with the further development achieved to
support the GT-MHR commercial design. As indicated in the Technology Development Road Mapping
report,73 General Atomics is employing the “top level requirements for control room layout, plant control
architecture, utilization of digital equipment and software for operator interactions, capability for multifunction plant control and safety, etc.” defined in the heritage work as the basis for the reactor control and
protection approach of the NGNP conceptual design.
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While design details for the I&C systems of the NGNP have not been developed, a reasonable expectation
for the evolution of the NPR control and protection concept would likely lead to an automation approach
similar to that employed by ALWRs. However, advanced methods have been investigated under the
NGNP program to enable extended automation capabilities in support of the NGNP goals to enhance
efficient operation while providing capital investment protection for key equipment, systems, and
structures. In particular, the Idaho National Laboratory (INL) has been investigating resilient control as a
basis for automation of the NGNP plant. The following sections describe operational requirements
established for the NGNP, discuss extended functionality for resilient control of nuclear power plants,
present the NGNP resilient control strategy devised by INL, and identify the expected approach to
integrating NGNP with industrial processes.
5.1

Operational Requirements

From the beginning, the NGNP program has emphasize operational efficiency and optimal use of human
resources. The highest-level functions and requirements were defined for NGNP to facilitate future
NGNP missions, such as a demonstration-testing program, that could be conducted after the initial
licensing of the plant. 74 These functions and requirements served as input to the pre-conceptual design
effort and addressed a range of goals and features that include an integrated control room, optimal
operational and maintenance staffing, and minimization of the need for operator action. Specifically, it
was required that the NGNP design must “permit the operators to take control of the reactor and support
processes from within a single integrated control room using the manual mode at any time.” In addition,
the design must “minimize the need and maximize the time available for operator actions in response to
plant transients, and other routine/non-routine activities during normal operations, startup, shutdown, and
surveillance/testing.”
Following completion of the pre-conceptual development phase of the program, generation of more
detailed systems requirements was initiated. The NGNP Systems Requirements Manual 75 establishes a
requirements hierarchy intended to reflect the physical structure of the plant and its associated areas,
systems, subsystems, and components for both power and industrial applications. Within this hierarchy,
the NGNP and its associated industrial facility are represented in terms of five areas: Nuclear Heat Source
(NHS), Heat Transport System (HTS), Power Conversion System (PCS), Balance of Plant (BOP), and
Hydrogen Production System (HPS). The HPS is specific to the original mission to demonstrate hydrogen
production and can be generalized to represent industrial production systems. The NHS area addresses the
reactor and its shutdown and support systems, including the NHS protection and control systems. The
operator interfaces and control room for operational management of the NHS are treated in this area as
well. The key systems within the HTS area include the primary heat transport circuit, the secondary heat
transport circuit, gas circulators, and heat exchangers and/or steam generators. The PCS area includes the
turbine-generator and the steam, feedwater, and condensate systems. The BOP area includes auxiliary
systems, electrical systems, plant control room systems, and safeguards and security systems.
Operational requirements are addressed in the NGNP Systems Requirements Manual. Specifically, the
NGNP is required to capable of load following the interconnected ECS. In particular, the NGNP must
provide for load following of electricity generation and hydrogen production (or, by extension, other
industrial process heat demands). Of particular note, the NGNP must be able “to operate during loss of a
secondary heat process, such as hydrogen production, and stabilize in the electricity generation phase.”
The NGNP systems requirements specify that the plant must be “capable of being controlled from a single
control room.” In particular, the original high-level requirement for the capability to manually control of
the reactor from a single integrated control room is retained. This requirement is applied to the specific
NHS Control Room and Operator Interface System and the overall Plant Control Room System. The
Plant Control Room System is specified to “provide an interface between the plant operators and each of
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the necessary systems within the plant.” The I&C requirements for NGNP specify that the “main control
room shall include controls for the PCS and high-temperature heat transport system” (i.e., the HTS).
The high-level requirement that the NGNP design “optimize the staffing needed for integrated operation
and maintenance activities” is also supported through a maintenance requirement that provisions exist
“for monitoring equipment status, configuration, and performance and for detecting and diagnosing
malfunctions” to enable predictive maintenance.
While the conceptual design of a multi-unit HTGR plant by General Atomics indicates a single
Operations Center, there is no clarification given in the requirements or available design information to
indicate anything other than co-located but separate operator interface systems for each reactor. Thus,
without further design details, the expectation is that separate regions of the Operations Center will be
dedicated to the control of individual reactors and support systems.
5.2

Resilient Functionality

As discussed in Section 2.1.3, resilient control expands the basic functions customary for a traditional
control system to enable the adaptive capacity to respond to threats and support the necessary level of
state awareness to recognize or even anticipate disturbances. In support of the NGNP program, Stevens6
performed control system functional analysis to identify gaps in functionality between a traditional
control system and a resilient control system in the context of HTGR operational control. It was noted that
resilience treats the multiple aspects of control system performance in a holistic fashion. Thus, security is
considered in addition to stability and efficiency. In addition, human performance and complex
interdependences are addressed in control system requirements. Consequently, a resilient control system
can adapt to situations or respond to threats while remaining operational with at least a minimum
acceptable functionality. Examples of resilient functionality include:
•
•
•
•
•

detection of degradation and failures through process diagnostics,
substitution of estimated or synthesized parameters to correct invalid data,
switching among alternate control modes and strategies to maintain desired performance in the
presence of significant failure events,
limitation of operation to avoid stressful conditions and protect high value components, and
adaptation of system architecture to mitigate the impact of failures or intrusions.

For an HTGR application, a resilient control system can accommodate loss of signal events by employing
inferred or analytic operating parameters or can provide for graceful degradation of hierarchical control
(e.g., revert to isolated, single-loop controllers) in the face of a cyber attack.
The extended functionality provided through resilient design is intended to enhance the capability of the
control system to monitor the plant and its systems, manage and process data, provide networked wholesystem communications, and manage control processes in a secure, proactive, and adaptive manner.
Based on the gap analysis conducted by Stevens, the resilient functions that supplement traditional control
functions are illustrated in Fig. 19.
The resilient control treatment of cyber and physical security in system monitoring involves use of data
authentication and diversity of indication within an embedded security structure that imposes layers of
detection fidelity for systems and communications. Enhanced process stability and efficiency is achieved
through diagnosis, and even prognosis, of deviations from expected behavior and through local
optimization of subsystems within an integrated hierarchical functional architecture. Consideration of
nonproliferation and safeguards within the resilient control functionality includes timely knowledge of the
location and movement of special materials coupled with real-time awareness of plant activities.
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Fig. 19. Extended functionality pr ovided by r esilient contr ol.

The management and processing of data within a resilient control approach includes consideration of
human information needs and involvement in the determination of control and display functions. As part
of this extended functionality, diverse indicators of plant and system conditions, including cyber security
status, are integrated to establish a more comprehensive state awareness capability. In prioritizing
information, data can be fused and thereby reduced to necessary information to improve state
characterization and aid in identifying event causes. Through provision of this increased knowledge, realtime predictive models can be kept current to facilitate anticipation of future states and events.
In providing communications, a resilient control system addresses internal and external interaction with
automation and human operators. In doing so, human responses are integrated into the command and
control functionality through continuous measurement of the operator interaction, monitoring of
performance, and adaptation based on the user defined roles and responsibilities. Security is embedded in
the control system hierarchy to provide both passive and active mechanisms to supplement plant-wide IT
security processes. Examples include layered active network detection and response mechanisms for
cyber threats and passive features such as atypical architectures and randomized system attributes. The
adaptive nature of the systems communications functionality for resilient controls can permit user
definition of information access and feedback (i.e., the display content and navigation interface can be
adapted to the individual user). This capability supports optimal reaction to enable effective cognitive
decision making for human-automation collaboration.
A resilient control system manages control processes through a flexible supervisory control structure
based on a hierarchical architecture in which multiple semi-autonomous tasks (i.e., agents) are employed
throughout various layers of the distributed control system. The distribution of system resources with
oversight of semi-autonomous functions permits flexibility in operation. Specifically, task execution can
be validated at higher levels of the hierarchy and tasks can be prioritized based on situation, load, and
measured performance. Predictive models can facilitate anticipation of future states so that the resilient
control system can proactively adapt to minimize threats and mitigate the potential for disturbances. The
promotion of state awareness, based on characterization of conditions such as system interactions,
performance, and security, permits global optimization of the resilient control system to help ensure that
operational and safety goals are satisfied under all situations.
5.3

Automation Strategy

A strategy for automating NGNP control and operations based on resilient control has been recommended
by INL.8 The motivation for adopting resilient control is economic and practical. The basis for the
strategy is that control systems can incorporate increasing degrees of resilience to enable higher levels of
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performance, quicker response to disturbances, increased operational efficiency, and improved protection
of investment and public health. Specifically, resiliency in automation of plant operations facilitates
“extending the longevity of the equipment, making operations more efficient, better utilizing existing
operators and support staff, increasing stability when coupling with multiple processes, and integrating
process measures, such as cyber security and process efficiency.”
In advocating resilient controls for NGNP, INL notes that systems, structures, and components for HTGR
plants represent significant capital investments that are susceptible to reduction in useful life due to
fatigue and thermal cycling. An automation approach that promotes stable operation and minimizes upsets
can contribute to preserving component health. Also, perturbations in the process heat applications of
interconnected industrial facilities can introduce transients through dynamic coupling with the NHSS.
Because resilient control methods can account for complex system interactions, the means of advanced
automation can improve efficiency, enhance performance, and mitigate the propagation of perturbations.
Stevens et al.8 present several notional scenarios to discuss the prospective approach to applying resilient
controls to NGNP. These scenarios indicate how operation of NGNP could be enhanced through the use
of resilient control systems that can perform higher-level management functions, respond more quickly to
disturbances, provide for optimal operations, and contribute to safety. Specific scenarios include
treatment of undetected changes, inference of unmeasured parameters, accommodation of product stream
transients, and the impact of a cyber attack.
One scenario involves undetected changes or lack of plant condition awareness. Given the high
temperature operation expected of NGNP, significant sensor drift, or even outright failure, should be
anticipated. Such conditions can impact the performance of automatic control functions that provide
investment protection to critical, high-cost equipment. The prospective benefits of resilient control can be
realized by way of perception of sensor failure through surveillance, response through operator
notification, anticipation of effect through simulation, and adaption of automatic control to permit
continued operation. The suggested means of adaption involves substitution of the invalid signals by
inferred parameters based on other validated measurements and operational models.
Inference of parameters that are not directly measured is addressed in another scenario. The specific
example involves the determination of the impact of fouling in once-through steam generator tubes. The
goal would be to infer the boundaries for secondary coolant phase transitions (i.e., subcooled water to
boiling water to saturated steam to superheated steam) and thereby enable appropriate operational
conditions to be maintained in the tubes to ensure the integrity of key welds (i.e., control conditions such
that the welds remain within the superheated steam region during operation, as intended by design). The
resilient control approach begins with perception of the presence, degree, and impact of fouling.
Estimation of the transition boundaries based on changes in available sensor data and modeled behavior
(i.e., employ data fusion techniques to generate analytic data) permits anticipation of the progression of
the fouling phenomenon and its operational consequences (i.e., aging and degradation of the welds). The
resilient control response can include notification of the evolving conditions to operators and relevant
plant personnel (e.g., maintenance staff) while prospective adaption of control can include changes to
control settings to address the fouling effect and optimize steam generation operation.
An additional scenario encompasses transients induced by end-use/product-steam transients. Examples of
upsets and conditions related to end-use effects include frequent load-following demands, rapid heat
removal changes (e.g., isolation of the heat transfer system between the nuclear plant and process-heat
industrial facility), and loss-of-heat-sink events. Without control system mitigation, these events could
lead to undesired thermal cycling and potentially significant thermal shock to critical equipment (e.g.,
steam generators, intermediate heat exchangers, helium circulators). The consequence of these types of
unmitigated events could be a reduction of equipment life or even damage. A resilient control design is
based on a comprehensive treatment of the whole plant and its coupled processes to promote efficiency
and stability. Advanced process surveillance and event detection enable a resilient control system to
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perceive operational challenges. The provision of data-driven diagnostics and condition estimators in
conjunction with fatigue-life usage models permits the impact of events to be anticipated. The resilient
control response can be to mitigate the likelihood and severity of thermal excursions through proactive
control measures (e.g., feedforward control, reactor runback) and to adapt the operational schemes to limit
stress on critical components.
Another scenario deals with the impact of a cyber attack, in which it is presumed that the overlaid security
features of the plant IT infrastructure are breeched or bypassed. The consequences of such attacks (e.g.,
malicious or accidental actions of either external or internal origin) could involve unauthorized control
maneuvers that damage equipment or put the plant in an unexpected operational state, falsified data that
misrepresents the plant status and corrupts the situational awareness of plant operators, or denial of
service that inhibits or prevents corrective manual operational actions. The perceptive capability of
resilient control involves recognition that signals are false (e.g., signal validation by checking consistency
with other measurements) and control actions are not valid (e.g., command validation based on historical
knowledge or cross comparison). Model-based prediction can serve as another element of command
validation by anticipating future plant states and determining that a control trajectory is harmful. The
response of a resilient control system to cyber attack (or operator error) could be to alert the operator and
possibly initiate investment protection limitation functions for extreme cases. The resilient control system
can also adapt to thwart an attack by substituting validated signals or switching to unaffected control
algorithms. In addition to data fusion and validation, it is noted that randomization of communications
traffic and other SCADA-specific defensive measures can be employed to minimize vulnerability to
attack.
Additional scenarios are described by Stevens et al. to further illustrate the potential benefits of a resilient
control approach. These scenarios involve malicious corruption of safeguards/nonproliferation
information as part of a cyber intrusion, disruptions of electrical power for operator workstations during a
loss of off-site power event combined with failure of backup power, and steam generator leaks resulting
from component degradation. In each case, a discussion is provided to highlight capabilities that can be
provided through resilient design to address threats and vulnerabilities. In particular, the holistic treatment
of plant management functions, including safeguards and cyber security, is cited as a specific benefit of
resilient control design. The provision of advanced fault diagnosis and detection capabilities, coupled
with adaptive control and state awareness alerts, enable resilience to be embedded in the control system to
accommodate failures and resolve potential events. Thus, the comprehensive capabilities supported by
resilient design allow the implementation of multiple layers of protection, detection, and response to
events and disturbances.
The INL analysis of the application of resilient controls to HTGRs, as illustrated by the notional
scenarios, indicates the need for additional research to advance the state-of-the-practice to a level suitable
for implementation in an automation strategy for NGNP. In particular, Stevens et al. recommend research
in areas of particular interest to HTGR investment protection, including:
•
•
•
•

cyber and physical security,
process stability and efficiency,
integration of diverse indicators, and
interlacing of human and automatic responses.

Resilient controls should be seen as an emerging technology and its use for NGNP would, of necessity, be
limited to those capabilities that can be demonstrated with an acceptable technology readiness level. The
expectation is that the NGNP automation approach would likely involve some resilient features and
functions but would not adopt a comprehensive resilient control strategy.
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5.4

Integration with Industrial Processes

As specified for the NGNP program, the approach to incorporate industrial applications within the
product stream of an HTGR plant is to treat the nuclear facility and industrial facility as separate.72
Basically, an interface component is provided in the design to enable the transfer of high temperature
fluids from an HTGR to an industrial facility via a dedicated transfer system. The interface component
can be a process heat exchanger, a process heat exchange reformer, a process steam generator, or a heat
transfer line, depending on the plant design. 76 In each case, the interface component transfers heat from
the secondary heat transport circuit of the HTGR to a tertiary heat transport circuit connected to the
industrial process unit(s). In effect, the interface component provides for heat transfer from the secondary
coolant circuit of the HTGR to the heat transport medium (e.g., water, helium, liquid salts) of the transfer
system. The function of the transfer system is to provide high-temperature steam, liquid, or gas to an
offsite industrial facility (i.e., customer) and return the condensate or makeup fluid (or gas) to the HTGR
interface component. The conceptual design being developed by General Atomic employs a steam-tosteam heat exchanger to serve as the interface component to the tertiary transfer system.73 For example,
the transfer system can consist of pipelines that transfer steam to an industrial facility and return
feedwater to the interfacing heat exchanger.
High-level design and interface requirements have been developed for the transfer system that would
interconnect the NGNP and industrial facilities.72 For the process heat portion (i.e., industrial facility) of
an ECS to be excluded from the nuclear facility scope, it must be located outside the HTGR protected
area boundary and be operated from a separate control room. In addition, the ECS must be separated from
the nuclear facility by a transfer system with interface criteria that serve to ensure that the HTGR is not
dependent on, or adversely affected by, events that occur within the separate industrial facility. In effect,
failures or transients in the transfer system or the industrial facility must not inhibit safety-related systems
and components in the nuclear facility from functioning as required during all operational conditions.
Consequently, no portion of the transfer system should be required to perform any safety or safe
shutdown function, or be relied upon as a supporting system to a safety-related system. To contribute to
operational stability and ensure safety, the transfer system should have monitoring capabilities to detect
disturbances and isolate the industrial facility during transients and accidents, if required by the nuclear
facility safety analysis.
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6.

KEY ISSUES FOR HIGHLY AUTOMATED CONTROL ROOM DESIGNS IN VHTRS
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1.

INTRODUCTION

This document discusses High-Temperature Gas Reactor (HTGR) system modeling capabilities that
might be needed for various types of analyses and support activities performed by the NRC staff in
licensing Very High-Temperature Reactors (VHTRs). Activities may include reviews of licensing
applications or development of regulations and guidance for those reviews. The goal is to survey
simulation codes and potential I&C applications so that decisions about code development can be made in
a timely fashion before the need for an analysis presents itself and then expedience determines the
modeling choice. First and foremost, an I&C modeling code for the U.S. Nuclear Regulatory Commission
(NRC) would provide the capability to perform independent confirmation of results presented by
applicants in licensing submittals. In addition, because the advanced HTGR is a new reactor and heat load
concept and will be a first-of-a-kind license review, a modeling tool serves an additional role as a tutorial
device to help the staff become familiar with the features, controls, dynamic response, and safety limits of
the new type of plant and aid in developing the appropriate regulations for HTGR designs. Gas-cooled
reactors have significantly different safety limits and characteristics than a light-water reactor (LWR);
thus, it is anticipated that licensing analysts will need to acquaint themselves in the system response and
how the system may be protected against safety events. The task of formulating and executing a
simulation model has considerable value to the licensing analyst in familiarizing him or her with the
details of plant design and operation.
With these goals in mind, this document surveys various types of analyses that may be needed by the
NRC reviewing submittals regarding I&C (Chapter 7) and discusses the capabilities of the modeling
codes that are currently available.
In the first part of the report, the transients and potential uses of the I&C code by the NRC are discussed.
The section describes the important features of transients and the information that might be sought in an
I&C analysis. The mental exercise of working through the sequence of events that must be simulated for
each transient leads to the modeling features and approximations that are appropriate for an I&C model
for that transient. A sufficiently varied ensemble of transients defines a global set of requirements for a
general purpose simulation that can be used for a variety of transients, even those beyond the ones
identified. The list of transients and potential uses are formulated based on past experience with NRC
calculation needs and on known operational and design basis events for HTGRs. The list is representative
of appropriate transients. It is not intended to be an exhaustive list or a recommendation to the NRC for a
test suite for I&C support calculations for HTGR licensing reviews. The NRC’s actual uses of the code or
codes may be quite different than what is envisioned in this report but, because the general nature of the
ensemble of transients, codes with the capability to simulate these transients would be able to perform a
great many other transients that might be relevant to the evaluation of I&C systems of a plant.
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The survey of codes has included many of the codes used by vendors and researchers in the gas reactor
field. A table summarizing the features of these codes is given. The features and modeling techniques that
are included in the models are discussed. The codes may be able to support NRC needs or serve as
examples of capabilities that NRC may wish to acquire. A detailed review of the two most likely codes
for NRC use, MELTAC and RELAP5/ATHENA, is given.
One of the purposes of this review is to distinguish the capabilities needed for an I&C code as distinct
from a code for safety analysis. Simulation codes are not generally categorized as specifically an I&C
code or a safety analysis code. In fact, when a code is needed for I&C support, the usual approach is to
use what is already available, typically re-using the same codes that are used for safety analysis. This task
seeks to identify those unique features of codes and analyses that might be anticipated for I&C support
and tailor the discussion to differences and special needs for a code supporting the review of I&C systems
by the NRC as opposed to safety analysis. What is found in this review is that the distinction between an
I&C and a safety analysis review is less about the types of transients and plant systems than the
information that is under review. Not surprisingly, the process models for all the codes are based on a
control volume approach with conservation of mass, energy, and momentum within each volume.
However, different aspects of the plant and phenomena need to be modeled with accuracy and
completeness, and different approximations may be appropriate when performing an I&C analysis.
The main difference between an I&C code and a safety analysis code is that the I&C code, by definition,
must represent the operation of sensors, actuators, and control and protection algorithms accurately and
completely to determine whether or not the controls perform as required for the safety function. In I&C
simulations for use in NRC licensing reviews, the operation of both safety controls and normal operating
controls is important. The main reason for performing the analysis is to confirm that no unintended and
unanticipated adverse interactions occur and that no failures originating within the safety and control
systems leave the reactor unprotected. In contrast, the safety analysis calculation is usually concerned
with bounding calculations that are conservative with respect to a huge range of actual responses from the
control and protection system. The bounding nature of the safety analysis calculation means that actual
control response can be replaced with a limiting value or boundary condition making the safety analysis
problem simpler to solve. The evaluation does not depend on the dynamic performance of the sensors or
actuators or controls which are assumed to either perform as intended or fail, whichever is limiting in a
bounding case. The main output for the safety analysis is whether or not radiation release limits are
exceeded. The limiting or worst case performance is necessary to make the safety case that the public is
protected under all circumstances.
The lesson learned from the Three Mile Island (TMI) accident is that severe accident analysis by itself is
not sufficient. Transients may evolve slowly at first with the response of the normal operating controls
before safety systems react. The initial evolution may place the reactor in a worse condition than assumed
for the starting point for a safety analysis event. The initial part of the response can mask symptoms and
allow conditions to deteriorate before the safety system acts to shut down the plant and achieve safe
cooling. The safety analysis cases, which are typically selected on the severity of the initiating event, can
fail to identify the modest initiating events that lead ultimately to a catastrophic accident. In the TMI
event, a failure originating with a control valve, the power-operated relief valve (PORV) at TMI, led to a
small break loss of coolant. In the TMI event, the PORV failure was not addressed specifically in the
safety analysis because the PORV leak rate was smaller than a large pipe break which was the bounding
case. The recognition of the seriousness of the event was compounded by sensor readings that were
affected by the initiating event. The pressurizer level sensors at TMI functioned correctly and measured
the conditions local in the pressurizer and registered in increase in level. However, the level in the
pressurizer did not reflect the behavior of the coolant level in the reactor vessel which was actually
decreasing. The misleading information and incorrect interpretation of plant status contributed
significantly to incorrect decision making by operating staff in the control room.
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The lesson learned is that operational controls can mask symptoms by feedback compensation and can
lead to a worse state than assumed in the safety analysis. In an I&C analysis, the intent is to assess I&C
system’s performance, not necessarily the protection of fuel and prevention of radioactive release, which
is addressed by other analysis. In the I&C analysis, the process model for the plant systems serves to
provide feedback to the control system actions to simulate the plant evolutions but not to evaluate the
limiting conditions for fuel operation as in safety analysis. Insight is to be gained from evaluating the best
estimate response to understand more fully the actual dynamics in normal and near-normal operation so
that unintended and unexpected adverse functions in the control and protection system are revealed. This
general type of I&C analysis is called safety implications of control and was the subject of considerable
research by the NRC following the TMI event.1-5
Some typical applications of an I&C code in safety implications of controls might be to







assess properties of a system response, such as total time delay for the process dynamics,
instrument, and actuator response;
assess interaction between safety and nonsafety controls to ensure that nonsafety systems do not
compromise the function of the safety systems;
perform integrated system test of full system response to show that the systems designed
separately also work as intended when operating in concert with other systems and do not have
unintended competing functions;
perform transients on presumably nonlimiting cases to ensure that a seemingly benign event does
not evolve, through the action of the automatic controls system or possible actions of operators
because of misinterpretation of instrumentation indications, into a configuration that has worse
consequences than an event with a more severe initiating event; and
evaluate the effect of a failure originating in the control or protection system quantitatively for
use in a failure modes and effects analysis (FMEA).
2.

TRANSIENT CLASSES

The transients important to control design are categorized into three major classes: (1) normal operating
conditions, (2) abnormal operating occurrences, (3) design basis events. One of the main categories of
study for control and protection system is I&C component failure. These events are considered an
abnormal operating occurrence. The main categories are divided along the lines of increasing severity but
decreasing frequency of occurrence.
The rationale behind this categorization is to identify the necessary processes and phenomena (P&P) to be
included in the model for a realistic representation of the transient. As will be discussed in detail, the P&P
are obtained from a large pool of physics but have been condensed to fit into the systems engineering
analysis scope. The approach to including certain P&P is two-fold: (1) identify the level of connection
between a system’s dynamics and the P&P and (2) demonstrate that the time scales of the two dynamics
support incorporation. One of the main concerns in I&C reviews is to ensure that functions of safety and
control systems in combination do not have any unsafe interactions that are not evident when the
functions are considered separately.
2.1

Normal Operating Conditions

Normal operating conditions are defined as the envelope that covers the reactor power between some
nominal low power range limit (e.g., 20%) to 100% with all reactor and plant systems functioning as
designed. Major transients in this class are (1) load follow of ramp demand and (2) load follow of step
change in demand.

3

2.1.1

Load follow

The load follow event is an example case of the ability of the reactor and power conversion systems to
respond to disturbance in which the load produced by the reactor and supplied to the power conversion
system must change in response to a change in demand. The limiting cases are taken from the
contractually rated maneuvering capabilities of the plant. The limiting cases are specified in terms of the
ramp rate and size of step changes that can be followed within specified time response.
The main modeling needs for these events are to be able to represent the full plant integrated with its
automatic controls. In some instances, special features must be programmed to mimic any actions that are
performed manually by operators in the course of the event. Generally speaking, only the reactor and heat
removal systems are needed. The reactor building, protection systems, and emergency cooling features
are not needed. The plant data are generally selected for a best estimate of the system response; however,
a range of values are used for parameters that depend on normal variability in the plant, such as burnup of
the core or fouling of a heat transfer surface. These variable parameters should be readily adjustable.
Typically, the modeling does not need to represent the worst case conditions or hot spot conditions in the
system. Since the normal operating events are by definition within the trip envelop, the plant’s safety
analysis can be relied upon to ensure that the design limits are not exceeded.
2.1.2

Maximum ramp

The maximum ramp transient conveys the plant from the lowest automatic level to the highest at the
maximum ramp rate permitted. Any plateaus or hold points required by the operation of the plant may be
programmed to occur. Any system state transitions related to power change should be simulated as part of
the event.
2.1.3

Step change

The step change transient involves a step in the demand. Of course the system cannot respond instantly;
the step change transient shows that the system can respond stably and within the time warranted by the
vendor. From a control analysis, the step change transient reveals a great deal about the control and plant
dynamics. Many control tuning procedures are based on the step change test for overshoot damping time
and maximum error. Parametric studies may point to specific combinations of operating conditions that
are most limiting in the system’s ability to respond within the trip envelop.
2.2

Abnormal Operating Occurrences

Abnormal operating occurrences are defined by the NRC to include events of moderate frequency in
which no adverse consequences are expected in normal operation. The safety requirement of the group of
transients is to show that no radiological consequences result from abnormal operating occurrences. For
an I&C analysis, however, the goal is to investigate the interactions between systems in a full system
simulation.
A large class of abnormal operating events is the set of single failure cases. The safety requirement is that
the plant be maintained in a safe state for any single failure. The I&C concerns are that control responses
do not impair the ability of the safety system to protect the plant nor the ability of the operator to detect
and identify the root cause quickly and an accurately.
2.2.1

Turbine trip

Turbine trip transients are a relatively common operational event. The initiation can occur because of
external grid disturbances or internal events in the secondary plant. When the electrical load is lost, the
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turbine can overspeed if the driving flow to the turbine is not terminated rapidly. A turbine trip is a rapid
response to protect the turbine from damage. The gas-cooled reactor requires less rapid response to
protect the core than the turbine. Unlike an LWR, the HTGR core can sustain the post-event heat up on
loss of load. Most Next Generation Nuclear Plant (NGNP) designs have sufficient thermal margin
between the operating maximum temperature in the core and the temperature at which fuel damage could
occur, such that the temperature rise in the fuel can safely shut down the nuclear reaction following the
turbine trip event even if the rods fail to insert (an anticipated transient without scram event). The I&C
analysis of such events focus on actions for protecting other components from damage. In many cases,
licensees present these actions as investment protection measures but not safety concerns. In some
designs, the control rods have lower temperature limits than the fuel and are more susceptible to
overheating in a post-turbine trip recovery. Timing and control of the control rods may introduce potential
unsafe conditions, such as control rod damage or inability to insert or withdraw the rods.
Protection of heat exchanger surfaces from hot gas is also a concern. The rise in gas temperature
following a turbine trip may be sufficiently high that some heat exchange material’s temperature limits
may be exceeded. The control concern is that primary and secondary flows must be accurately controlled
to protect the heat exchanger from damage.
2.2.2

Load rejection

In this transient, the generator breakers to the grid open reducing the load to the house load. The event
requires a prompt turbine response to protect the turbine from overspeed. Depending on the turbine
control capability, some designs may treat this event as a runback to station load. In this scenario no
safety systems actuate; operational controls run reactor power back to a low electrical power equal to the
needs of the site.
2.2.3

Loss of heat sink

The loss of normal heat sink means the loss of flow or coolant on the secondary side of the normal heat
removal heat exchanger. Loss of flow events are typically the result of loss of pumping or unintended
valve closure. Loss of coolant events are caused by breaks in the secondary coolant pressure boundary.
Ultimately, this transient results in a heat up of the reactor system and a need to establish an alternate heat
removal. However, for events caused by loss of secondary coolant, the initial response may be different
depending upon the break location. A break in the secondary coolant pressure boundary downstream of
the heat exchanger would result in a temporary increase in flow of the coolant through the cold side until
the inventory of secondary coolant begins to be exhausted and the density and pressure drop. The increase
in flow results in an overcooling event which is then followed by an undercooling event. A break
occurring upstream of the heat exchanger results in an immediate reduction in flow and reduction in heat
removal. Thus, in one instance the initial indications of temperature and pressure on the primary indicate
the wrong direction that the reactor should respond, whereas, the other is the right direction.
Because of the expected high frequency of events in this category and the requirement for establishing
alternate heat removal, this sequence is frequently one of the main contributors to the core damage
frequency in probabilistic risk assessments.
2.2.4

I&C system failures

The I&C system failure analysis should be designed to simulate the response of the system and to indicate
the ability of the sensors to accurately portray the plant status to the operator so that correct diagnosis of
the failure is made and correct actions are taken. The range of transient should simulate the failure of
inputs and outputs to high, low, and as-is. Module level failures representing stalled processors or
communications should be considered failed power supplies.
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It is very likely that the I&C system will be dual or triple redundant. Particular attention is necessary to
identify any points of signal selection or redundant power supply failure that are vulnerable to single
failure.
2.3

Design Basis Accidents

The design basis accidents are the set of postulated accidents that a nuclear facility must be designed and
built to withstand without loss to the systems, structures, and components necessary to ensure public
health and safety. Events are chosen to be the most severe and limiting events so that all other accidents
are encompassed by the results of the design basis events. A number of different initiating events may
result in the same sequence of plant responses and are grouped together as a single design basis event.
The selection of the events which compose this set is the subject of considerable study. Over time and
experience, a consensus has emerged among regulators and designers for the set of design basis events for
LWRs. The design basis accidents for gas-cooled reactors are still being considered. The following types
of transients are certainly part of the list and are generally covered in all gas reactor licensing submittals.
The discussions are general and do not address design specific details.
2.3.1

Pressurized loss of forced circulation (P-LOFC)

Events that involve pressurized loss of forced circulation (P-LOFC) are assumed to occur during power
operation, where the primary helium flow stops and the primary system remains pressurized. P-LOFCs
may result from a variety of initiating events or event sequences. In fact, in typical HTGR designs, the
primary helium flow is intentionally stopped by the reactor protection system on shutdown of the reactor
to avoid rapid overcooling. The heat up of the core with pumps off is not damaging to the graphite-coated
fuel particles. The heat up serves to shut down the nuclear reaction through the negative temperature
coefficient even if rods are not inserted (either by accident or by design.) The shutdown cooling system
(SCS) is eventually started up to remove the afterheat and maintain the plant at a stable, off-line
condition.
Two major initiating sequences can be anticipated that may lead to a P-LOFC: (1) a reactor shutdown
with a failure of the SCS to provide forced cooling or (2) a prolonged station blackout.
Two major safety concerns can be considered for P-LOFCs. The first concern is the core heat-up transient
and the potential for delayed radioactive release from the fuel. The reactor core will heat up due to the
decay heat. However, since the primary system is still under pressure, natural circulation will eventually
help equalize the core temperatures with the maximum core temperatures appearing near the top of the
core. The maximum fuel temperatures in the P-LOFC events are dependent on the design but typically
remain well below prescribed limits.
The second safety concern is the heat-up of metallic structures and other equipment, in particular the
primary system pressure boundary and critical components during P-LOFC conditions. Some important
metallic structures, such as control rod sleeves, core barrel and reactor pressure vessel, and eventually
their support structures, will usually experience elevated temperatures. These temperature excursions and
period of time at high temperatures should be taken into account in determining the structural integrity of
these components and code limits. An inadvertent restart of helium circulators is an event that can lead to
excessive temperature in metallic structures and components.
2.3.2

Depressurized loss of forced circulation (D-LOFC)

A depressurization accident is an event that results in partial or complete loss of helium inventory.
D-LOFC conditions may come from primary pressure-containing equipment failures such as leaks or
piping ruptures. Another possibility is the opening of primary system safety valves with failure to reclose.
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The major consequence of D-LOFC accidents is the core heat-up and potential radioactivity release into
the confinement or the containment—depending on the reactor building design. Compared to P-LOFC
conditions, helium natural circulation in the core is negligible because of the reduced density and
convective cooling is, thus, not effective in removing decay heat. The D-LOFC must rely on radiative
cooling to the vessel walls and the vessel cooling systems.
For the long-term D-LOFC, maximum fuel temperatures typically reach peak values in a few days and are
located near the middle or beltline of the core. Temperatures then begin a long, slow decrease as decay
heat diminishes.
Typically, the design power level of a gas reactor is based on a conservative calculation of maximum fuel
temperature in a D-LOFC accident. The heat-up of metallic structures and subsequent impact on material
integrity must also be taken into account.
Depending on the location of the depressurization process, the reactor core could experience an initial
cooling due to a rapid discharge of helium and increased coolant flow through the core. The cooling
would have a positive reactivity effect.
2.3.3

Anticipated transient without scram (ATWS)

Normally the initiating event for an ATWS event sequence is an anticipated operating occurrence
followed by a failure to shut down the reactor. In analysis of an ATWS event, all control and safety rod
positions are assumed fixed and no rods drop and no secondary shutdown mechanism operates in
response to scram signals. Other protective actions, such as core heat removal via the reactor cavity
cooling system (RCCS), are assumed successful; however, there may be situations where other
assumptions result in adverse consequences. For example, the termination of active cooling is a protective
action for accident conditions where failure of such action in an ATWS can represent a serious hazard,
and these eventualities should also be considered. The reactor power, primary pressure, and the maximum
fuel temperature should be carefully evaluated for the short-term responses. The temperature histories of
key components, such as the core barrel, also need to be measured and assessed against acceptance
criteria. In a conservative analysis, uncertainties in measurement and modeling should be taken into
account; either conservative value or uncertainty analyses should be performed.
2.3.3.1 Air ingress
Air ingress into the primary system is a safety concern because of the damage it could cause by oxidizing
graphite structures and components in the vessel and by oxidation damage to the fuel (TRISO particles).
At the operating and accident temperatures that would be seen in the core following a D-LOFC, a
significant oxidation would be possible. The extent of the air ingress flow rates and the oxygen content of
the available air are dependent on a wide variety of possible reactor and reactor cavity design features,
initiating event factors, and subsequent accident progression scenarios. These accidents are typically
categorized as very low probability events—beyond design basis accidents (BDBA).
An air ingress event caused by a primary system leak or break starting from nominal operating conditions
is usually assumed to follow complete depressurization in a long-term D-LOFC accident.
Depressurization to atmospheric pressure is a prerequisite for atmospheric air to enter the primary system.
Air ingress during a normal shutdown is not considered since reactor internal temperatures are below the
levels where significant graphite degradation would occur.
During D-LOFC, vessel or other primary system breaches would likely result in blowdown of the helium
inventory into the reactor or power conversion unit (PCU) cavity, resulting in displacement of air therein.
The resulting atmosphere for the duration of the potential ingress event would depend greatly on whether
the confinement system is designed to release the initial discharge of the gas to the atmosphere.
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Natural convection ingress flow rates are usually limited to relatively low values due to the high core flow
resistance and resistances in other parts of the flow paths. There is considerable uncertainty in the
mechanisms of ingress. Many calculations assume purely molecular diffusion which is the slowest
ingress. Other studies have shown that convection-assisted diffusion occurs in vertical pipe breaks (cold
flow in at the bottom of the break, hot flow out at the top of the same opening.)
Since the oxidation rate for graphite is sensitive to temperature, rather fine structure nodalization of the
core lower support structure and reflector regions, in addition to the fuel areas, is recommended for
determining any potentially significant loss of mass and strength in critical areas. At least a 2-D and
preferably a 3-D core thermal fluid model, with oxidation modeling, would be advisable. The model
should account for the differences in rate equations for the various types of graphite used in the structure
and the fueled regions. Oxidation rate data, particularly for lower- and medium-range temperatures, can
also be dependent on test specimen and the rate of oxidant supply.
2.3.3.2 Steam/water ingress
Steam/water ingress into an HTGR core can result from steam generator heat transfer tube leaks or breaks
in steam cycle designs, where the pressure of the secondary water/steam is much higher than that of the
primary helium. Water ingress events can involve complex interactions of neutronics, thermo-fluids,
chemical reactions, and radioactivity releases. Detailed computer codes and models would be needed to
calculate the rate and amount of water/steam ingress, the reactivity effects, and any resulting power
transients, pressure, and temperature transients; production of oxidization gases; and the added
radioactivity source terms. Measurements of any or all of these parameters would be very useful in
providing mitigating actions and post-accident analyses. Uncertainty analyses are likely to be necessary as
part of understanding the potential range of accident parameters.
3.

GENERAL MODELING CHARACTERISTICS OF VHTR STRUCTURES,
SYSTEMS, AND COMPONENTS

The discussion of modeling is organized around the major components of the plant. The discussion
describes the mathematical modeling and the context and needs specifically of an I&C code. The
modeling of the main process components including piping, plenum, and vessels components; prismatic
and pebble bed fuel; compressor and turbine models; and heat exchangers (e.g., the helical coil steam
generator); actuators; and sensors are discussed.
Since this review focuses on I&C issues, the modeling capabilities and techniques for control devices are
especially important. The capability to model typical control components such as PID controllers is
surveyed. We also have sought to review the form of the user input for the code. It is desirable that the
control modeling input resemble the format in which the control design is specified. In other words, it
would be ideal to represent control design in a graphical display resembling a P&ID (process and
instrumentation design) schematic. Such tools are common in control design environments, but the codes
surveyed for this report do not have a sophisticated user interface of this type. It may also be important to
model digital effects such as digital time delays and finite accuracy of the target control hardware. The
code literature has been reviewed to see if the capability to model these effects is provided, but it is not
discussed. It seems likely that the omission means that the capability is not provided.
In this chapter, structures, systems, and components (SSC) that are common to a HTGR power system are
introduced; associated processes and underlying phenomena—if considered necessary— are identified
and briefly described.
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3.1

Plant Design Options

Design options for the VHTR span a large number of possible configurations. The alternatives include the
types and number of heat loads and the number and arrangement of heat transport fluid loops.
Considering the power generation options and the options for hydrogen production, the number of
possible combinations becomes almost intractable. Design decisions, on one hand, are based on
advancing the technology and improving the plant efficiency as well as plant reliability and availability.
On the other hand, they are also bounded by technological maturity and operating experience. A prime
example would be the design decision on the power conversion system (PCS) for the NGNP. The NGNP
has considered both the steam generator systems and the turbomachinery systems. However, lack of
experience with gas-based power conversion systems has almost tipped the scale toward a steamgenerator-based electricity generation, which limits the overall system deliverables compared to a gasbased generation but gives engineering assurance in terms of availability. To provide for the range of
options, the modeling code needs to be flexible. A general purpose modeling code is needed in which
basic modeling components are provided which can be rearranged as needed to model the plant designs.
A trade study on options for connecting a hydrogen production plant to the NGNP high-temperature
reactor identified seven viable configurations6. The selected configurations included both direct and
indirect cycles for the production of electricity. All the options included an intermediate heat exchanger
(IHX) to separate the operations and the safety functions of the nuclear and hydrogen plants. For the heat
transport system that transfers heat from the reactor to a hydrogen production facility, both helium and
liquid salts were considered as the working fluid.
Based on high-level engineering analysis, out of seven configurations, four options were eliminated and
three were down selected for further consideration. One of the viable options used a direct electrical
cycle—the primary fluid is sent directly to the turbines for electricity generation—and a parallel IHX as
shown in Fig. 1. The process heat exchanger (PHX), which delivers heat to the hydrogen production
facility, is directly connected to the IHX. This configuration offers the smallest mass and the highest
thermal efficiency. In this configuration, the heat is transferred from the primary helium to the liquid salt
through the IHX interface.

Fig. 1. Possible configuration option—direct electrical cycle and a parallel IHX. (Based on Dostal7)
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An alternative configuration used an indirect electrical cycle. The process heat exchanger (PHX) was
connected to a secondary heat exchanger (SHX), which is then connected to the IHX, as shown in Fig. 2.
This configuration provided the better separation between the nuclear island and the process facility.
Because of additional components, this option turned out with the largest mass and the lowest
thermodynamic efficiency—within the down-selected options—as expected. However, operational
simplicity from isolating the reactor coolant loop from the power conversion processes may favor this
option notwithstanding the increased cost and engineering complexity.
The advantage of adding a SHX that connects to the balance of plant is the possibility of using another
working fluid for the power cycle. Design studies using supercritical CO2 (S-CO2) demonstrate that these
systems can deliver electricity with a high thermal efficiency.7 If the heat transport loop is connected to a
heat source in this configuration, the heat is transferred from the secondary fluid to the liquid salt via the
SHX.

Fig. 2. Alternate configuration option--indirect electrical cycle and a parallel SHX. (Based on Dostal7)

The NGNP envisions a multistep development path that will ultimately lead to the VHTR. At each step of
the development, the reactor outlet temperature would be increased based on the preceding step.
Currently, the NGNP design is considered to start with 750ºC core outlet temperature, which will then be
raised to 850ºC, and finally 950ºC for the VHTR. The temperature increments may seem trivial at first,
but design implications, particularly in material selection and support system designs such as component
cooling, become increasingly significant. The hazards and potential plant damage that must be addressed
by control and protection systems increase in severity with the temperature. The fuel design margins are
smaller and materials operate closer to temperature limits which may place much higher demands on the
control and protection systems. Also, the higher temperatures of operation may require more indirect
means for sensing because sensors cannot operate at the elevated level. The dynamics of the indirect
sensing system may need to be taken into account in the model.
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3.2

Common Structures, Systems, and Components

The following SSCs are included in this report:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
3.3

reactor vessel cavity and core internals,
pipes and ducts,
SCS,
IHX,
secondary heat exchanger (SHX),
steam generator,
helium circulators,
gas turbine,
instrumentation system,
control system, and
confinement/containment systems.

Code Phenomena and Component Modeling

The term ―code phenomena‖ is used to identify the physical processes that are represented in the
modeling code. The code phenomena for the VHTR included in this report were extracted primarily from
NUREG/CR-6944—Next Generation Phenomena Identification and Ranking Tables (PIRTs) study8. The
list was compiled by a large panel of experts in the field and should be regarded as the most complete and
up-to-date processes and phenomena for VHTRs. Not all the phenomena in the PIRT are considered
pertinent to systems analysis from a controls engineering point of view. The PIRT code phenomena tables
were edited based on engineering judgment and expert solicitation. An instrumentation and controls
analysis is more detailed in some areas and less detailed in others. The processes and phenomena list was
expanded to include typical control system engineering considerations. Modeling related attributes to
determining local conditions which might cause fuel failure are condensed.
The processes and phenomena list was categorized into major systems and subsystems to help
conceptualize interaction with other systems.
3.4

Reactor Vessel Cavity and Core Internals

Reactor vessel cavity and core internals include the following subsystems or components:
1.
2.
3.
4.
5.

reactor core,
inlet plenum,
outlet plenum,
reactor vessel cavity, and
RCCS.

A typical gas reactor pressure vessel and core internals layout is shown in Fig. 3.
The following sections introduce and briefly describe the major phenomena associated with each
subsystem or component. The modeling of the core includes the thermal transport processes of
conduction in the fuel and solid structures, radiation, and convection.
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but they are not the thrusts of the investigation.

The Next Generation Nuclear Plant (NGNP) is intended to meet three basic requirements:
(1) a coolant outlet temperature of 1000 C, (2) passive safety and (3) a total power output
consistent with that expected for commercial high-temperature gas-cooled reactors [MacDonald
et al., 2003]. Both prismatic
Refueling
fuel types and pebble bed fuel
Stand Pipe
types are being considered with
7m(23 ft)
Control Rod
helium as the coolant. The
Drive Assembly
Cold leg Core
Coolant Upper
present study concentrates on
Plenum
Control Rod
issues for prismatic versions but
Guide tubes
Upper Core Restraint
some aspects are common to
Upper Plenum
Structure
Shroud
pebble bed designs. The
Central Reflector
prismatic NGNP Point Design is 8.2m(27ft) Dia
Graphite
Vessel Flange
an evolutionary version with
Control Rods
Reactor Vessel
roots stemming from the Fort
Annular shaped
23.7m(78ft)
Saint Vrain high-temperature
Active Core
Cross Vessel
gas-cooled reactor; the
Nipple
Outer Side Reflector
Graphite
immediate predecessor is the
Hot Duct
Structural
General Atomics gas turbine Element
Core Exit Hot Gas
modular helium reactor (GTPlenum
Core Inlet Flow
MHR) shown in Figure 1.
Graphite Core
Currently, modifications of the
Support Columns
GT-MHR design are being
Core
Insulation Layer for Metallic
Outlet
proposed in order to meet the
Core Support Plate
Flow
NGNP design requirements and,
2.2m(7ft)
Shutdown Cooling
Hot Duct
System Module
thereby, to identify issues and
Insulation
Module
R&D needs pertinent to typical
NGNP and VHTR designs
Metallic Core
Support Structure
which are expected to evolve.
Fig. 1. GT-MHR reactor which serves as the basis for the
Fig. 3. Basic layout and some design parameters of the GT-MHR reactor and core internals.9
current prismatic NGNP Point Design [MacDonald et al., 2003].
3.4.1

Reactor core

3.4.1.1 Fuel geometry

1
Phenomena associated with the reactor core should be considered independently for the prismatic and
pebble-bed design types. The same phenomenon may apply categorically, but the geometries of pebble
bed and prismatic fuel are significantly different in details that the modeling of the two designs should be
discussed separately.
Mechanically, geometry determines the effective hydraulic diameter of the core, which in turn affects
how much pressure loss the coolant experiences. Pressure losses, in effect, create a flow distribution map
inside the core, determine active core cooling and fuel operating temperatures, and affect Tfuel,max.
Changes in geometric configuration, even minor, may have significant ramifications on the heating of the
coolant fluid—and cooling of the fuel assemblies of fuel pebbles, and on how the temperature is
distributed in the core volume.
Pebble-bed design has uncertainties due to variation in packing fraction, which creates difficulty in
predicting local hot spots. Lack of instrumentation in the active core further exacerbates the
understanding of dynamics and puts more emphasis on prediction of core condition by modeling.
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The fuel geometry in the core is affected by three types of phenomena:
1. changes due to temperature gradients,
2. changes due to graphite irradiation, and
3. changes due to core barrel geometry.
3.4.1.1.1

Changes due to temperature gradients

Changes in core geometry as a result of temperature gradients primarily affect fuel operating
temperatures. The underlying reason in large gradients in HTGRs is the large ΔT from core inlet to core
outlet. During normal operation, axially driven local velocity variations affect temperature gradients.
Furthermore, the relationship between gas temperature and viscosity requires understanding of localized
effects. From the modeling standpoint, computational fluid dynamic (CFD) capabilities can be
incorporated into the codes to model the localized interrelated effects of temperature gradient and flow. In
many instances, I&C analysis cannot support computational load of a CFD model of the core. Instead,
either one-dimensional flow or coarse mesh two- or three-dimensional model is used. It is understood that
the simplified I&C models cannot predict the local effects for safety evaluation. The goal is to couple the
temperature gradient effects with the flow and neutronics solutions.
3.4.1.1.2

Changes due to graphite irradiation

Irradiation of graphite changes the structure of the material and, as a result, material thermophysical
properties tend to shift from their unirradiated conditions. A key property that changes as the material is
irradiated is the thermal conductivity, which determines the rate at which the internally generated energy
is transferred to the coolant. As the thermal conductivity changes, fuel operating temperatures also shift.
Because of fuel temperature changes, flow patterns may as well change. The main rationale for this
phenomenon is the fuel time at temperature, which is the determining parameter for fuel failure fraction.
In I&C analysis, the issues are less about fuel failure. The material properties need to be appropriate for
the particular analysis conditions or a range of parameters should be considered. The model inputs should
be developed covering the appropriate range.
3.4.1.1.3

Changes due to core barrel geometry

Changes in core barrel geometry have some effect on fuel operating temperatures. Fuel block warping,
which applies specifically to prismatic design, can be a serious problem.
In the prismatic design, core block stability causes disturbances in core flow distribution, as observed at
Fort St. Vrain, where the opening of gaps between blocks was tied to irregular increases in bypass leakage
flow. Though experience exists for this phenomenon, it is anticipated to be strongly dependent on the
design. Onset of oscillation is hard to predict because the NGNP designs employ a tall vessel.
For the pebble-bed design, another important phenomenon is the core bridging in which some pebbles
became lodged in a fixed position while others continue to circulate through the core. Bridging was
observed at bottom of core at the beginning of life at AVR. Some solutions were developed and
established for AVR; however, their applicability remains to be seen once the design is finalized.
Another phenomenon in the pebble-bed design is the wall interface effect, which may cause diversion of
some coolant flow. The number of pebbles across the core diameter is known to impact these effects.
The I&C concern is to determine what measurable effects would be seen in plant sensors in the case of
changes to the core barrel geometry.
3.4.1.2 Core coolant flow and properties
Coolant heat transfer correlations are used to calculate core temperatures. Models are generally based on
equations that yield core-average values, but local values of heat transfer vary significantly from average
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heat transfer. Moreover, heat transfer calculations in high-temperature regions tend to be more difficult.
For the pebble-bed design, flow laminarization is known to take place close to vessel wall, which further
complicates the modeling of fluid flow and heat transfer.
Core inlet flow distribution is important for core cooling calculations. Inlet flow distribution is mainly
imposed by the inlet pressure distribution, which is a strong function of complicated geometry of the inlet
plenum. For systems with multiple loops, thermal mixing takes place in the plenum. For cases where
proper mixing is not achieved, nonuniform inlet temperature distributions might occur. If the
nonuniformites are sufficiently large, they result in thermal stress problems. Some degree of uncertainty
exists in the data and correlations.
Understanding of flow distribution in the outlet plenum is complicated by multiple phenomena including
turbulent mixing with incoming jets over large temperature spans. This issue may contribute to localized
hot spots leading to excessive thermal stresses. Thermal streaking may lead to problems with downstream
components such as a turbine or the IHX.
3.4.1.3 Core properties
Material property changes over the life of the components primarily as the result of irradiation affect the
results of certain critical calculations, including T fuel
(low values) and Tvessel max (high values).





max

Because graphite mass constitutes a large portion of the reactor core, core effective conductivity is a
complex function of graphite temperature history and cumulative radiation dose. Of particular safety
importance is the calculation of peak fuel temperature, which is highly sensitive to irradiation and
annealing—two competing processes. Significant deviations in peak fuel temperatures were demonstrated
(approximately 75 to 100ºC) based on realistic sensitivities in fuel element annealing. Local predictions
of level of annealing can be problematic. Because of the level of uncertainty involved, most safety
analysis calculations cannot take advantage of annealing effects because the uncertainty in data is too
large to separate out these effects.
Graphite heat capacity also varies as a function of temperature. Understanding of heat capacity is
particularly important in determining fuel failure fraction in accident analyses. A large heat capacity
provides a wider margin to failure due to slower accident response and gives time for taking protective
actions during an event. It also allows more time for fission products with shorter half-lives, hence
reduces the source term in severe accident analyses. Heat capacity data for graphite are quite good.
Another critical core material property is the vessel emissivity, which may deviate drastically depending
on the history of elevated temperatures and time-at-temperatures. Understanding of vessel emissivity is
important in accident analyses to predict the amount and rate of heat exchange between the reactor vessel
outer surface and the RCCS walls. This property was designated to be of high importance by the Accident
and Thermal Fluids Analysis PIRT group10. All of this discussion also applies to RCCS panel emissivity.
However, these considerations have more relevance in accident analysis calculations; most control
systems design and analysis tools will neglect this process.
Stored (Wigner) energy is the energy from carbon atom dislocations in the graphite lattice structure of the
moderator and reflector graphite due to irradiation. The sudden release of Wigner energy was a significant
contributor to the Windscale accident in 1957 and is important for due consideration of a significant
reactor accident involving a graphite moderated core. The susceptibility of NGNP to sudden release of
Wigner energy is much less than Windscale because the temperature of operation is much higher. The
graphite lattice anneals at normal operating temperature expected for the NGNP; however, the Wigner
energy should be given consideration at low-temperature operation where the amount of dissipative
energy from the thermal vibration modes is not sufficient to restore the lattice structure. This phenomenon
is most notable—for graphite—at temperatures between 200 and 250ºC where large energy releases are
observed. Understanding or incorporation of this phenomenon is necessary in fuel failure fraction
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calculations. This process is fairly well understood, and it is not expected to occur for irradiation of
graphite at high temperatures where annealing effects dominate. Since the focus of control systems design
and analysis mostly deals with higher temperature normal operations and anticipated operational
occurrences, Wigner stored energy in most cases may be neglected. It should be included in low
temperature criticality events.
3.4.1.4 Factors affecting reactivity, power transients, and power distribution
There are a number of postulated scenarios that can affect overall reactivity of the core. Different
scenarios can be considered for the prismatic design and the pebble-bed design.
A common scenario for designs that use a direct cycle with a steam generator is reactivity insertion due to
steam or water ingress into the primary system. The primary concern is the potential for large water
ingress from steam generators for steam cycle plants because of the large inventory of water at pressure
higher than the helium pressure in the steam cycle plants. Other water sources, such as the SCS or PCU
coolers, may also leak and lead to steam coming in contact with the primary system. The potential for
these sources to be introduced to the primary is less because their pressure is normally less than the
helium pressure. In-leakage would only occur for low pressure events. Water presence—even at small
volume fractions—increases neutron moderation and potentially resulting in positive reactivity insertion.
Presence of water at sufficiently high concentrations decreases the control rod effectiveness for prolonged
exposure periods, resulting in reduction of the shutdown margin. However, HTGRs have notably high
negative reactivity feedback mechanisms that should effectively compensate these effects and safely
reduce the power level. However, the level of passive safety is design dependent and is also a function of
amount water leaked into the primary system. Past experience with the Fort St. Vrain and AVR reactor
indicates that, if water is present at all in the cooling system, water leakage into the primary gas is
difficult to prevent. Moreover, moisture sensing is difficult and is expected to involve a gas sampling and
cooling process with flow and sensing dynamics. Simulating ingress, moisture propagation, and sensing
phenomena should be supported in the control and protection system design and analysis tools to
demonstrate that the control system will reduce the potentially adverse effects of reactivity insertion to
protect the investment, and that the protection system activates according to design requirements to bring
the reactor and the plant to a safe state. Major steam or water ingress scenarios will probably not be
covered within the control system design but most likely be addressed under safety analyses or severe
accident analyses. Protection system design might be required to meet certain functional requirements to
mitigate potential consequences during the progression of the accident. Modeling the moisture sensing
system and its reliability to sample the coolant at the appropriate location and detect the presence of small
leaks is the main I&C analysis concern.
Negative reactivity feedback coefficients for fuel, moderator, and reflectors provide passive safety
shutdown characteristics. These mechanisms provide inherent defense, by very nature of the physics,
against—almost—any reactivity insertions. Hence, their understanding is critically important to deliver a
safe system. The understanding of these feedback mechanisms is hindered by lack of knowledge of
resonance capture phenomena at high temperatures. Experiments performed at high-burnup graphite piles
at high temperatures suggest miscalculation of power coefficients. Resonance capture is parasitic
absorption of neutron during the slowing down process. Shifts in neutron spectrum due to water ingress
may change the fraction of resonance capture. The moderator or reflector reactivity feedback coefficient
will essentially depend on whether the capture fracture increases or decreases—for negative feedback,
fraction of resonance capture should increase as the neutron spectrum softens. Reactivity coefficients are
typically inputs to I&C models. The safety and control system analysis requires that suitable coefficients
that reflect the range of uncertainty be calculated for the specific conditions under simulation.
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3.4.1.5 Inlet plenum
In most proposed reactor designs, the coolant gas enters an annular region around the core near the
bottom of the vessel. It flows upward keeping the pressure vessel at the cooler conditions of the reactor
inlet gas. At the top of the core barrel, the coolant turns and enters a volume above core and reflector that
distributes the coolant for downward flow through the core, reflector, and control components.
3.4.1.6 Core inlet flow distribution
Knowledge of core inlet flow distribution is important for core cooling calculations. It constitutes a
boundary condition for coupled thermal hydraulic and neutronic dynamics. The inlet plenum employs a
sophisticated geometry to control flow into the reactor core, which provides a regulated introduction of
coolant into the flow channels. Presence of core support structures and other essential components also
causes flow disturbances which further complicate the computational model. For the prismatic design,
flow channels will have varying heat generation rates due to three-dimensional flux shape in the core.
Hence, the core inlet flow should be determined based on the anticipated power map during normal
operation. For the pebble-bed design, coolant follows a more stochastic path due to random motions of
pebbles in the core barrel. Moreover, the flow channels in the pebble-bed design are more interconnected
than those of the prismatic design potentially resulting in faster-developing cross flows due to
discrepancies in local heat generation rates in neighboring cells. As a result of this, flow in pebble-bed
cores would tend to reach equilibrium before it reaches the hot portion of the core.
In the prismatic design, on the other hand, channels are convectively independent along graphite columns;
therefore, cross flows can only develop in the space between stacks.
3.4.1.7 Thermal fluid mixing from separate loops
Multiple loops with different types of heat loads are likely to result in unbalanced return temperatures,
particularly in transient conditions. Hot and cold streaks can persist for great distances in pipe flow. Lack
of sufficient degree of mixing leads to nonuniform core inlet temperature distribution, which ultimately
induces undue thermal stresses in components, particularly in the core support structure. Also, the
temperature sensors read a local temperature rather than the average temperature which could result in
incorrect control or protection system response.
A good understanding of mixing is also necessary for fuel time-at-temperature calculations for safety
analysis. It is not expected that a system code would incorporate three-dimension flow models; however,
a range of mixing behaviors should be considered when evaluating I&C response.
3.4.1.8 Outlet plenum
The outlet plenum is the chamber at the exit of the reactor vessel in which flows from the core and bypass
channels mix together and flow to the concentric duct. It is particularly significant because of the
distribution of temperatures at the core exit can lead to hot streaks that can potential damage components
downstream.
Flow distribution from the core into the outlet plenum is a complex function of pressure drops in the
channels upstream as well as the irrecoverable losses in the outlet plenum. The latter is primarily affected
by sudden change in coolant flow direction due to geometry of the outlet plenum subject to coolant
velocity profile at the core outlet.
Flow distribution affects how the fluid mixes in the plenum. Proper mixing of the hot stream is intended
to reduce local hot spots downstream that may introduce excessive stress on the support structure and
other critical components, such as the IHX and the turbine.
The complication arises from the complex nature of turbulent mixing with incoming jets over large
temperature spans. This condition is further exacerbated in pebble-bed reactors.
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Similar approaches to provide approximate models of partial mixing in a system code may be needed for
cases investigating detectability of hot jet behavior in the outlet plenum.
3.4.1.9 Reactor Vessel Cavity and RCCS
Reactor vessel cavity is the chamber in which the reactor pressure vessel is contained. The RCCS is a
safety-grade passive decay heat removal system that serves as an alternative to active heat removal
systems. The primary modes of heat transfer are (1) radiation from vessel to RCCS panels, (2) natural
convection in RCCS tubes—either air or water, and (3) convective air-cooling with natural draft. The
primary purpose of RCCS is ensuring the integrity of reactor cavity concrete as well as reducing the
pressure vessel temperatures to increase the lifetime of the component. The latter purpose is not
considered a safety issue but is implemented for investment protection purposes.
In analyzing depressurization events, one of the unknowns is the location of the break which might
significantly affect axial heating profile of the RCCS. The axial heat flux profile determines the radiant
heat input from the core to the reactor vessel creating another level of complexity in determining the
temperature profile of the vessel. Furthermore, since the RCCS is always active and removing heat, the
radiant heat transferred by the RCCS is the integral part of total heat balance; hence, validation data is
needed.
A key parameter in this process is the emissivity of surfaces that are involved in the radiative heat
transfer. As the components age, its surface properties undergo significant changes, which in turn results
in major shifts in emissive and absorptive characteristics. Therefore, data compilation is an essential part
of understanding how the components will behave under anticipated accident conditions. View factors
can be easily calculated with commercially available engineering software tools. Prior to obtaining
operational data for emissivity, the I&C code would require a range of appropriate values of emissivity to
cover the limiting cases which may exist.
The conductive heat transfer in the solids involved can contribute a significant fraction of the overall heat
exchange; therefore, conjugate heat transfer models should be considered even in I&C codes.
There have been known issues with water-cooled designs in the past for similar systems. For instance,
fouling on the coolant side is a known in heat-exchange systems with insufficient chemistry control.
Fouling is referred to as the accumulation of material on solid surfaces. This gradual buildup of scale over
time impedes the effectiveness of the heat transport system resulting in lower heat removal. Again, the
I&C code depends on external calculations for appropriate range of fouling factors.
3.4.1.10 Piping and ducts
The interconnections between components may be conventional piping and ducts but also a mathematical
or organizational distinction such as the annular regions of the vessel that serve to direct flow of gas. The
general approach to modeling piping is to simplify to one-dimensional flow and account for the
convective energy transport and flow and pressure drop characteristics of the pipe in the hydrodynamic
solution using standard control volume approach. Wall temperature is typically included in VHTR model.
Unlike conventional LWRs, temperatures in the pipes and vessels can be the limiting concern even in
normal operating transients.
One unique component in the VHTR design is the concentric duct. The reactor vessel in most of the gas
designs is connected to the heat removal system by a concentric duct in which the hot coolant leaving the
reactor flows in the inner region of the duct, and the cooler returning flow is in the outer annular region.
The purpose of this configuration is to reduce the pressure that the wall of the hot duct must be able to
bear. The high temperature of the exit gas requires materials that will not creep under load. By placing the
duct inside the pressure boundary of the return flow the pressure across the duct wall is only the
difference in pressure between the hot leg and the cold flow rather than the full pressure drop to ambient.
However, the concentric duct introduces certain accident scenarios which must be detected in the plant
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and controlled. Failure of the hot duct into the cold duct leads to a sudden increase in the outer wall
temperature. Failure of both walls leads to the potential for air ingress. The I&C analysis of these events
involves both the ability to simulate instrumentation for detection of failures and safety system responses.
3.5

Shutdown Cooling System

Shutdown cooling system (SCS) is an active system intended to remove the decay heat after reactor
shutdown as a redundant means to the secondary heat transport system. Typically, the SCS is designed to
come online following detection of (1) heat exchanger leaks, (2) circulator overspeed, (3) low cooling
water flow, (4) loss of net positive suction head, and (5) high heat exchanger temperatures. A conceptual
rendering of the SCS along with some the primary heat transport system components is shown in Fig. 4.

Shutdown Cooling System Design Paramet
600MW(t) Reactor

EQUIPMENT

Depressurized

Shutdown Heat Exchanger
(Metallic Core Support Floor)

Design Heat duty
Helium inlet temperature
Helium outlet temperature
Helium flow rate
Water flow rate
Water inlet temperature

14.1 MW(t)
1032°C
1032
C
1890°F
179°C
355°F
3.21 kg/sec
25,438 lb/hr
57.19 kg/sec
454,000 lb/hr
60°C
140°F

Shutdown Circulator
Motor power

Electric Motor

Speed
Exit pressure
Inlet temperature
Helium pressure rise
Helium flow rate

Fig. 4. Proposed layout of the SCS in the bottom portion of the reactor vessel underneath the metallic
core support floor.11
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Upon activation, the SCS closes the shutoff valve and shuts down the primary helium circulator. As
illustrated in Fig. 5, the SCS consists of a helium circulator, a helium shutoff valve, a gas-to-liquid heat
exchanger, and a control system, and it interfaces with the Shutdown Water Cooling System and service
equipment.
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323 kW
433 hp
6000 rpm
84.1 kPa
12.2 psia
179°C
355°F
6.14 kPa
0.89 psia
3.21 kg/sec
25,438 lb/hr
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Gas
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Shutoff
Valve
He Out

Circulator

omponents List

Single SCS Loop

He Circulator
Fig. 5. Functional diagram of the SCS—single loop per reactor module.11
per Reactor Module
He Shutoff Valve
Gas to Liquid Heat Exchanger
Control System
Shutdown Water
Cooling
The
SCS isSystem
classified as a nonsafety-related system in the modular high temperature reactor (MHTGR)
Service Equipment
q p and was considered to be one of the two systems available for decay heat removal in case the secondary

heat transport system became unavailable.9
3.5.1.1 Flow and temperature transients during startup
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The SCS is not operational under normal reactor conditions, primarily because any heat removed by the
SCS is nonrecoverable and contributes to the parasitic heat loss. Upon initiation of flow in the SCS loop,
the SCS can undergo flow and temperature transients until it finally reaches equilibrium. A low-order
model of the SCS can be developed and implemented into the integrated plant dynamics simulation. This
capability will determine the operating envelope of the design and help investigate if safety-critical
functions are challenged.
The startup transients in the SCS can potentially cause excess thermal stress in adjacent components.
These transients must be well understood because they challenge the integrity of the primary system
boundary.
3.5.2

Maintaining water coolant inventory

The usual working fluid in the SCS is water, as illustrated in Fig. 5. The water inventory in the system
must be maintained at all times to meet the functional requirements of the design. Furthermore, in
addition to the mass inventory, the chemistry of the coolant should also be regulated to avoid or mitigate
fouling in the water-to-air heat exchanger and other mechanical units. Some level of fouling is
unavoidable and can be tolerated, but excessive build-up can drastically change the thermal resistance in
tubes and may result in departure from the nominal operating envelope.
A simple parametric fouling model can be incorporated into the thermal model to determine its effect on
overall performance of the system.
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3.5.3

Steam/water ingress into primary loop

The SCS provides an additional redundancy for removing heat from the reactor in a post-shutdown
condition. However, it introduces an additional risk by bringing a water source in close proximity to the
primary system. The SCS pressure should nominally be kept below the pressure of the primary coolant to
reduce the risk of water or steam ingress. However, if a leak path from the SCS into the primary system
develops coincidentally with a depressurization event, the pressures will eventually equalize and allow
ingress of water or steam into the primary system. The I&C code must evaluate the instrumentation
detects and respond to limit the water ingress by isolating the SCS. A transition to alternative cooling
must be demonstrated.
3.6

Intermediate Heat Exchanger

The IHX is a gas-to-gas or gas-to-liquid salt heat exchanger that couples the primary heat transport
system to the secondary loop of the plant. The IHX is a critical component for safe operation of the
reactor and the rest of the systems in the balance-of-plant side. It is anticipated that the IHX will
experience the most severe operational conditions because it is connected to the outlet plenum where very
hot gas streaks of gas exiting the core are possible due to hot channels and imperfect mixing in the outlet
plenum and hot duct. Protecting the IHX from excessive temperature is one of the limiting cases for
control and safety analysis.
Control of flow and temperature in the IHX is a concern in both normal and abnormal operating
conditions. Unlike LWRs, VHTRs have greater risk from undercooling the IHX than from undercooling
the core. Control and safety responses have to be sufficient to protect the pressure boundary between the
primary and secondary coolant and prevent a normal operating event such as loss of heat sink from
progressing to a pressure boundary failure.
One interesting anticipated transient of high importance is the potential failure in the intermediate heat
transport loop that moves heat from the primary heat transport system. For gas-phase intermediate heat
transport systems, the total gas inventory in the intermediate loop may be significantly larger than the
total inventory of gas in the primary system. A failure in the intermediate heat exchanger may first result
in overcooling the primary helium due to enhanced heat transfer followed by a loss of heat sink (i.e.,
undercooling).
Failure of the IHX can potentially lead to damage to safety-related SSCs due to blow-down effects from
large mass transfer and over-pressurization of either the primary or secondary loop. The degree of damage
depends on the heat transfer fluid in the secondary heat transport system—helium in the secondary loop
might significantly increase pressurized gas inventory and result in prolonged depressurization events.
The eventual effect of loss of pressurized coolant inventory from the intermediate heat transport system is
the loss of heat sink to the primary loop.
3.7

Turbomachinery

The helium circulator and turbine are axial flow turbomachines. In a gas turbine plant such as the gasturbine high-temperature reactor (GT-HTR), the turbine, compressor, and electrical generator are
combined on a single shaft usually in the primary loop of the plant. The turbine turns the shaft supplying
power to both the circulation of primary coolant and electrical generator. This configuration is described
as a closed Brayton cycle design (closed in the sense that the working fluid is cycled through the core,
turbine, and compressor in a closed loop. In contrast, an aircraft jet engine is an open Brayton cycle.)
In designs utilizing a steam generator and conventional steam turbine for electrical generation, the helium
circulator is powered by an electric motor. Typically the electric motor for the circulator is variable speed.
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The dynamics of flow in conjunction with the dynamics of the shaft mean that the turbomachinery is an
important dynamic element of both control and safety analysis. In most safety scenarios, the circulators in
the primary loop are tripped at the start of any event involving reactor shutdown. This has the effect of
protecting the heat removal equipment from the transient and allows the reactor heatup to assist in
shutting the reaction down through negative temperature feedback.
3.7.1

Modeling equations

The complicated flow through moving and fixed rows of blades in a turbine or compressor precludes a
complete first-principles model, at least for the purpose of I&C transient calculations. A lumpedparameter, one-dimensional flow model is usually used in a system modeling code, wherein one or more
stages of a turbine are treated as a single volume called a stage group. The flow volume may be staggered
with respect to the mass and energy volume. The stage group is then represented using energy, continuity,
and momentum equations which are modified to account for the mechanical work done on or by the
blades. In general the fluid volume within the turbine is small compared to other volumes. Consequently,
the time constants associated with the dynamic conservations are very small and may limit the time steps
size for the numerical integration of the hydrodynamic equations. In many models, one or more of the
conservation equations is approximated as a quasi-steady balance equation with no storage of the
conserved quantity in the fluid. This is equivalent to approximating the small actual volume as a zero
volume element.
3.7.2

Performance maps model for head and efficiency of gas turbines and
compressors

The mechanical performance of gas turbomachines can be represented by relationships that relate
pressure change and efficiency to variable conditions of the device such as flow, speed, inlet pressure, and
inlet temperature. These relationships are called performance maps or characteristic maps. The
performance maps can be used to determine the actual work done on or by the fluid and the net power
available to the shaft. The maps may be calculated using detailed multidimensional flow models in a
separate calculation of the turbine components or determined from experimental data. Dimensional
analysis suggests that devices that are geometrically similar have similar performance maps when the
variables are reduced to their dimensionless groups so that a class of similar devices can be represented
by a single set of performance maps.
In compressible flow devices, the performance map relationships are defined in terms of dimensionless
groups in the following general form.12
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(3.7-1)

The three performance coefficients on the left-hand side are the pressure coefficient, efficiency, and the
power coefficient. The pressure coefficient is the ratio of stagnation pressures. Stagnation pressure is
1
defined as p0  p   c 2 and accounts for the recoverable pressure from the kinetic energy in the flow.
2
c2
The definition of stagnation temperature similarly accounts for kinetic energy in the flow, T0  T 
.
2C p
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(Note that specific heat for a perfect gas is given by C p 

R
.) The additional subscript of 1 or 2 on the
 1

variable indicates inlet and outlet respectively.
The efficiency coefficient (sometimes called the hydraulic efficiency) for a turbine is defined as

t 

Actual work done by the fluid
. (3.7-2)
Maximum possible work in an isentropic expansion from the entering to leaving pressure

The corresponding definition of an efficiency of a compressor is the minimum work done on the fluid
actual work by an isentropic compression from entering to leaving.

c 

Minimum possible work in an isentropic compression from the entering to leaving pressure
.
Actual work done on the fluid

The formulae are defined differently so that the efficiency is between zero and 1 for both compressors and
turbines.
The four dimensionless groups in the argument of the performance map are respectively dimensionless
flow, dimensionless speed, Reynold’s number, and ratio of specific heats. The variables appearing in the
dimensionless groups are m mass flow rate, T01 stagnation temperature at inlet in absolute units, N
angular speed, D diameter of rotor, R gas constant ( R  R0 / MW where R0 is the universal gas constant
R0  8.314 kJ / kg mol / K and MW is the molecular weight of the gas).
For a specific device handling a specific gas, it is customary in vendor literature to omit the constants of
the design (D, R, and  ) and write the performance maps in terms of dimensioned input quantities. The
Reynold’s number, Re, is usually dropped as an input because the performance maps do not depend
strongly on it. For a turbine operating on an ideal gas (not a steam turbine), the power coefficient is
directly related to the change in temperature. Since temperature can be measured directly in the device,
the power coefficient is usually written in terms of temperature.
With these changes in formulation, the performance maps are then formulated in terms of the general
parameters
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(3.7-3)

The performance relationships for Tˆ / T01 can be obtained theoretically for a turbomachine operating on
an ideal gas. The ideal gas law ( p   RT ), the perfect gas law for isentropic expansion,
( p    constant ), definition of efficiency, and the steady state conservation of energy in the gas can be
used to derive the following an algebraic expressions. By convention, the two equations are needed
because the efficiency is defined differently for compressors and turbines so that the ratio is positive.
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(3.7-4)
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(3.7-5)

Compressor

Tˆ0,c
T01

where the subscripts, t and c, have been added to distinguish the turbine and compressor relationships
respectively.
The enthalpy of an ideal gas is given by h  CP T . That the shaft work done on or by the fluid can be
computed as:
Turbine

Wshaft ,t  mC p Tˆ0,t

(3.7-6)

Wshaft ,c  mC p Tˆ0,c .

(3.7-7)

Compressor

By convention, the equations are defined differently so that the temperature difference is positive. The
equations are defined such that Wshaft ,t is negative and Wshaft ,c is positive.
The efficiency and pressure ratio performance maps are usually obtained by detailed calculation or
experiment. Figures 6 and 7 illustrate typical performance maps for a gas turbine and a compressor. The
figures were generated analytically by Yan13 using data obtained from General Atomics and United
Technology for the GT-HTR.
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Fig. 6. MGR-GT compressor performance maps.13
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Fig. 7. MGR-GT turbine performance maps.13

Since the pressure coefficient and efficiency which appear in (3.7-4) and (3.7-5) are available from Figs.
6 or 7, the power from the shaft work can be evaluated using the inlet conditions. These quantities
represent the energy added or removed from the fluid in the stage group control volume by the blades.
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(3.7-8)

Similarly, the change in stagnation pressure across the blade region is obtained from the pressure
coefficient map.
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3.7.3

(3.7-9)

Conservation equations for the fluid

Figure 8 represents a general control volume in which shaft work is included

Fig. 8. General control volume with shaft work.

To distinguish between the work done on or by the blades and other energy terms, the stage group can be
considered as two parts in a series: first, a volumeless blade region, then an associated fluid control
volume. A circumflex is used to distinguish the outlet of the blade region from the outlet of the control
volume. Hence, the stagnation pressure of the outlet of the blade region, which is the inlet of the control
volume) is p̂02 . The outlet of the control volume is p02 .
The general time-dependent conservation equations for energy, mass, and momentum for a control
volume are modified to account for the mechanical work done on or by the blades. The conventional form
of the control volume equations for energy and mass are obtained by integrating the differential
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conservation equations over the volume. Terms associated with the shaft work appear in the energy and
momentum equations.
Mass

V

d
 m1  m2 .
dt

Mass storage

(3.7-10)

Convected mass

The overbar on  indicates an appropriately defined integral average along the path of the fluid through
the stage. The mass flow rates into the control volume at the inlet and outlet are m1 and m2 Note that
mass flow and the fluid velocity are related by m  c A where c is fluid velocity, and A is flow area.

Energy





c12
c22
d e
V
 m1  h1   gz1   m2  h2   gz2   Q  Wshaft .
dt
2
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 Conducted
Energy Storage

Energy

Convected
energy

(3.7-11)

Shaft
Work

In the energy equation, e represents the total energy of the fluid including thermodynamic energy, kinetic
c2
c2
energy, and potential energy from elevation, e  u  pv   gz  h   gz . The overbar e indicates
2
2
an integral average over the volume.
The momentum equation may take various forms in the turbine and compressor models. The equations
may appear to be different but are actually equivalent. It is worthwhile to address the main different
versions to show the equivalence. The following differential form of the momentum equation in three
dimensions is derived by applying Newton’s second law to an element of fluid.14
  c 
t
Temporal
acceleration

     cc   p   g    τ ,

(3.7-12)

Applied forces

Spatial
acceleration

where c is the velocity vector, cc is a vector multiplication that yields a 33 matrix, g is the gravitational
field vector, and τ is the viscous stress tensor. Expanding the derivatives on the left yields



c

c
 c    c    c  c  p   g    τ .
t
t
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(3.7-13)

Regrouping terms yields an expression in which the continuity equation emerges as a factor in the second
term. This term is exactly zero.



c
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(3.7-14)

Applying that simplification yields the following equation:



c
  c  c  p  g    τ .
t

(3.7-15)

The second term may be put into a form that is directly integrable along a streamline by using the
following identity:

 

1
2
c  c   c  c     c  .
2

(3.7-16)

The last term in (3.7-16) is identically zero so that the momentum equation may be written as



 

c 1
2
  c  p  g    τ .
t 2

(3.7-17)

Equations (3.7-12) and (3.7-17) are two forms of the same equation. Both are used for modeling
turbomachines. The difference in the storage rate term accounts for the factor of one-half in the spatial
acceleration. If a quasi-steady equation is formed by dropping the storage rate and simplifying to one
dimension, then the momentum balance is different by the factor of one-half. The difference in the term
  c
c
which is set to zero,
in the one case and
in the other that accounts for the difference in the
t
t
equations. We will proceed from Eq. (3.7-17).
Before forming the control volume equations by integrating over the volume, the vector velocity needs to
be converted into a scalar. Flow distribution and pressure distribution are fairly uniform across a crosssectional area perpendicular to the direction of flow. Flow components in the cross-sectional area (i.e.,
normal to the direction of flow) are associated with turbulence and viscous dissipation. The usual
approximation for dynamic models is to assume one-dimensional flow along a streamline to reduce the
momentum equation to a scalar equation. Let s be the position variable along the streamline and cs be the
velocity in the streamline direction.
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cs 1  2

   cs    p  g sin      τ s ,
t 2 s
s

(3.7-18)

where  is the angle s makes with the horizontal. This form of the momentum equation can be integrated
along a stream line. The effect on the fluid momentum of shaft work and viscous loss are incorporated
through the    τ s term. Integration of the spatial acceleration term requires an approximation to bring
the density inside the differentiation.

2
 2

2
2
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(3.7-19)

This approximation is not very good for gas flow but is commonly made. The resulting integral equation
is the following:

s

2
dc 1
 s   2 cs2,2  1cs2,1     p2  p1   g  z2  z1       τ s ds .
dt 2
s1

(3.7-20)

The integral averages of velocity and density are obtained by the definitions:

s2

cs

  c ds ,   

  ds
s

s1

s2

s1

s2

 ds

LT

.

(3.7-21)

s1

s2

The term, g  z2  z1  , is obtained from  cos ds  z2  z1 . The variable, z, represents the elevation along
s1

the streamline.
The stress term,    τ s , accounts for the interaction between the fluid and the solid surfaces in the
control volume that result in both useful momentum gained or lost by the moving blades acting in the
direction of flow (shaft work) or momentum lost through viscous dissipation. A rigorous assessment of
the term is beyond the scope of this review. We can simplify the term into pressure change components
due shaft work and viscous dissipation:

s2

   τ 

s

ds  pshaft  ploss .

s1
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(3.7-22)

In dynamic models using performance maps as in Eq. (3.7-9), the pshaft comes from the performance
map:

pˆ 
pshaft  pˆ 0  p01 1  02  .
p01 


(3.7-23)

The loss term is usually small. If it is accounted for in the model, it is usually approximated as a form loss
of the following type:

ploss 

1
K visc  c 2 .
2

(3.7-24)

Substituting the shaft and viscous terms into the momentum equation gives the following general form:

LT 

3.7.4


dcs 1
pˆ  1
  2 cs2,2  1cs2,1     p2  p1   g  z2  z1   p01 1  02   K visc  c 2 .
dt 2
p01  2


(3.7-25)

Quasi-steady approximations

The three conservation equations in integral form, Eqs. (3.7-10), (3.7-11), and (3.7-25), the performance
map relationships Eqs. (3.7-8) and (3.7-9), and the ideal and perfect gas expressions form a system of
algebraic and differential equations that is at least formally solvable. However, this fully dynamic form
poses some numerical difficulties for the typical I&C application. In general, the path length through a
stage group is small compared to the fluid velocity so that the time constants associated with the turbine
or compressor are much smaller than those of the rest of a typical system model. Time constants
associated with mass, energy, and momentum are on the order of path length over gas velocity and path
length over sound velocity. Solving the conservation equations dynamically would make the system very
stiff. If the differential equations are solved by explicit integration methods, a smaller time step would be
required for the turbine and compressor components than for other parts of the model while capturing
very little in the way of important system dynamics. Under these circumstances, it is generally
appropriate to approximate one or more of the conservation equations as a quasi-steady process to
improve efficiency of the numerical solution. Mathematically, the quasi-steady implies that the dynamic
equation continuously and instantly returns to equilibrium, and the right hand side of the differential
equation is perfectly a balanced algebraic expression. It is exactly the same as approximating the small
actual volume of the stage group as a zero volume. For example, the quasi-steady approximation for mass
equation is obtained by setting V in Eq. (3.7-10) to zero and yields a relation that states that the outlet
flow is equal to the inlet flow. In general the same approximation is made throughout all stages so that a
single uniform flow is used in a device as in the following:

m1  m2  m .
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(3.7-26)

The energy equation can be simplified in the same way as the mass equation by setting the volume to
zero. Also, the potential energy and conducted energy terms are small and may be neglected. With these
two approximations, the resulting energy equation is given by:
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(3.7-27)

To simplify Eq. (3.7-27), the convected energy can be written in terms of the stagnation temperature and
Wshaft may be replaced with the formula from Eq. (3.7-8). Assuming the quasi-steady continuity equation
is also being applied, the energy equation may be solved for the stagnation temperature at the outlet of
turbine and compressor, respectively.
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(3.7-28)

Substituting this result into Eq. (3.7-27) gives

mC p T02  T01   Wshaft .

(3.7-29)

Using the shaft work equations in Eqs. (3.7-6) or (3.7-7) and the performance map calculations of the
power ratio from Eqs (3.7-4) or (3.7-5), the following result is obtained:
 Tˆ 
T02  Tˆ02  T01 1  c  ,
T01 

.
 Tˆt 
T02  Tˆ02  T01 1 
;
T01 


(3.7-30)

Thus, for the quasi-steady approximation, the outlet temperature is computed directly from the
performance map.
The quasi-steady momentum equation is obtained by the same approach.

0
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(3.7-31)

The elevation term and the wall friction term are small for turbomachines and may be neglected. After
applying these approximations and rearranging, the quasi-steady approximation gives


2 cs2,2
1cs2,1 

pˆ 02 
p


p

 2
   p01 1 
 .
1
2
2 
p01 



(3.7-32)

Using the definition of stagnation pressure gives the final result
p02 pˆ 02
.

p01 p01

(3.7-33)

In use, the turbine model would have a pipe or plenum upstream and downstream which gives the
entering and leaving stagnation pressures. The performance map for pressure ratio gives the flow that
matches the given pressure ratio and shaft angular speed.
When the turbine model is divided into many stage groups, a fully quasi-static model (all conservation
equations are quasi-steady), the numerical problem is that the model is a system of nonlinear algebraic
equations which cannot be solved analytically for the flows, pressures, and temperatures. Numerical
solutions of the systems, with a finite accuracy, must be employed to find a solution. The error in the
numerical solution of the system may interact adversely with the solution of the pressure and flow
equations in the remainder of the plant model.
In models reviewed for this paper, MELCOR’s approach is fully quasi-static. A numerical approach for
iteratively solving the system of equations is described. For RELAP, the energy equation is quasi-steady,
and the mass and momentum equations are solved dynamically as part of semi-implicit scheme for the
full hydrodynamic network of the model. The user is advised to artificially increase the control volume
length of inlet and outlet plena to make the system less stiff and alleviate numerical problems with the
solution.
3.7.5

Conservation of angular momentum equation for shaft speed

The shaft momentum equation can be written in a number of ways depending on the phenomena of
interest. If the shaft dynamics and flex oscillations are important, each component on the shaft could be
represented with its own momentum equation and coupled to other components by a stiffness model of
the shaft. More commonly, however, the I&C modeler is primarily interested in the heat transport and
fluid systems, and the flexibility of the shaft is neglected. A typical shaft momentum equation
representing the shaft as a rigid member is the following:

I

t

 I c  I gen 

dN shaft
dt



Wgen Wlosses
Wt
W
,
 c 

N shaft N shaft N shaft N shaft

Rate of change of angular momentum

Torques applied to the shaft
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(3.7-34)

where I represents moment of inertia, Nshaft is the shaft angular speed, and W is the work rate. The
subscripts, t, c, gen, and losses represent turbine, compressor, generator, and mechanical losses,
respectively. The ratio of work rate to speed gives torque.
The model for shaft speed depends on the mode of operation. At least four should be considered:
1.
2.
3.
4.

generator synchronized to the grid,
generator operated as a motor by variable frequency generator,
generator tripped, and
broken shaft.

When the generator is connected to the grid, the shaft speed is fixed by the grid frequency. Small
fluctuations about the grid frequency are present but are only important for voltage and frequency control
for the grid. The effect on the fluid equations is small and generally neglected for fluid system models.
The shaft equation is reduced using a quasi-steady approximation. The generator accepts the net power
produced by the shaft perfectly and instantly. The shaft equation stays perfectly in equilibrium.

Wgen  Wt  Wc  Wlosses .

(3.7-35)

The resulting shaft speed is simply the grid frequency:

N shaft  N grid ,

(3.7-36)

where Ngrid is the grid frequency with appropriate conversion factor for the number of poles in the
generator.
Brayton cycle turbine generators are not self-starting; therefore, the shaft must be accelerated to speed by
using the generator (or some auxiliary motor) as a motor to drive the shaft to starting speed. The expected
configuration would have a variable frequency generator to gradually accelerate the shaft. In this case, the
generator work can be renamed motor torque and is the result of the dynamic model of the variable
frequency generator.
When the generator trips, the electrical load and synchronization are lost. The transient that follows is a
concern because of the potential overspeed and the potential overheating of structural metal following the
loss of heat removal. To protect the turbine and compressor, the turbine is bypassed and controls are
activated to reduce the speed and coolant circulation. The shaft equation reduces to

dN shaft
dt



Wt  Wc  Wlosses  Wmotor
,
 It  Ic  I gen  Nshaft

(3.7-37)

where Wmotor represents the special case of the variable frequency generator connected to the generator
operating as a motor.
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3.7.6

Electric motor compressor shaft model

In plants that utilize a steam generator instead of a gas turbine for power removal from the primary loop,
the compressor is powered by a variable speed electrical motor.

dN shaft
dt



Wmotor  Wc  Wlosses
.
 It  Ic  I gen  Nshaft

(3.7-38)

The model of the motor and motor controls are contained the Wmotor term. This term represents the
dynamics of the voltage of the DC generator that ultimately control the shaft speed.
3.7.7

Compressor stall or surge

Compressor stall is the condition in which the blade flow separates from the blade airfoil resulting in a
sudden change in performance. The basic phenomenon is the same as the stall of a fixed wing aircraft.
The stall condition occurs when the airfoil angle of attack increases beyond the point of maximum lift and
flow begins to separate at the trailing edge of the wing. In an axial compressor, the angle of attack of the
blades varies with the flow and shaft rotational. Just as in aircraft wings under abnormal operating
conditions, the angle can exceed limiting angle of attack. The condition can occur in a variety of modes
and varying severity. Rotating stall involves localized stall cells of relatively stagnant flow that rotate
around the circumference of the compressor. If the stall is due to a temporary external cause in the gas
flow, the stall may be not significant. Under other circumstances, the compressor may stabilize at a steady
although reduced compression than unstalled modeling would predict.
As the flow separation becomes limiting, the flow can reverse in the compressor resulting in a situation
called axisymmetric stall or surge. This is a particularly dangerous condition. Frequently, the flow
reversal reduces the pressure ratio across the stage so that positive flow resumes. Positive flow continues
until the surge condition returns leading to a repeated cycle that can lead to high levels of vibration and
potential destruction of the compressor.
The modeling of surge and stall is a difficult three-dimensional flow problem. In controls, the main
objective is to maintain the compressor in safe, unstalled operating conditions. Models of compressor
should provide stall limit curves to indicate the regions of safe and unsafe operation. If modeling of the
stall or surge condition is necessary, then the points of discontinuity in the flow and temperature
coefficients at the inception of stall and inception of surge must be accounted for in the numerical
solution.
3.7.8

Steam turbine models

Steam turbine models are similar to gas turbines except that the steam cannot be approximated as an ideal
or perfect gas. Steam properties replace the ideal gas relationships in the derivation. In steam cycles, it is
usually necessary to perform steam extraction and moisture separation. In dynamic models, these flow
terms for stage are provided by performance maps obtained from detailed engineering models of the
turbine.
3.8

Steam Generator

Steam generator is a heat exchanger with gas as heat transfer fluid on the heating side and water boiling to
steam on the cooling side. Generally, the steam generators are configured with water/steam on the tube

34

side and gas on the shell side. The steam side is typically higher pressure than the gas side. Because of the
low heat transfer properties of helium gas, the steam generators are designed with a variety of tube
configurations and extended surfaces to improve boiling stability.
To model the boiling process on the steam-water side, the heat transfer must represent the changes in the
heat transfer regime as the fluid is heated from liquid to vapor. The heat transfer correlations generally
divide the process into the following regimes:





subcooled,
nucleate boiling,
film boiling, and
superheat single phase.

Some designs of steam generators use separate bundles of tubes for each regime. Boiling can be isolated
to a drum boiler designed to improve boiling stability. In this case each set of tubes is modeled as a
separate heat exchanger.
Another approach to enhance heat transfer is the helical coil steam generator. In this design, the
water/steam side is a bundle of helically curved tubes. The arrangement of flow in the steam generator has
the primary (helium) coolant flowing downward in the shell and the secondary (water/steam) flowing
upward in tubes which are coiled in helices. The curved tubes enhance the heat transfer on both the
primary and secondary side. The primary coolant flow must flow almost perpendicular to the tube causing
enhanced turbulence at the surface and a thinner boundary layer.15, p. 269 This effect improves the heat
transfer roughly a factor of 3 compared to straight tubes. On the secondary side, the coolant must follow
the curved path of the helix. The radial acceleration along the curved path produces different forces on the
vapor and liquid due to their different speeds and densities. The liquid is driven toward the wall reducing
the tendency of a vapor film to form between the water mixture and the wall. The heat transfer tends keep
a thin film of water of the tube surface which rapidly evaporates in a very efficient form of heat transfer.
The secondary side heat transfer is two to five times more efficient than comparable boiling in straight
tubes. Empirical correlations specifically for the helical tubes for pressure drop and heat transfer must be
used to account for the enhanced fluid contact of the liquid and tube wall.
3.8.1

Tube heat transfer

The heat transfer rate at any point along a steam generator tube is proportional to the local temperature
differences from primary to tube and tube to secondary. Since the primary and secondary fluid
temperatures are only known at a finite number of points, some approximation of the temperature
distribution between points must be made. The obvious and easy choice, such as the arithmetic average,
leads to a very poor estimate of the heat transfer rate. Another common alternative is the log mean
temperature difference. This scheme is based on the steady state temperature distribution and, thus, gives
accurate results for slow transients. There are two problems with the log mean temperature difference.
First, the scheme does not readily allow the tube metal thermal dynamics to be modeled, and, second,
under transient condition, the argument of the logarithm can be negative which is not a valid
mathematical operation. The argument of the logarithm is a ratio of temperature differences. At steady
state, the ratio of temperature differences is always a positive number but can very easily be negative
during a transient. Various approaches to deal with crossed temperatures are purely ad hoc and contribute
an aphysical dynamic response.
A better alternative is to use a formula based on the heat exchanger effectiveness formulation by London
and Kays16. The usual effectiveness formula consists of the maximum heat transfer rate times and
effectiveness factor,  . The maximum heat transfer rate is the rate that would occur if the heat transfer
area were infinitely long or if the heat transfer coefficient were infinitely large.
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3.8.2

Tube leak model for water ingress from water into gas side

One of the significant design basis transients for the NGNP designs is the steam generator tube leak. The
pressure on the steam side of the steam generator is significantly higher than the gas side leading to water
ingress events when tube leaks occur. The chemical reaction of water with the graphite in the core is one
of the design basis events leading to core damage and radiation release. The safety model of the event is
concerned with the consequences of the worst case events and conservative approximations are used. An
I&C analysis is concerned with detectability and successful system response to limit the effects of the
event. Simulation of the leak rate, accurate modeling of the propagation of the mixture of helium and
steam to the location of detection, and a physical simulation of the detection mechanism is needed for
I&C analysis. One of the more complex systems for protection against water ingress is the steam
generator dump systems which rapidly drains the water from steam generator upon detection of moisture
in the primary. The dump system is a protective response whose interactions with other protection and
control systems must be simulated.
3.9

Instrumentation System

Instrumentation system includes components that are responsible for measuring a process variable. The
sensing element of the measurement system is usually referred to as the sensor, transducer, or
transduction element. Sensor is basically a device that converts (i.e., transduces) the physical quantity of
interest into a useful signal—usually an electric signal. The measured process (pressure, temperature,
flow, etc.) causes known variations in the transduction element, whose electrical response is correlated
with the process. This correlation, g(t) as shown in Fig. 9, is usually referred to as the response function—
or the transfer function—of the transducer.

f(t)

g(t)

h(t) = (f*g)(t)

Fig. 9. Mathematical representation of signals in a sensing element: f(t) is the process variable of interest,
g(t) represents the internal dynamics of the sensor, and h(t) is the measured sensor signal, which is the
convolution of f(t) and g(t).

Mathematically, the transfer function of the transduction element acts as a filter to the input signal and
converts it into the output signal—usually electrical signal. The filtering process might involve large
delays, which is usually the case for slowly acting processes, such as the temperature response of an RTD.
These delays, as shown in Fig. 10, should be taken into account in determining the response of the
instrumentation system as a whole. The delay parameters are particularly important in designing the
control and protection systems.
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Fig. 10. Response of a first-order system to a step input signal— is called the time constant.

Once the sensor output is generated, the signal is processed through various analog, digital, or a
combination of analog and digital components (e.g., preamplifier, amplifier, analog-to-digital, A/D
converters and digital-to-analog, D/A converters, cables, etc.). Each component introduces its internal
dynamics into the final signal generated in the process.
For control and protection system design purposes, sensor dynamics can be incorporated—in a simplistic
way like a first- or second-order model—into integrated plant models to determine the overall response of
the system. Models can be derived by simple analytical correlations or through experimental
measurements. Usually, within the operating range of the sensor, there is a linear correlation between the
measured quantity and the sensor response, which eliminates complex mathematical operations to convert
the measured signal into a meaningful engineering quantity (calibration). Derivation of physical models
of sensors can be found in the literature.17
3.10 Control System
A control system is defined as a device—or a series of devices—that regulate the behavior of other
devices or systems. A schematic representation of a sensor, controller, and the controlled system is shown
in Fig. 11. In this representation, the controller block includes the control unit as well as the requisite
actuators to translate the controller output to the physical process. An actuator converts the output of the
control unit into a mechanical response to introduce the appropriate change in the controlled system. An
example might be controlling the opening of a throttle valve to regulate flow in a control volume.

Error
Signal

Reference
Signal

r(t)

e(t)

+

Control
Signal

u(t)

Controller

Output
Signal
System

_

Measured output

Sensor

Fig. 11. A schematic representation of the control system.
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y(t)

The primary objective of a control system is to minimize the error signal, e(t), which is defined as

e  t   y  t   r (t ) ,

(3.10-1)

where y(t) is the output signal, and r(t) is the reference signal. The design philosophy of a control system
is that the overall system is stable—even if the controlled system or the process is inherently unstable.
The most common controller type is proportional-integral-derivative (PID) control, which is
mathematically represented as

t

u  t   K p e  t   Ki e   d  K d
0

d
e(t ) ,
dt

(3.10-2)

where K p is the proportional gain, K i is the integral gain, and K d is the derivative gain. A proper
controller design is achieved by tuning the gain parameters of each linear operator such that the overall
system is demonstrated to be stable within a prescribed domain of input signals. PID controllers can be
implemented directly by analog components.
Conventionally, the controller block includes analog passive and active components to generate the
control output. For certain systems, the control block may contain only mechanical components (e.g., a
relief valve to keep the pressure in a volume restricted within a threshold).
Other controller design strategies include, but not limited to, optimal control, robust control, fuzzy logic
control, etc. These control strategies come at the cost of sophisticated mathematical operations that
require high computational power and a lack of transparency in the response. Because the gas reactor is a
slow responding system with large energy storage, PID control is expected to be sufficient to deliver
desired performance. However, it is not optimal, and, for most cases, it is not a robust control design.
Robustness might be desirable for certain processes or systems to ensure that the system dynamics is kept
within certain bounds even though the input domain is allowed to deviate from the nominal ensemble of
inputs.
Control system components are commonly represented graphically using a schematic of analog wiring
diagrams as the model. The devices, such as summer, differencer, amplifier (gain), differentiator, and
integrator, are represented individually as graphical blocks. An example implementation of a control
system simulation is shown in Fig. 12.

Fig. 12. An example implementation of a PID control system simulation.
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The main concern of the models is to be able to interface the control design to the process in a simulation.
Important issues include accuracy of representing digital time delay and discretization of measured values
in analog to digital conversion.
3.11 Confinement and Containment
Modeling of confinement and containment are primarily a concern for depressurization events, although
certain events such as station blackout could result in substantial cavity heat up events. Phenomena
related to confinement and containment modeling include pressure, temperature, and gas composition
transients in the reactor cavity confinement space during depressurization accidents. An example event is
air ingress into the core through breaks in the reactor pressure vessel. This is a complex event involving
multiple phenomena. Safety analysis of the confinement and containment is responsible for analyzing
limiting cases to determine that the reactor fuel and structural components remain within design limits.
Instrumentation and control analysis is concerned with the active control of any systems required to
operate in the confinement and containment to detect and mitigate the event. In some designs, the
confinement or containment involves more active control of venting and filtering than a corresponding
LWR. Thus, some greater emphasis may be placed on the review of this part of the system. The I&C
concerns are control and protection system interactions during the event, detectability of events at sensor
locations, and survivability of I&C equipment under accident conditions.
The analysis requires that the geometry represented with a reasonably sized computation model which
properly accounts for the transfer of heat and mass without making the simulation large and slow. Gas
compositions in each node accounts for air, helium, reaction products due to oxidation, or water-graphite
reaction. Considerations are needed for air in-leakage to confinement space and for any special injections
of inert gas by the operators during recovery from a long-term accident.
3.12 Cavity
Rapid depressurization could possibly create large pressure waves, which could potentially damage safety
systems, including the RCCS. Damage in the RCCS may result in loss of cooling functionality of the
system—either partially or completely—hence, should be investigated for a consequential effect on
essential instrumentation and controls which might be used to provide backup decay heat removal.
Depressurization might also open up a release path for air and water ingress into the reactor cavity as well
as for possible fission product transport out to the environment. The I&C requirement is to consider the
event (depressurization) together with any potential consequential damage to the plant. The I&C role is to
evaluate vulnerabilities to I&C equipment damage and then to evaluate consequence. The calculational
model is usually limited to evaluation of the consequences.
The phenomena of interest for confinement and containment are significantly different than the
phenomena involved in the containment of a light-water-cooled reactor. First, the lack of phase-change
mechanism with helium may put the emphasis on gas cooling due to contact with the cavity structure.
Helium, unlike steam, will not condense to reduce pressure in the reactor containment. As a result, a
depressurization accident could retain the high pressure for a long time in the case of an airtight
containment. Confinement strategies are based on a controlled release with suitable holdup and or
filtering for scenarios that may produce fuel damage and contamination products with the coolant release.
Active control and monitoring play a larger role in the confinement strategy as the final barrier to
radiation release.
Cavity cooling through the modeling of passive reactor cavity cooling system involves conductive,
convective, and radiative cooling of the vessel walls. The reactor cavity cooling system loop involves a
natural circulation connecting the heat exchangers in the cavity and outside the cavity. Operation of the
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cavity cooling system is important for accident mitigation in the event of a station blackout. The operation
of the system affects operability of equipment needed for long-term cooling.
3.12.1 Gas composition and temperature
The gas composition in the reactor cavity affects the reaction rates in material properties for heat
transport. Temperature and pressure are the measureable variables which must be simulated. Combustible
gases including CO from air ingress events and hydrogen from water ingress events must be considered in
the simulation of the cavity and the operation of hydrogen and oxygen monitors based on location.
3.12.2 Gas stratification and mixing
Depressurization events will proceed with a distribution of temperature and composition. The mixing
processes are driven by a combination of density differences due to varying concentrations or temperature
and species diffusion. Three dimensional modeling of the containment is necessary to represent the
distribution and their effect on sensors and other instrumentation and controls located in the
containment/confinement cavity.
3.12.3 Air in-leakage
Air in-leakage into containment involves the concentration and distribution of oxygen. A major rupture of
the reactor vessel and containment leads to a worst case air ingress event in which the oxygen supply is
unlimited. The leakage models need to account for counter flow in a single break in which cold outside
air enters at the bottom of a break while hot gases escape at the top.
3.12.4 Structural performance
Generally, while structural performance is a major issue for depressurization events, it is not a major issue
in the I&C assessment. The issue in I&C is that sensors are provided in locations needed for monitoring
structural performance.
3.12.5 Filters
For confinement strategies, depressurization events are expected to result in release of coolant from the
confinement through filters. Filters are designed to remove radioactive particulate and reactive gases such
as iodine. However, filter beds may be damaged by the high temperature of released reactor coolant gas.
Certain filter bypass schemes may be utilized to allow hot uncontaminated gas to escape early in a
depressurization transient to protect the filter beds from damage so that they are available if the event
proceeds to core damage. The I&C issue is the ability of the control system to detect and respond
correctly to conditions necessary for bypassing the filters. The performance of the beds for effectiveness
of contamination removal and simulating conditions that might lead to failure due to high temperature are
issues primarily for safety analysis but could also be part of the filters of the I&C analysis.
3.12.6 Dust and aerosol
Graphite dust from mechanical agitation particularly of pebble bed fuel is a concern. Metal fission
products such as cesium and silver condense on the dust and the particulate may be carried with the
escaping coolant in a depressurization event. The dispersion of the dust from a depressurization event is a
concern. Safety analysis codes are used for estimating the radioactive release. The I&C issue is the
modeling of radiation monitors. The simulation codes may be used to assess the location and
effectiveness of monitors of dust and aerosol contamination.
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3.12.7 Gas species retention
The objective of various reactive beds is to capture and retain gases through entrapment of particulate in
the filter medium or the chemical reaction of gaseous radioactive species. The models of the beds are used
to estimate the effectiveness of the filtration under a range of depressurization events and the
effectiveness of control schemes to protect the beds from high-temperature uncontaminated gas.
3.12.8 Holdup
Holdup is the process of retaining gases that contain radioactive fission products long enough for the
activity to decay to safe levels. The holdup takes place in the confinement cavity itself or gas may be
compressed for retention in holdup tanks.
4.

CHARACTERIZATION OF SELECT CODES FOR
VHTR CONTROL SYSTEM ANALYSES

This chapter characterizes MELCOR-H2 and RELAP5 modeling codes for transient analysis of full gascooled reactor system and its associated instrumentation and controls for the NGNP.
4.1
4.1.1

RELAP5-3D
Introduction

RELAP5-3D is a transient analysis code for thermal-hydraulic systems. The main resource for this
summary of capabilities is the RELAP5-3D© Code Manual 18.The code was originally developed for
modeling light water reactors. Historically, its main emphasis has been on modeling the two-phase flow
phenomena in LWRs. The RELAP mathematical formulation of equations and reliable numerical scheme
for modeling two-phase flow is generally viewed as one of the significant achievements in reactor safety.
In the present, well-developed model, the hydrodynamic model is a transient, two-fluid model for flow of
a vapor/gas and liquid mixture that can contain noncondensable components in the vapor/gas phase (e.g.,
hydrogen released from metal-water reactions) and/or a soluble component in the liquid phase (e.g., boric
acid). The addition of coolants such as helium and liquid salts as well as gases representative of graphiteair and graphite-water reactions are described by Davis and Oh.19. A one-dimensional as well as a
multidimensional hydrodynamic model is included. The term ―two-fluid model‖ means that the liquid and
vapor phases are modeled by separate energy, mass, and momentum conservation equations. The
equations are coupled together with empirical relations that represent the energy, mass, and momentum
exchange between the phases. Despite the emphasis on two-phase flow, the RELAP formulation reduces
gracefully to a single-phase model that is suitable for other liquids and gases as coolants. The code also
has the material properties of fluids such as helium, liquid metals, and liquid salts for coolants other than
water. Additional noncondensable gases that would occur in air and water ingress events in hightemperature gas reactors have recently been added. The two-phase modeling emphasis means that RELAP
has a very strong capability for water ingress events in NGNPs.
The RELAP code is a mature modeling tool. It is considered by many to be the standard reference for
safety analysis of LWRs. The code is backed by both verification activities and a long history of usage in
safety analysis for licensing. The scrutiny of results over time means that the likelihood of coding
blunders is relatively small. The code has been qualified both theoretically and by comparisons to other
codes and to experimental results. The verification efforts to date have been almost entirely for lightwater conditions and events. The comparisons of simulation results against experiments and plant data
have shown that with proper usage the results are accurate. The validation of gas reactor model benefits
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from the formulation of equations, routines for material properties, heat transfer coefficients, pressure loss
coefficients, and numerical schemes as well as the software engineering and procedures. The modeling of
gas reactors by RELAP with their specific geometry or materials cannot be viewed as proven with quite
the same confidence as results for LWRs; however, it should be recognized that the modeling of a single
phase gas is a much simpler hydrodynamic problem that modeling two-phase water. Special geometries
such as the pebble bed core, new heat exchanger configurations, and gas turbine and compressor models
require additional experimental verification to give the same confidence in results as LWR components.
However, the development program for the coding modifications and features for gas reactor benefits
from residing within the same software engineering environment and utilizing the same code maintenance
procedures that have been developed for the RELAP over the years.
The LWR applications for which the code was originally intended include small break loss-of-coolant
accidents, operational transients such as anticipated transients without scram (ATWS), loss of feedwater
flow, loss-of-offsite power (LOOP), and loss of force flow (LOFF) transients. The reactor coolant system
(RCS) behavior can be simulated up to and slightly beyond the point of fuel damage. The applications for
gas-cooled reactors are similar: pressurized and depressurized loss of forced circulation, reactivity
insertions, turbine trip, loss of offsite power, and similar events can be simulated for HTGRs. The code
has the ability to simulate a limited level of chemical reaction in gas and water ingress events up to the
point the structural changes affect the flow.
The basic building block for a RELAP modeling system is a control volume. A control volume may be
hydrodynamic control volumes, which represent the fluid or heat structures which represent solid
materials. The fluid and energy flow paths in fluid control volumes are approximated by either onedimensional stream tube or multidimensional models. The energy flow paths in solid heat conductors are
approximated by either one-dimensional or two-dimensional heat conduction models. The philosophy of
modeling is that system models are constructed from the control volumes; however, the code contains
special system component models where needed. In particular, pumps, turbines, generator, valves, steamwater separator, and controls are included. Gas compressor and turbine models have been developed for
gas reactor systems. The gas compressor and turbines are based on the pump and steam turbine models.
Both a point kinetics model and a multidimensional nodal neutron kinetics model are included to simulate
the neutron reaction.
RELAP5-3D© couples the neutron kinetics, thermal hydraulics, and mechanic (shaft work) interactions in
reactor systems. It is designed to analyze how the components of a full system interact dynamically with
one another. RELAP is constructed with the approximations and formulations that make a full-system
model both possible from the standpoint of numerical stability and practical from the standpoint of
computational time. RELAP offers both simplified one-dimensional flow solutions and multidimensional
simulations of fluid flow and heat conduction within components as needed for the phenomena being
simulated. One-dimensional flow is a very satisfactory approximation for most flow conditions in a
reactor system. However, in situations such as cross flow mixing in a core, a multidimensional model can
be used to model the spatial distribution effects of flow and temperature. The multidimensional model has
been used only for a coarse nodal model. It is not clear if multidimensional modeling is capable or
practical at a dimensional scale to represent flow in a pebble bed or to model the hot jets in the lower
plenum of a prismatic core.
RELAP5-3D has been used in an integrated code system configuration that consists of CFD codes such as
FLUENT and CFX, and the containment dynamics simulation code CONTAIN*.20 In one application, a
framework for message-passing interface was created by Weaver et al in which the parallel virtual
machine (PVM) allowed the coordination of execution of the coupled codes.21 This framework was used
*

CONTAIN is a containment modeling and dynamics simulation tool developed by SNL.
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to couple RELAP5-3D to CFDS-FLOW3D—now called CFX and owned by ANSYS—for demonstration
of a proof-of-principle calculation.22 A similar framework was used to analyze the temperature and flow
characteristics of the hot-gas streams in the outlet plenum of a VHTR.23
The RELAP5 code package includes the capability to model a control system. The control system model
provides basic mathematical operations, such as addition, multiplication, integration, and control
components such as proportional-integral, lag, and lead-lag controllers, for use with the basic fluid,
thermal, and component variables calculated by the remainder of the code. This capability can be used to
construct models of system controls or can be used to create special purpose physical models of
phenomena that can be described by algebraic and differential equations. The control system or
component models may also be entered as user-defined FORTRAN subroutines that are linked to the
main RELAP model. The control system package is limited to the algebraic operations without
accounting for digital hardware effects, such as discrete-time sampling, latency, and communications.
The code’s numerical solution includes the evaluation and numerical time advancement of the control
system coupled to the fluid and thermal system. The control system is advanced explicitly with the energy
equations. The scheme is described as a semi-implicit scheme, which means that the pressure and flow
equations are solved implicitly while the energy equation is solved explicitly at each time step.
The point reactor kinetics model is advanced in a serial and implicit manner. Its calculation is performed
after the heat conduction-transfer and hydrodynamic advancements but before the control system
advancement. The kinetics model consists of a system of ordinary differential equations integrated using a
modified Runge-Kutta technique. The integration time step is regulated by a truncation error control and
may be less than the hydrodynamic time step; however, the thermal and fluid boundary conditions are
held fixed over each hydrodynamic time interval. The reactivity feedback effects of fuel temperature,
moderator temperature, moderator density, and boron concentration in the moderator are evaluated using
averages over the hydrodynamic control volumes and associated heat structures that represent the core.
The averages are weighted averages established a priori such that they represent the effect on total core
power.
Certain nonlinear or multidimensional effects caused by spatial variations of the feedback parameters
cannot be accounted for with such a model. Thus, the user must judge whether or not the model is a
reasonable approximation of the physical situation being modeled. A multidimensional nodal neutron
kinetics model is also available.
The control system model provides a way for simulating any lumped process, such as controls or
instrumentation, in which the process can be defined in terms of system variables through logical,
algebraic, differentiation, or integration operations. These models do not have a spatial variable and are
integrated with respect to time. The control system is coupled to the thermal and hydrodynamic
components serially and implicitly. The control system advancement occurs after the heat conduction
transfer, hydrodynamic, and reactor kinetics advancements and uses the same time step as the
hydrodynamics so that new time thermal and hydrodynamic information is used in the control model
advancement. However, the control variables are fed back to the thermal and hydrodynamic model in the
succeeding time step (i.e., they are explicitly coupled).
RELAP5-3D was recently modified to include all the Advanced THermal Energy Network Analysis
(ATHENA) code features and models that were previously only available in the ATHENA configuration.
ATHENA includes a number of coolants that can be used as the working fluid, including helium,
nitrogen, sodium, potassium, lithium, hydrogen, carbon dioxide, ammonia, glycerin, lead-bismuth,
lithium-lead, and sodium-potassium.20
The basic properties for helium are calculated from thermodynamic tables that tabulate saturation
properties as a function of temperature, saturation properties as a function of pressure, and single-phase
properties as a function of pressure and temperature. The properties and derivatives in the tables are
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saturation pressure, saturation temperature, specific volume, specific internal energy, isobaric thermal
expansion coefficient, isothermal compressibility, and specific heat at constant pressure. The transport
properties, such as viscosity, thermal conductivity, and surface tension, are calculated from formulations
based on least square fits to the available data. Other noncondensable gases, such as oxygen and carbon
monoxide, were also incorporated to support analysis of HTGRs.19 This capability is critical to simulate
the effects of air ingress on graphite oxidation following a depressurization accident.
Helium and nitrogen were used in the scoping transient analysis of the VHTR concept, which simulated
the low- and high-pressure loss of forced convection cooling transients.24, 25 Another study used RELAP53D© to analyze the potential of flow laminarization in a gas-cooled fast reactor (GFR) concept.26 Dostal
et al. designed a power conversion system with supercritical carbon dioxide as the working fluid using
RELAP5-3D for a GFR concept.7 A new compressor model was developed to support gas-cycle
applications derived from first principles and implemented into RELAP5-3D.27
A system code such as RELAP5-3D© contains numerous approximations to the behavior of a real,
continuous system. These approximations are necessitated by the finite storage capability of computers,
by the need to obtain a calculated result in a reasonable amount of computer time, and in many cases
because of limited knowledge about the physical behavior of the components and processes modeled. For
example, knowledge is limited for components such as pumps and separators, processes such as twophase flow, and heat transfer. Examples of approximations required because of limited computer
resources are limited spatial nodalization for hydrodynamics, heat transfer, and kinetics; and density from
thermodynamic property tables. In general, the accuracy effect of each of these factors is of the same
order; thus, improving one approximation without a corresponding increase in the others will not
necessarily lead to a corresponding increase in physical accuracy. At the present time, very little
quantitative information is available regarding the relative accuracies and their interactions. What is
known has been established through applications and comparison of simulation results to experimental
data. Progress is being made in this area as the code is used, but there is, and will be for some time, a need
to continue the effort to quantify the system simulation capabilities.
4.2

RELAP5 Transient Overview

The top-level functional structure of RELAP5-3D© that carries out the transient calculations is shown in
Fig. 13. An executive code, call driver, handles calls to the relevant modules according to their respective
input descriptions. Modules of interest for control system simulations are briefly discussed in the
subsequent sections.
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The equation of state boundary volume module (TSTATE) calculates the thermodynamic state of the fluid
in each hydrodynamic boundary volume (time-dependent volume). This subroutine also computes
velocities for the time-dependent junctions.
The heat structure module (HTADV) advances heat conduction/transfer solutions. It calculates heat
transferred across solid boundaries of hydrodynamic volumes.
The hydrodynamics module (HYDRO) advances the hydrodynamic solution.
The reactor kinetics module (RKIN) advances the reactor kinetics of the code. It computes the power
behavior in a nuclear reactor using the space-independent or point kinetics approximation, which assumes
that power can be separated into space and time functions. It also optionally computes the power using a
multidimensional nodal kinetics model.
The control system module (CONVAR) provides the capability of simulating control systems typically
used in hydrodynamic systems. It consists of several types of control components. Each component
defines a control variable as a specific function of time-advanced quantities. The time-advanced quantities
include quantities from hydrodynamic volumes, junctions, pumps, valves, heat structures, reactor kinetics,
trip quantities, and the control variables themselves. This permits control variables to be developed from
components that perform simple, basic operations.
The time step control module (DTSTEP) determines the time step size, controls output editing, and
determines whether the transient advancements should be terminated.
In the next sections of this volume of the manual, the various transient modules will be discussed. These
are in the following order: hydrodynamics, heat structures, trips, control system, reactor kinetics, and
special techniques (includes time step control).
4.3

RELAP5 Modeling Overview

RELAP5-3D© is designed for use in analyzing nuclear power plant system component interactions of the
reactor and heat transport systems; it offers both one-dimensional and multidimensional simulations of
fluid flow within components. Multidimensional effects for fluid flow, heat transfer, or reactor kinetics
may be modeled. The multidimensional flow model allows the modeling of crossflow effects in a
pressurized-water reactor (PWR) core. The reflood modeling uses a two-dimensional conduction solution
in the vicinity of a quench front. To further enhance the overall system modeling capability, a control
system model is included.
4.3.1

Hydrodynamic model

The hydrodynamic model is based on fluid control volumes and junctions to represent the spatial
arrangement of the flow. For the one-dimensional flow model, the control volumes can be viewed as
stream tubes having inlet and outlet junctions. Each control volume has a defined positive direction of
flow from the inlet to the outlet ports of the control volume. Control volumes are connected in series,
using junctions between control volumes to represent a flow path. Fluid velocities are computed only at
the junctions and are associated with mass and energy flow between control volumes. All internal flow
paths, such as recirculation flows, must be explicitly modeled since only single liquid and vapor/gas
velocities are represented at a junction. (In other words, a countercurrent liquid–liquid or gas–gas (as in
air ingress events) flow cannot be represented by a single-junction.) For flows in pipes, there is little
confusion with respect to nodalization. However, in a steam generator having a separator and
recirculation flow paths, some experience is needed to select a nodalization that will give correct results
under all conditions of interest. Nodalization of branches or tees also requires an understanding of the
RELAP junction model. For the multidimensional model, use of control volumes and junctions are also
used based on Cartesian or cylindrical coordinates. The three-dimensional model is intended as a coarse-
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mesh, average flow representation. The three-dimensional model is not suitable for small-scale geometric
features such as individual fuel pins and grid plates. It is unclear if the three-dimensional model is
accurate or practical for the simulation of hot jets in the lower plenum of prismatic cores.
4.3.2

Heat structures model

The heat structure is a solid control volume used to represent walls and other structural material, which
contributes dynamically to thermal storage in system. Heat conduction flow paths are usually modeled in
a one-dimensional sense, using a finite difference mesh to calculate temperatures and heat flux vectors.
The heat conductors can be connected to hydrodynamic volumes to simulate a heat flow path normal to
the fluid flow path. The heat conductor or heat structure is thermally connected to the hydrodynamic
volume through a heat flux that is calculated using heat transfer correlations. Electrical or nuclear heating
of the heat structure can also be modeled as either a surface heat flux or as a volumetric heat source. The
heat structures are used to simulate pipe walls, heater elements, nuclear fuel pins, and heat exchanger
surfaces.
A special two-dimensional, heat conduction solution method with an automatic fine mesh rezoning in the
vicinity of the liquid level is used for low-pressure reflood (for LWR safety cases). Both axial and radial
conduction are modeled, and the axial mesh spacing is refined as needed to resolve the sharp axial
thermal gradient at the liquid-vapor interface. The hydrodynamic volume associated with the heat
structure is not rezoned, and a spatial boiling curve is constructed and used to establish the convection
heat transfer boundary condition. At present, this capability is specialized to the LWR core reflood
process, but the plan is to generalize this model to higher pressure situations so that it can be used to track
a quench front anywhere in the system. This feature is not needed for the single-phase gas reactor
systems. It is not clear if the low-pressure reflood modeling would be usable or adaptable for large-scale
water ingress into the reactor.
4.3.3

Radiation enclosure model

RELAP5-3D© models the radiative heat exchange between heat structures using a lumped-system
approximation for gray diffuse surfaces contained in an enclosure. The surfaces that have a line of sight or
a reflection path through which they can communicate with each other are considered to be in the same
enclosure. This method has the following assumptions:
1. the fluid in the enclosure neither emits nor absorbs radiant thermal energy;
2. reflectance from a surface is neither a function of incident, nor reflected direction, nor of
radiation frequency; and
3. temperature, reflectance, and radiosity* are constant over each surface.
The energy balance for the i-th surface can be written as
n

Ri Ai   Ti 4 Ai  i R j Fji Aj ,

(4.3-1)

j 1

*

Radiosity of a surface is defined as the radiant energy flux leaving the surface (i.e., the emitted and reflected energy fluxes
combined).
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where R is the radiosity (energy flux) in W/m2,  is emissivity (dimensionless),  is the StephanBoltzmann constant in W/m2K4, T is the surface temperature in K,   1   is reflectivity
(dimensionless), Fij is the view factor from surface j to surface i , and Ai is the area of surface i . The
view factors from each surface to all other surfaces in an enclosure must sum to unity.
4.3.4

Reactor kinetics model

RELAP5-3D supports two levels of reactor kinetics modeling: point reactor and multidimensional
kinetics models. Point reactor model is the simplest way of modeling the dynamics of a reactor system.
However, point reactor model is not useful if spatial information is necessary, for instance, for simulating
xenon dynamics or implementing control rod effects. For these cases, multidimensional kinetics support
built into RELAP5 can be used.
4.3.4.1 Point reactor kinetics model
The point reactor kinetics model is advanced in a serial and implicit manner after the heat conductiontransfer and hydrodynamic advancements but before the control system advancement. The kinetics model
consists of a system of ordinary differential equations integrated using a modified Runge-Kutta technique.
The integration time step is regulated by a truncation error control. These models do not have a spatial
variable and are integrated with respect to time.
4.3.4.2 Multidimensional neutron kinetics
The multidimensional neutron kinetics model in the RELAP5-3D© code was developed to allow the user
to model reactor transients where the spatial distribution of the neutron flux changes with time. The
model is based on the NESTLE code developed at North Carolina State University.20 The model solves
the few-group neutron diffusion equation utilizing the nodal expansion method (NEM). It can solve the
steady state eigenvalue (criticality) and/or eigenvalue-initiated transient problems.
The neutron kinetics model in NESTLE and RELAP5-3D© uses the few-group neutron diffusion
equations. Two or four energy groups can be utilized, with all groups being thermal groups—if desired.
Core geometries include Cartesian and hexagonal. Three-, two-, and one-dimensional models can be
utilized. Various core symmetry options are available, including quarter, half, and full core for Cartesian
geometry and one-sixth, one-third, and full core for hexagonal geometry. Zero flux, nonreentrant current,
reflective, and cyclic boundary conditions are treated.
The few-group neutron diffusion equations are spatially discretized utilizing the NEM. Quartic or
quadratic polynomial expansions for the transverse integrated fluxes are employed for Cartesian or
hexagonal geometries, respectively. Transverse leakage terms are represented by a quadratic polynomial
or constant for Cartesian or hexagonal geometry, respectively. Discontinuity factors (DFs) are utilized to
correct for homogenization errors. Transient problems utilize a user-specified number of delayed neutron
precursor groups. Time discretization is done in a fully implicit manner utilizing a first-order difference
operator for the diffusion equation. The precursor equations are analytically solved assuming the fission
rate behaves linearly over a time-step.
Independent of problem type, an outer–inner iterative strategy is employed to solve the resulting matrix
system. Outer iterations can employ Chebyshev acceleration and the Fixed Source Scaling Technique to
accelerate convergence. Inner iterations employ either color line or point successive over-relaxation
(SOR) iteration schemes, dependent upon problem geometry. Values of the energy group dependent
optimum relaxation parameter and the number of inner iterations per outer iteration to achieve a specified
L2 relative error reduction are determined a priori. The nonlinear iterative strategy associated with the
NEM method is utilized. This has advantages in regard to reducing FLOP count and memory size
requirements compared to the more conventional linear iterative strategy utilized in the surface response
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formulation. In addition, by electing not to update the coupling coefficients in the nonlinear iterative
strategy, the finite difference method (FDM) representation, utilizing the box scheme, of the few-group
neutron diffusion equation results. The implication is that the model can be utilized to solve either the
nodal or FDM representation of the few-group neutron diffusion equation.
The neutron kinetics subroutines require as input the neutron cross sections in the computational nodes of
the kinetics mesh. A neutron cross-section model has been implemented that allows the neutron cross
sections to be parameterized as functions of RELAP5-3D© heat structure temperatures, fluid void fraction
or fluid density, poison concentration, and fluid temperatures. A flexible coupling scheme between the
neutron kinetics mesh and the thermal hydraulics mesh has been developed to minimize the input data
needed to specify the neutron cross sections in terms of RELAP5-3D© thermal hydraulic variables. A
control rod model has been implemented so that the effect of the initial position and subsequent
movement of the control rods during transients may be taken into account in the computation of the
neutron cross sections. The control system has been modified to allow the movement of control rods by
control variables.
This model has not yet been applied to gas reactor cores.
4.3.5

Component models

RELAP5-3D© consists of a variety of generic models that are used to build system models. Generally
speaking, system component models—such as the core, steam generator, etc.—are not provided as
standard components due to the sheer variability of their design. However, certain models for subsystem
components—such as a branch, separator, jet mixer, pump, turbine, valve, accumulator, emergency core
cooling (ECC) mixer, annulus, pressurizer, and feedwater heater—are included as built-in models in
RELAP5-3D©. Brief descriptions of the models from the RELAP5 code manual18 are provided below.
4.3.5.1 Branch
The branch component is a model designed for convenient interconnection of hydrodynamic components.
The identical result can be obtained by using a single-volume component and several single-junction
components.
The one-dimensional branch model is consistent with the one-dimensional approximation for a piping
network and assumes that multidimensional effects at branches are small compared to system interaction
effects. In the case of branched flows that occur in headers or plena, this model gives an accurate physical
description of the flow division or merging process. Examples of such situations in LWR systems are
flow divisions at the core inlet if parallel flow paths through the core are modeled; steam generator inlet
and outlet plena when several parallel tube groups are modeled for the effect of tube height and length. A
graphical representation of the one-dimensional branch is shown in Fig. 15.

Fig. 15. Graphical representation of a one-dimensional branch.18
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RELAP5-3D© comes with additional branch models, including the tee branch and the crossflow branch.
The tee branch is, in fact, modeled as a crossflow branch. Examples of crossflow branches include the
cold or hot leg connections in PWR systems.
4.3.5.2 Separator
PWR and boiling-water reactor (BWR) systems use a steam separator to increase the quality of steam
before the fluid enters turbine. In addition, steam dryers are used to further increase the quality of the
steam to at least 99.9%. The physics being modeled is the removal of water from the two-phase fluid,
which is exiting either the core in a BWR or the steam generator in a PWR. The separator model consists
of three regions: a standpipe, the separator barrel, and the discharge passage.
The separator component as modeled in RELAP5-3D has two different implementations—the simple
separator model, and a mechanistic separator model, which was intended to model the centrifugal
separators and chevron dryers in BWRs. The simple separator model is a nonmechanistic model that
consists of a special volume with junction flows as depicted in Fig. 16.

Fig. 16. Typical separator volume and junctions.18

The mechanistic separator component model consists of a special volume with three junction flows as
shown in Fig. 16. A vapor/gas-liquid inflowing mixture is separated by defining the quality of the outflow
streams using mechanistic models of the separating process in the separator and dryer components. The
separator model may also be incorporated in multi-tube bundle steam generators where separators are
employed.
4.3.5.3 Jet mixer
The jet mixer component is used for cases where the momentum effects due to the mixing of two parallel
streams of fluid at different velocities may be important. An example of this is the jet pump in a BWR,
where the suction force is generated by the momentum transfer between the two fluid streams.
The basic approach in modeling the jet mixing is by superimposing a quasi-steady model for the mixing
process on the normal volume-junction flow path representation used in RELAP5-3D©. A graphical
representation of this modeling approach is shown in Fig. 17.
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Fig. 17. Schematic of mixing junctions.18

4.3.5.4 Pump
The basic approach to pump modeling is to superimpose a quasi-static model for pump performance on
the RELAP5-3D© volume-junction flow path representation. The pump is a volume-oriented component,
and the head developed by the pump is apportioned equally between the suction and discharge junctions
that connect the pump volume to the system. The pump model is interfaced with the two-fluid
hydrodynamic model by assuming the head developed by the pump is similar to a body force. Thus, the
head term appears in the mixture momentum equation; but, like the gravity body force, it does not appear
in the difference momentum equation. The term that is added to the mixture momentum equation is
1
 m gH , where H is the total head rise of the pump (m),  m is the volume fluid density (kg/m3), and
2
g is the gravitational acceleration (m2/s).
The centrifugal pump performance model depends on pump performance data, which must be generated
experimentally. Analytic models exist that rely on first-principle calculations and are reasonably
successful in predicting near-design pump performance for single fluids. However, for off-design
operation or for operation with a two-phase fluid, these predictions fail to represent the actual values.
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The basic parameters that characterize the pump performance are the rotational speed,  , the volumetric
flow, Q , the head rise, H , and the shaft torque,  . The relationship between these four parameters can
be uniquely displayed by a four-quadrant representation as shown in Fig. 18.18

Fig. 18. Four-quadrant curves that represent typical pump characteristics.18

The centrifugal pump drive model uses the pump torque to calculate the pump speed,  , after the pump is
shut off by the input trip signal. The speed is calculated by the deceleration equation

I

d
 .
dt

(4.3-2)

The total pump torque is calculated by considering the hydraulic torque from the homologous curves and
the pump frictional torque.
The capability to simulate a locked-rotor condition of the pump is included in RELAP5-3D©, which
provides capability for simulating the pump rotor lockup as a function of input elapsed time, maximum
forward speed, or maximum reverse speed. At the time the rotor locks, the pump speed is set to zero.
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4.3.5.5 Turbine
RELAP5-3D© uses a lumped-parameter turbine model, where a sequence of turbine stages—referred to as
a stage group—is treated as a single junction and a single volume, as depicted in Fig. 19. The stage group
is then represented using modified energy continuity and momentum equations. An efficiency factor
based on simple momentum and energy considerations is used to take into account nonideal internal
processes.

Fig. 19. Graphical representation of a turbine stage group with idealized flow between points 1 and 2.18

The single-stage turbine model represents the most general turbine model—also called a Type 1 turbine—
included in RELAP5-3D©. This model considers a single-row fixed-blade system followed by a singlerow rotating blade system.
The two-stage impulse turbine is the second turbine design that comes as a built-in component model.
This model implements a two-row impulse stage—also called a Type 0 turbine (i.e., a nozzle), a moving
constant-area blade passage, a fixed constant-area stationary passage, and a final constant-area movingblade passage, which is modeled as a single-stage group.
Power/torque output of turbine
The relationship between power and torque for a rotating shaft is

W   ,
where W is the power,  is the torque, and  is the shaft rotational velocity.
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(4.3-3)

4.3.5.6 Valves
Valves are quasi-steady models that are used either to specify an option in a system model or to simulate
control mechanisms in a hydrodynamic system. The valve models can be classified into two categories:
(1) valves that open or close instantly and (2) valves that open or close gradually. Either type can be
operated by control systems or by flow dynamics.
Valves in the first category are trip valves and check valves. The model for these valves does not include
valve inertia or momentum effects. Valves in the second category are inertial swing check valve, the
motor valve, the servo valve, and the relief valve. The inertial valve and relief valve behavior is modeled
using force equations. The motor and servo valves use differential equations to control valve movement.
The operation of a trip valve depends solely on the trip signal selected. An abrupt opening or closing is
imposed based on the trip condition. A latch option is also included.
The operation of a check valve is specified to open or close by a static differential pressure, to open by
static differential pressure and close by flow reversal, or to open by static differential pressure and close
by dynamic differential pressure. All check valves may be initialized as open or closed. Leakage is also
allowed if the valve is closed, and the abrupt area change model is used to calculate the valve form losses.
The inertial valve models the motion of the valve flapper assembly in an inertial-type check valve. The
abrupt area change model is used to calculate kinetic form losses. A graphical representation of the model
is shown in Fig. 20. The valve flapper disc resides in a pipe and swings about the hinge. These valves are
generally used to prevent a backflow from occurring.
The motor valve has the capability to control the junction flow area between two control volumes as a
function of time. The operation of the valve is controlled by two trips: one for opening the valve and a
second for closing the valve. A constant rate parameter controls the speed at which the normalized valve
area changes. The first option for the motor valve is to use the abrupt area change model to calculate
kinetic form losses with respect to the valve area. A second option is provided for the motor valve that
allows for the specification of valve flow coefficients, Cv , using the smooth area change model. These
coefficients can be specified using a general table of Cv verses normalized stem position. The energy loss
coefficient is calculated using the valve flow coefficient by the following formula:

K  2C

2
Avalve
,
Cv2 0

where  0 is the density of liquid water at 15ºC and 0.1 MPa.
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(4.3-4)

L:

flapper moment arm length
from the hinge to the center
of inertia

AR :

area of the disc
( AR   Rv2 )

Rv :

radius of the disc

PF :

g:

value of minimum pressure
difference across the valve
required to initiate motion
(cracking pressure)
gravitational acceleration

M:

mass of the flapper

Fig. 20. A graphical depiction of an inertial valve.18

A servo valve operation is similar to that of the motor valve, except the normalized valve area or
normalized stem position is controlled by a control variable rather than by a specified rate parameter.
The relief valve models are particularly necessary for thermal-hydraulic analysis of overpressure
transients. The numerical model of a relief valve simply approximates the forces acting on the valve
piston and the subsequent reaction of the valve components to these forces. The model of the fluid forces
is based on a quasi-steady state form of the impulse momentum principle. A schematic of the relief valve
is shown in Fig. 21.

mv :

mass of the valve mechanism that is in motion, i.e.,
the valve piston, rod assembly combined with the
spring and bellows

av , x :

valve assembly acceleration in the x direction

B:
vv , x :

damping coefficient

Ks :

spring constant

x:

piston position

velocity of the valve mechanism in the x direction

Fig. 21. Schematic of a typical relief valve in the partially open position.18
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4.3.5.7 Accumulator
The accumulator model features the mechanistic relationships for hydrodynamics, heat transfer from the
tank wall and liquid surface, condensation in the vapor/gas dome, and vaporization from the liquid
surface to the vapor/gas dome. The geometry of the tank can be selected either cylindrical or spherical.
The accumulator model also includes a surge line and an outlet check valve junction.
RELAP5-3D© models the accumulator as lumped-parameter component, which is based on the
assumptions that (1) the spatial gradients in the accumulator tank are expected to be small and (2) a
simple gas ideal gas equation of state can be used.
The geometric elements used in the hydrodynamic model of the accumulator are shown in Fig. 22 (a) and
(b) for the cylindrical and spherical designs, respectively.

(a)

(b)

Fig. 22. Typical (a) cylindrical and (b) spherical accumulator modeled in RELAP5-3D©.18

Other model assumptions are as follows:
1. Heat transfer from the accumulator walls and mass transfer from the liquid are modeled using
natural convection correlations, assuming similarity between heat and mass transfer from the
liquid surface.
2. The vapor/gas in the dome is modeled as a closed expanding system composed of an ideal gas
with constant specific heat. The vapor in the dome exists at a very low partial pressure; hence, its
effect on the nitrogen state is neglected. However, energy transport to the vapor/gas dome as a
result of vaporization/condensation is included.
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3. Because of the high heat capacity and large mass of liquid below the interface, the liquid is
modeled as an isothermal system.
4. The model for liquid flow includes inertia, wall friction, form loss, and gravity effects.
Convective heat transfer to the vapor/gas dome from the walls and the fluid surface is modeled by the
cooling law:





Qi  hi Ai Ti  Tg ,

(4.3-5)

where i is the thermal transport surface, hi is the average convective heat transfer coefficient associated





with that surface element, Ai is the surface area, and Ti  Tg is the temperature difference between the
surface and the vapor/gas mixture in the dome. For the heat transfer coefficient, two kinds of turbulent
natural convection heat transfer models are used and combined by superposition: (1) heat transfer with the
cylindrical walls of the tank using a turbulent natural convection correlation and (2) heat transfer from the
disk-shaped ends of the cylinder, again using a turbulent natural convection correlation. For the spherical
geometry, the equivalent definitions are used for model parameters.
When the accumulator is engaged, the vapor/gas dome temperature decreases due to expansion, while the
liquid remains essentially isothermal. As a result, there is simultaneous vaporization at the liquidvapor/gas interface and condensation in the dome. This mechanism transports a large amount of energy to
the vapor/gas dome as a result of the heat of vaporization of the liquid. This process is approximated by a
quasi-steady formulation. The rate of condensation is approximated by assuming that the vapor/gas dome
remains at 100% humidity and by considering simple humidity relationships.
The accumulator component model uses a semi-implicit numerical scheme to render the solution
independent of the time step employed by the main code. The differential equations are solved using the
finite-difference algorithms.
4.3.5.8 ECC mixer
ECC mixer component is introduced into RELAP5-3D© to model the ECC injection in a PWR. This
component is a specialized branch that requires three junctions. The physical extent of the ECC mixer
component is the length of the cold leg pipe centered around the position of the ECC injection location,
which should be about three times the inside diameter of the cold leg pipe. Junction number one is the
ECC connection, junction number two is the cold leg cross section through which flow enters, and
junction number three is the one that leads to the reactor vessel. A schematic cross sectional drawing of
the component model is shown in Fig. 23.
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Fig. 23. Schematic of the ECC mixer component model.18

The computational model for the ECC mixer employs a particular flow regime map for condensation and
uses a different correlation for interfacial heat transfer for each flow pattern to calculate the interfacial
heat transfer coefficient, hif . The interfacial heat transfer rate is calculated as follows:





Qik  hik Ai T s  Tk ,

(4.3-6)

where k is used to designate either the liquid or vapor/gas phase, Qik is the heat transfer rate, hik is the
interfacial heat transfer coefficient, Ai is the interfacial are per unit volume, T s is the saturation
temperature, and Tk is the bulk temperature of phase k . Six basic modes of heat transfer are considered
to represent the flow patterns:
1.
2.
3.
4.
5.
6.

wavy flow,
plug flow,
slug flow,
bubbly flow,
annular/annular-mist flow, and
dispersed droplet flow.

The effect of noncondensables on the rate of condensation is incorporated into the model by using a
reduction factor, f , reported by an experimental study by DeVuono and Christensen. 28
Annulus
The annulus component in the annular-mist regime, the code assumes that all the liquid is in the film and
that there are no drops for both the junction and volume flow regimes. This assumption was based on the
work by Schneider, who showed that this was necessary in order to get downcomer penetration following
a cold leg break.29
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4.3.5.9 Pressurizer
The pressurizer component models the dynamics of a pressurizer in PWR systems. A nodalization
example for a pressurizer is shown in Fig. 24.
This example models the pressurizer upper head with a branch node and the cylindrical shell and the
lower head with a pipe discretized in seven cells. The shell and the lower and upper heads are modeled
using heat structures. The spray valves are triggered by overpressurization of the primary coolant. The
spray system is modeled with single volumes, as depicted in Fig. 24, by the nodes 335, 337, and 339 and
the associated valves by the nodes 336 and 338.
RELAP5-3D/2.4

344 PORV
345
346 Safety
347
339
Dome
340

338

336

1
337

335

2

From
Loop C

From
Loop B

3

341 Pressurizer

4

Spray lines

5
6
7

1

Surge line
from Loop C

3

343

2

Fig. 24. A nodalization example of the pressurizer model.
Figure 5.1-4 Nodalization of pressurizer.
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4.3.5.10 Feedwater heater
The feedwater heater component is a variation of the branch component. The branch component was
modified to include the shell and one or more tubes to represent the shell-and-tube heat exchanger.
Feedwater heaters transfer heat from the shell to the tubes by condensing steam on the outside of the
tubes. A cross sectional drawing of the component is shown in Fig. 25. RELAP5-3D requires that the
feedwater heater components be defined as horizontal. It further requires that the number of junctions
connected to the shell be two or three—one for vapor inlet, one for a condensate output, and one optional
third junction for condensate inlet.

Fig. 25. Schematic of a feedwater heater component as modeled in RELAP5-3D©.30

When the flow regime in a feedwater heater component is horizontally stratified, heat transfer from the
shell side to the tubes is computed using a condensation heat transfer correlation for the portion of the
tubes exposed to steam and a convection correlation for the portion of the tubes exposed to liquid.
4.3.5.11 Compressor
In RELAP5-3D, the compressor model is similar to the pump model as it performs the same function on a
gas as the pump performs on single-phase and two-phase fluids. The compressor model consists of an
inlet junction, a control volume, and, optionally, an outlet junction, which can also be defined as an
ordinary junction or another compressor component.
In a compressor, a change in angular momentum of the working fluid is caused by forces acting in the
tangential direction only—radial and axial forces are constrained by the physical design. In principle, the
isentropic torque can be calculated by considering an isentropic compression of the fluid and then
applying an efficiency factor to get the total torque.
There are minor differences with the pump model. For instance, compressor head curve is specified
differently for compressors than that of the pump homologous curves. Furthermore, the compressor
torque is calculated based on the characteristic curves and the stage efficiency.
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4.4

Numerical Solution Scheme

RELAP5-3D© transients evolve by advancing the semi-implicit numerical scheme that is based on
replacing the system of differential equations with a system of finite difference equations partially
implicit in time. The implicit terms are formulated to be linear in the dependent variables at new time,
which results in a linear time-advancement matrix that is solved by direct inversion using a border-profile
lower-upper (BPLU) solver. A sparse matrix solver is also available and can be selected by the user in the
input deck.
Several stabilizing techniques are used to render the numerical algorithms stable. These include (1) the
selective implicit evaluation of spatial gradient terms at the new time, (2) donor formulations for the mass
and energy flux terms, and (3) use of a donor-like formulation for the momentum flux terms. The wellposedness and the accuracy of the final numerical scheme have been demonstrated for practical cell sizes
by extensive numerical testing.
The difference equations are based on the concept of a control volume—also called a mesh cell—in
which mass and energy are conserved by equating accumulation to the rate of mass and energy in through
cell boundaries minus the rate of mass and energy out through the cell boundaries plus the source terms.
This model results in defining mass and energy volume-average properties and requires knowledge of
velocities at the volume boundaries.
The difference equations for each cell are obtained by integrating the mass and energy equations with
respect to the spatial variable, x , from the junction at x j to x j 1 . The momentum equations are
integrated with respect to the spatial variable from cell center to adjoining cell center—i.e., xK to xL .
These modeling variables in a representative geometry can be seen in Fig. 26. Integration of mass and
energy equations from junction j to junction j  1 yields differential equations in terms of cell-average
properties and cell boundary fluxes.

Fig. 26. Nodalization scheme for difference equations.18
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The general guidelines followed in developing the numerical approximations are as follows:








Mass and energy inventories are very important quantities in safety analysis; therefore, more
emphasis is given to these quantities. A greater degree of approximation for momentum effects is
considered acceptable, since nuclear reactor flows are dominated by large momentum sources and
sinks (i.e., pump, abrupt area change, etc.).
To achieve fast execution speed, implicit evaluation is used only for those terms responsible for
the sonic wave propagation time step limit and those phenomena known to have small time
constants. Thus, implicit evaluation is only used for the velocity in the mass and energy transport
terms, the pressure gradient in the momentum equations, and the interface mass and momentum
exchange terms.
To further increase computing speed, time-level evaluations are selected so the resulting implicit
terms are linear in the new time variables. Where it is necessary to retain nonlinearities, Taylor
series expansions about old time values are used to obtain a formulation linear in the new time
variables—higher-order terms are neglected.
To allow easy degeneration to homogeneous, or single-phase, formulations, the momentum
equations are used as a sum and a difference equation. The particular difference equation used is
obtained by first dividing each of the phasic momentum equations by  g  g and  f  f for the
vapor/gas and liquid phase equations, respectively, and them subtracting.

4.4.1

Numerical solution of radionuclide transport equations

RELAP5-3D© uses a Eulerian radionuclide tracking model that simulates the transport of radioactive or
fertile nuclides in the reactor coolant systems. The model can be used in connection with the nuclear
detector model to describe the response of the control and safety systems to the presence of radioactive
species in the coolant. The concentration of radionuclide species are assumed to be sufficiently dilute that
the following assumptions are valid:
1. the fluid properties are not altered by the presence of radionuclide species;
2. energy absorbed by the coolant from the decay of radionuclide species is negligible; and
3. the radionuclide species are well-mixed with the transporting phase, such that they are transported
at the coolant velocity.
Based on these assumptions, the equation for the conservation of mass for radionuclide species is solved,
i.e.,
C 1 

 CvA  S
t A x

(4.4-1)

where C is the number density of the radionuclide species in atoms per unit volume, v is the average
coolant velocity, A is the cross sectional area of the flow channel, and S is the source of the radionuclide
species in units of atoms per unit volume per second.
4.5

Control System Simulation

RELAP5 allows implementing an integrated control system into the simulation. The control system input
provides the capability to evaluate simultaneous algebraic and ordinary differential equations. The control
system consists of several types of control components. This control system simulation model provides a
way for simulating any lumped process, such as controls or instrumentation, in which the process can be
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defined in terms of system variables through logical, algebraic, differentiating, or integrating operations
on variables from the fluid, heat structure, and neutronic components. The control system simulation
returns calculated values as inputs to those components. These models do not have a spatial variable and
are integrated with respect to time. The control system is coupled to the thermal and hydrodynamic
components serially and implicitly. This capability can be used to construct models of system controls or
to model other components—not incorporated in the RELAP modeling system—that can be described in
terms of algebraic and differential equations. The code numerical solution includes the evaluation and
numerical time advancement of the control system coupled to the fluid and thermal system.
The control system advancement occurs after the heat conduction transfer, hydrodynamic, and reactor
kinetics advancements and uses the same time step as the hydrodynamics so that new time thermal and
hydrodynamic information is used in the control model advancement. However, the control variables are
fed back to the thermal and hydrodynamic model in the succeeding time step.
Each control system component defines a control variable as a specific function of time-advanced
quantities. The time-advanced quantities include hydrodynamic volume, junction, pump, valve, heat
structure, reactor kinetics, trip quantities, and the control variables
Control components included in RELAP5 are as follows:
1.
2.
3.
4.
5.
6.
7.
8.

arithmetic (+, –, *, /),
integration,
differentiation,
proportional-integral,
lag,
lead-lag,
shaft component, and
inverse kinetics component.

Following sections will briefly discuss the functions performed by these control components.
4.5.1

Arithmetic control components

The control components introduced under this section share the following variable definitions:


yi :



A j , R , and S : real constants input by the user,




I:
vj :

integer constant input by the user,
quantity advanced in time by RELAP5-3D—can include yi ,




t:
s:

time, and
Laplace transform variable.

control variable defined by the ith control component,

Superscripts involving the n denote time steps.
4.5.1.1 Constant

yi  S

[CONSTANT] .

(4.5-1)

4.5.1.2 Addition and subtraction
yi  S  A0  A1v1  A2v2 
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[SUM] .

(4.5-2)

4.5.1.3 Multiplication

yi  Sv1v2

[MULT] .

(4.5-3)

4.5.1.4 Division

yi  S

1
,
v1

or yi  S

v2
v1

[DIV] .

(4.5-4)

4.5.1.5 Exponentiation

yi  Sv1I

POWERI ,

(4.5-5)

yi  Sv1R

 POWERR  ,

(4.5-6)

yi  Sv1v2

POWERX .

(4.5-7)

4.5.1.6 Table lookup function

 FUNCTION

yi  S F  v1 

,

(4.5-8)

where F is a function defined by table lookup and interpolation.
4.5.1.7 Standard functions

STDFNCTN ,

y  S F  v1 , v2 ,

(4.5-9)

where F can be chosen from a number of supported operations.
4.5.1.8 Delay

 DELAY ,

yi  S v1  t  td 

(4.5-10)

where td is the delay time. A user input parameter, h , determines the number of pairs of data used to
store past values of v1 . The maximum number of time-function pairs is h  2 , and the delay table time
t
increment is d . The delayed function is obtained by linear interpolation using the stored past history.
h
As time is advanced, new time values are added to the table. Once the table fills, new values replace
values that are older than the delay time.
4.5.1.9 Unit trip

TRIPUNIT .

yi  SU  tr 

(4.5-11)

4.5.1.10 Trip delay
yi  S Tr  tr 

TRIPDLAY ,

(4.5-12)

where tr is the trip number.
Control system components are treated as the last item in processing the operations in a given time
sequence. Therefore, at the end of a time step (n  1) , values for trip variables tr and all v1 variables—
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except control variables yi —are available. The control components are evaluated in component number
order.
4.5.1.11 Integration control component
This component evaluates the following mathematical expression:
t

 INTEGRAL



yi  S v1 dt

,

(4.5-13)

t1

where t1 is the simulation time when the component is added to the system. The computation of integral
is carried out by trapezoidal approximation:

yin 1  yin  S vin  vin 1 

t
,
2

(4.5-14)

where t is the integration time step.
4.5.2

Differentiation control components

Time differentiation of a variable is defined as

yi 

dv1
dt

(4.5-15)

The differentiation operation can be performed by two operands. The first operand, DIFFERNI, evaluates
the derivative by the inverse of the integration technique, i.e.,

yin 1  S





2 n 1 n
v1  v1  yin
t

DIFFERNI

(4.5-16)

This component operation is known to become unstable under certain circumstances.
An alternative derivation component, DIFFERND, is defined as follows:

yin 1 



S n 1 n
v1  v1
t



 DIFFERND

(4.5-17)

Unless necessary, differentiation of control variables should not be considered since the derivative
operation is inherently unstable. The differentiation output can be fed to a filter for proper signal
treatment.
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4.5.3

Proportional-integral control component

This component evaluates the following mathematical expression:
t


yi  S  A1v1  A2 v1dt 


t1



 PROP – INT



4.5.4

(4.5-18)

Lag control component

The lag component is defined in Laplace transform notation as

 1 
Yi  s   S 
V1  s 
 1  A1s 

4.5.5

 LAG .

(4.5-19)

Lead-lag control component

The lead-lag component is defined in the Laplace transform notations as

 1  A1s 
Yi  s   S 
V1  s 
 1  A2 s 
4.5.6

LEAD – LAG  .

(4.5-20)

Shaft component

The shaft component is a special control component that advances the rotational velocity. The shaft
component is mathematically represented as follows:

I
i

i

d

dt

   f   
i

i

i

c

SHAFT ,

i

where I i is the moment of inertia from component i,  i is the torque from component i, f i is the friction
from component i, and  c is an optional torque from a control component. The summations are over the
pump, compressor, motor, or turbine components that are connected to the shaft and the shaft itself. The
shaft and each associated component contain its own models, data, and storage for inertia, friction, and
torque has storage for its rotational velocity. Each component can be assigned a disconnect trip number;
the component is connected when false and disconnected when true. Any disconnected component is
advanced separately and, thus, can have a different rotational velocity than the shaft. All connected
components have the same rotational velocity.
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4.5.7

Inverse kinetics component

The inverse kinetic component solves the point reactor kinetics equations for the reactivity. The
mathematical expression of the operations is as follows:
Nd
   dv1 

   dt   i 1Di  t0  t  


yS 
v1









(4.5-21)

where Di is defined as

Di  t0  t   ei t Di  t0  

i
dV1
1  ei t
i
dt





(4.5-22)

The input to the inverse kinetics control block should be the total fission power computed by the point
kinetics model, the total fission power computed by the nodal neutron kinetics model, the fission power in
one of the nodal neutron kinetics zones, or the response of a neutron detector that senses the neutron flux
computed by either of the two neutron kinetics models.
4.5.8

Trips and Control Variables

The trip capability available in the RELAP5-3D© code enables the user to specify actions during a
simulated system transient. When coupled with the code’s control variables, the user has a versatile tool
that greatly expands the capabilities of the RELAP5-3D© code. The trip logic can be used with the timedependent volume component, the pump component, the valve components, the time-dependent junction
component, some options of the branch component, the accumulator component, and with tables used to
describe reactor kinetics characteristics and heat structure characteristics. In general, the trip’s condition
is either true or false. The trip’s condition is determined at each time step by checking the status of the
trip-defined test. The test consists of comparing the specified variable to either another variable or a
parameter using specified conditions such as equal to, greater than, less than, greater than or equal, less
than or equal, or not equal. In combination with the ―logical trips,‖ very complex logical sequences can be
simulated since the ―logical trips‖ allow comparison between two or more trips such that one or more
trips may be required to be true to create a true ―logical trip‖ condition.
RELAP5-3D© consists of 21 control capabilities as summarized in Table 1. The control variables can be
used for three primary functions: (a) to simulate equipment control systems, (b) to create ―lumped node‖
parameters, and (c) to add further dimensions to the boundary conditions imposed on the thermalhydraulic and heat structure group components.
4.5.9

Simulating equipment control systems

Every piece of equipment that is a component of a physical system has a control system. The control
system may be no more sophisticated than a simple on/off switch that is controlled by the equipment
operator. Sometimes, however, equipment control systems can be highly complex and sophisticated.
Consequently, the code has control variable components designed to allow the user to model virtually any
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physical component of the equipment system. Specifically, the lag, lead-lag, proportional-integral, and
differential components are designed to simulate common controller functions. When used in
combination with the other control variable components, even the complex and sophisticated Babcock &
Wilcox’s (B&W) PWR Integrated Control System has been successfully modeled using RELAP5-3D©.
Table 1. Summary of RELAP5-3D control variables

Sum/Difference

RELAP5-3D©
Primitive
SUM

Allows addition or subtraction of variables

Multiplier

MULT

Allows multiplication of two variables

Divide

DIV

Allows division of two variables

Differentiating

DIFFRENI and
DIFFREND

Performs differentiation of a variable as a function of time

Integrating

INTEGRAL

Performs integration of a variable as a function of time

Functional

FUNCTION

Defines a look-up functional relationship to a variable

Standard function

STDFNCTN

Performs absolute value, square root, exponential, natural
algorithm, sine, cosine, tangent, arc-tangent, minimum value, or
maximum operation on a variable

Delay

DELAY

Acts as a time-delay factor operating on a variable

Unit trip

TRIPUNIT

Becomes true at a defined time; can also be defined as a
complementary function

Trip delay

TRIPDLAY

Becomes true at a defined time

Integer power

POWERI

Gives variable raised to integer constant power I quantity times
constant

Real power

POWERR

Gives variable raised to real constant power R quantity times
constant

Variable power

POWERX

Gives variable raised to real variable power V quantity times
constant

Proportional-Integral

PROP-INT

Defines a proportional-integral controller

Lag

LAG

Defines a lag controller function

Lead lag

LEAD-LAG

Defines a lead-lag controller function

Constant

CONSTANT

Defines a constant value to be used with other control variables

Shaft

SHAFT

Defines shaft characteristics that may be used in conjunction with a
generator

Pump control

PUMPCTL

Defines a pump controller (used principally for steady state
analysis)

Steam control

STEAMCTL

Defines a steam flow controller (used principally for steady state
analysis)

Feed control

FEEDCTL

Defines a feedwater flow controller (used principally for steady
state analysis)

Inverse kinetics

INVKIN

Defines inverse kinetics (used to solve point reactor kinetics for
reactivity rather than for neutron density)

Component

Function
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4.5.10 Simulating “lumped node” systems
Equipment components such as containments, tanks, flow systems, and balance-of-plant components can
be simulated using the control variables by creating difference equation sets that represent the specific
component’s behavior. The equation sets can then be coupled to the RELAP5-3D© model of primary
interest using tables and simple functional relationships to simulate the interactions between the primary
thermal-hydraulic and the ―lumped node‖ models.
4.5.11 Enhancing the RELAP5-3D© model boundary conditions
The control variables can be used to simulate the presence of instrumentation that provides key input to
system trip or equipment functions. For example, a piece of instrumentation affected by the total pressure
rather than the static pressure can be modeled by creating a control variable that monitors the fluid static
pressure and the fluid velocity head to calculate the total pressure head (in the absence of a gravitational
change), and then provides a value to be compared to a trip test value. Similarly, the critical flow energy
flux can be calculated using the control variables to determine the flow enthalpy at each time step (since
RELAP5-3D© only calculates the flow specific internal energy, not the specific enthalpy).
4.6

Applications of RELAP5-3D/ATHENA for Modeling of the HTGR

In this section, we identified two applications of RELAP5-3D for integrated systems modeling that
includes a nuclear reactor and heat transport systems that use high-temperature high-pressure gas.
4.6.1

High- and low-pressure conduction cool-down accident analyses
of the prismatic NGNP HTGR

Systems models of the prismatic block version of the NGNP VHTR were developed using RELAP53D/ATHENA. 31 The interactions of various heat transfer modes are illustrated in Fig. 27(a). The
transient scenarios were reported to be based on the values calculated by General Atomics for an
equilibrium cycle GT-MHR core.31 The systems model for the NGNP VHTR also includedProceedings
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The VHTR pressure vessel model included both active and stagnant coolant volumes. The model included
a detailed representation of the structures within the core, including the inner and outer reflectors, upper
and lower reflectors, the core barrel, the upper plenum shield, and the reactor vessel wall and the upper
head, as illustrated in Fig. 28(a). The vessel model accepted coolant inlet temperature, coolant outlet
pressure as the boundary conditions. The inlet flow rate was adjusted for the steady-state calculations to
obtain the desired outlet temperature.

(a)

(b)

Fig. 28. (a) Hydraulic nodalization of the VHTR pressure vessel; (b) nodalization of the reactor cavity.24

To model the dynamics during an accident condition, a model of the reactor cavity was also incorporated,
as shown in Fig. 28(b). The cavity model included a containment air volume, the containment concrete
wall and the surrounding soil, and the RCCS. In the RCCS model, air enters the inlet plenum above the
downcomer flows to the bottom of the reactor compartment where it is distributed to the riser channels.
The hot air leaving the risers is collected in a plenum and then discharged back to the atmosphere.
Emissivity values of 0.8 were used for the core barrel, reactor vessel, and RCCS structures. An emissivity
of 0.1 was used for the RCCS downcomer wall facing the reactor vessel because it has a reflecting surface
with approximately 7.5-cm insulation behind the surface.
The RELAP results were benchmarked against previous high- and low-pressure conduction cool-down
transient calculations performed at General Atomics for the GT-MHR. For matching decay heat curves,
the peak fuel temperatures calculated by RELAP were reported to be slightly below the values reported
by General Atomics, which was attributed to a better estimate of convective heat transfer in the bypass
regions calculated by RELAP. 31
4.6.1.1 Flexible-conversion ratio fast reactor systems evaluation
The flexible-conversion-ratio (FCR) fast reactor project was intended to assess the performance
characteristics of conceptual designs of certain fast reactor systems that use either lead or liquid salts as
coolants. The comprehensive evaluation can be found in Todreas32. An integrated model of the reactor
system was developed in RELAP5-3D/ATHENA that included the primary system, the secondary system,
and the power conversion system. A systems layout of the RELAP5-3D model along with the associated
subsystem and component nodalization is shown in Fig. 29.
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The RELAP5-3D model was built in five stages:
1. An overall model of the primary system was developed with the core represented as two
channels: hot channel representing a group of hot fuel assemblies and average channel modeling
the rest of the core.
2. A detailed IHX model was created separately, optimized, and then connected to the primary loop
within the reactor vessel.
3. The reactor vessel auxiliary cooling system (RVACS) with guard vessel, the lead-bismuth gap
between the reactor and the guard vessel, dimples on the outer guard vessel wall and perforated
plate for heat transfer enhancement were added, and analysis of the RVACS decay heat removal
capability was conducted.
4. A complete PCS with the turbine, compressors, recuperators, and the precooler was connected to
the primary system through the IHX to simulate overall system response to accident conditions.
5. A preliminary design of a passive secondary auxiliary safety system (PSACS) to aid RVACS
decay heat removal was conducted. The passive system was built in RELAP5-3D and connected
to the PCS.
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Fig. 29. Integrated layout of the primary and secondary heat transport systems and RVACS.32

DRAFT

Appendix 2A The S-CO2 Power Conversion Unit
for a 2400MWt Fast Reactor

This appendix provides information about the design and operational characteristics of the S-CO2
Power Conversion unit for the 2400MWt Lead-Cooled Flexible Conversion Ratio Fast Reactor.
The methodology
and applications,
results can be extended
with modifications
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Salt-RELAP5-3D
purposes
of HTGR
the relevance
of this document
lies Liquid
with the
Cooled Flexible Conversion Ratio Fast Reactor.

For the
model
of the PCS. The PCS is recompression S-CO2 cycle developed at Massachusetts Institute of Technology
(MIT) under a NERI and Generation-IV program funding through Sandia National Laboratory (SNL).
One of the2A.1
challenges
implementing Unit
the S-CO2 power cycle scheme is to overcome excessive pressure
PowerinConversion
drops in the
plena.
Onebysolution
proposed
by the MIT study is to
Theinterconnecting
balance of plant forpipes
the leadand
anddistribution
salt-cooled FCRs
is formed
4 x 600MWt
S-CO2 power
conversion
systems and
(PCS)pipes
in the distributed
horizontal
as developed
Gibbs etas
al.rendered in Fig. 30.
employ parallel
modules
and by using
twoarrangement,
300-MW(t)
trains in by
parallel
[2006] under direct Generation IV funding via Sandia National Laboratory. This is the third

of the2 S-CO
developed
MIT, which 265-MW(e)
minimizes pressure
losses in piping
and corresponding to
Each loopgeneration
of the S-CO
PCS2 PCS
is capable
ofatgenerating
[600-MW(t)]
power
maximizes modularity and ease of maintenance. Figure 2A-1 shows the layout of one out of four
one intermediate
heat exchanger. The nominal thermodynamic cycle with the associated state parameters
600MWt power conversion system units. A possible arrangement of 4 units is shown in Figures
is shown in
Fig.and
31.2A-2b, where the base of 30m-diameter containment is also drawn. Figure 2A-3
2A-2a
shows the flow schematic of the cycle with the flow paths.
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Figure 2A-1 Isometric view of 600 MWt PCS layout (from Gibbs et al., 2006)
Fig. 30. Isometric
view of the 600-MW(t) power conversion system layout. [Adapted from Todreas32]
In the main compressor, MC, (points 1  2 in Figure 2A-3) a fraction of the fluid flow is
compressed to high pressure. It is preheated in the low temperature recuperator (LTR) (points 23) and proceeds to the recompressing compressor (RC) outlet where it is merged with the rest of
the fluid flow from the recompressing compressor. The total fluid flow is now preheated in the
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Fig. 31. Thermodynamic state points of the S-CO2 cycle for the 600-MW(t) power conversion system design.32

The RELAP5-3D model nodalization diagram of the S-CO2 power conversion system is depicted in Fig.
32. Volumes 300 and 398—as shown in Fig. 32—are the pressure and temperature boundary conditions
of the cycle. The main components of the cycle include turbine, compressors, high- and low-temperature
recuperators, precooler, and shaft and generator. The turbine represented by volume 315 is modeled with
shaft speed of 3600 rpm and efficiency of 94%. The turbine is connected to the hot side of the hightemperature recuperator shown as volume 330. The flow is then directed into the hot side of the low-

74

temperature recuperator, represented by volume 340. Both high- and low-temperature recuperators were
modeled as heat exchangers with vertical semicircular channels with a diameter of 2 mm. In volume 345,
the flow is split into two streams: 40% of the original flow is directed into the recompressing compressor,
represented by volume 350. The remaining 60% of the stream is cooled in the precooler—volume 360—
to 32ºC, after which it is pumped through main compressor, represented by volume 365. The precooler is
a heat exchanger in which the gas is the primary fluid on the tube side, and water is on the secondary shell
side. The water flow is simulated by time-dependent volumes 600 and 620. The mass flow rate of water
through the precooler is kept constant at 4625 kg/s, and the inlet temperature is assumed to be 20ºC. Both
compressors are modeled as homologous pumps.
Once disconnected from the grid, the turbine provides energy to drive compressors mounted on the same
shaft and circulate CO2 flow through the IHXs making it possible to remove significant power from the
reactor vessel without electrical power supply. A proportional-integral (PI) controller is used—as shown
in Fig. 32—to regulate the valve position to maintain an acceptable turbine speed.
The PCS was optimized for the IHX outlet CO2 temperature of 546ºC—which is the turbine inlet
temperature—and the total volume of recuperators and precooler of 120 m3. The cycle operates between
pressures of 7.7 MPa and 20 MPa. The cycle low temperature was determined to be 32ºC, which is just
above the critical point of CO2. The cycle achieves a net electrical efficiency of 44%, which also accounts
for all losses including water pumping power and switchyard losses.
All cycle heat exchangers were selected as HEATRIC™ printed circuit heat exchangers (PCHEs)—
except for the IHX. All the heat exchangers were assumed to have straight channels with semicircular
cross section. More information on HEATRIC™ PCHE can be found in the literature33-35 and on the
company web site.36.
4.6.1.2 Comments on the RELAP5-3D model of the flexible-conversion-ratio fast reactor
system
The primary objective of implementing a RELAP5-3D model of the FCR fast reactor is to demonstrate
that, for a number of systems identified in the study, the clad integrity is never compromised during an
unprotected station blackout incident. A station blackout represents the loss of off-site power. An
unprotected station blackout is usually considered to be the most challenging hypothetical accident, where
in addition to the loss of off-site power, the reactor fails to scram. The study proposes certain design
features for lead-alloy-cooled and liquid-salt-cooled fast reactors to assure that the safety objectives are
met.
The reason the FCR fast reactor study was discussed here is because it included an integrated RELAP53D model of the plant (i.e., the primary heat transport loop, the secondary heat transport loop, and the
PCS. Within the model, these tightly coupled systems were allowed to interact dynamically with each
other. This is an important feature for control and protection systems design and analysis purposes.
However, the study—being primarily a safety-demonstration tool—does not address the critical elements
of control system simulation practices. Safety demonstrations usually fall into the domain of protection
systems. Protection systems—from the standpoint of system complexity—are fairly primitive systems
that are designed to perform certain limited functions, usually to completion, which means that once a
protection system is triggered or activated, the entire sequence of protective functions is required to
complete to reset the system. The triggering mechanism is typically multiply redundant safety-grade
independent instrumentation.
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Fig. 32. RELAP5 nodalization structure of the PCS.
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Control system functions are generally more sophisticated algorithms than the protection system
functions, but the domain of operation is more restricted (i.e., normal operating conditions and certain
transients that do not cause significant deviations from nominal conditions). A comprehensive control
system simulation should not only include the dynamics of the system it is intended to control, but also
the physics and dynamics of the sensors and actuators that are involved in the measurement of processes,
and control of components or systems. Key parameters for control are typically those that deal with the
response time of individual elements and components. A realistic simulation with representative time
constants is expected to demonstrate whether the overarching control objectives can be met with a set of
specifications. These parameters usually have physical implications that impose certain design
characteristics for sensors and actuators. Typically, control performance objectives delineate a domain of
acceptable parameters for these control elements. It is required that the control elements (i.e., either the
sensor or the actuator) maintain their specifications within this acceptable domain over its entire life cycle
as well as the entire range of operating conditions of the plant.
4.7

Necessary Features for Integrated Systems Simulation of the Reactor and Balance
of the Plant for Control Systems Analysis Purposes

RELAP5 contains the minimum set of building blocks to perform a wide range of control and protection
system simulations. The primitives listed in Table 1 provide a useful set of commands to interact with the
main module of the code that executes the system transients.
The lag and lead-lag controllers and proportional-integral controller are plug-and-play components that
can be rapidly used for implementing control strategies. However, more sophisticated control algorithms
usually have more demanding computational requirements that would not be efficiently defined using
these built-in control primitives. Optimal control, robust control, adaptive control, and model predictive
control are just a few among these approaches. These control methods are usually avoided for controlling
the primary system functions because the simpler controls are sufficient but can be implemented for the
PCS, such as the turbine control. RELAP5 currently does not support the higher level control algorithms.
One of the shortcomings of the RELAP5 code system—from the control systems simulations
perspective—is that it does not allow incorporation of user-created external subroutines that can perform
other computations and communicate the results with the main application in a predetermined protocol.
This would significantly extend the capabilities of the code system and allow design and analysis
simulations of a much larger set of control systems.
Advanced reactor and plant system designs, including the HTGR, usually employ digital instrumentation
and control systems. Almost all the safety-related and nonsafety-related functions are performed by
digital systems—sometimes with an analog backup system as a redundant means. The level of
sophistication in digital system implementations is expected to increase as the regulatory bodies have
better understanding of the failure modes and mechanism of these systems. Incorporation of the
sophistication of these systems and their potential failures will be a major challenge for engineers. In
particular, it is expected that the plants would employ full automation of startup and shutdown transitions.
The startup and shutdown modes are special control modes which the control system detects the need to
switch into or out of. The complexity of these operations in conjunction ability to switch into and out of
manual control smoothly makes the automation multistate event-based process. The automation may
prove to be the most challenging part of the control algorithm.
The possibility for unintended and unexpected adverse system interactions increases with the degree of
automation. The role of the control designer expands to operations engineer with a requirement the
control design anticipate all potential normal and abnormal scenarios that may occur in operation.
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RELAP5 is mostly a time domain tool, in that it allows continuous-time or discrete-time system
definitions. It does allow creation and definition of trip variables that assume Boolean values. However,
this capability is not sufficient to define the dynamics of an event-based system.
One way of modeling digital systems for modeling purposes is by creating a finite-state machine
representation. A finite-state machine—also called finite-state automata—is defined as a device that is
capable of representing a language according to well-defined rules.37 A language constitutes a formal
way, among many others, of representing the logical behavior of discrete-event systems.
Combining the environments for continuous- or discrete-time systems and discrete-event systems create a
hybrid simulation environment. A hybrid simulation environment can have asynchronous events and
process variable changes over the course of the simulation time, which would allow simulating the
dynamic interactions of a continuous-time system, such as a reactor and thermal fluid system, and an
event-driven system, such as a digital control system. This would allow incorporation of failure modes
that are unique to digital instrumentation and control systems into the control and protection system
simulations.
Another challenge in modeling these complicated systems is the communication network. In the earlier
nuclear plant designs where analog control systems were used, data transfer was accomplished through
point-to-point wired connections which carry a single signal. However, digital instrumentation and
control systems employ highly sophisticated fiber optic communication networks to transmit control and
protection system inputs and outputs in an efficiently and timely manner. The fiber optic networks carry
many signals on the same network. Issues of timing and handling of missed or corrupted communications
is an area of control and safety review. RELAP does not offer any tools to represent the timing and delay
effects of digital communications either by fiber network or represent communication failures. If external
subroutine definitions are allowed, these capabilities can be implemented and incorporated into the
RELAP5 code system by control engineers.
4.8

MELCOR

MELCOR is a fully integrated, engineering-level computer code whose primary purpose is to model the
progression of accidents in LWR nuclear power plants. MELCOR was developed by Sandia National
Laboratory for the U.S. Nuclear Regulatory Commission (NRC) as a second-generation plant risk
assessment tool and the successor to the Source Term Code package. It is specifically designed to
represent accidents which proceed to core degradation and relocation of structural components.
Originally, MELCOR was capable only of modeling LWRs, but recent additions of material properties
allow it to simulate gas, liquid metals, and liquid salts as coolants. Additional modifications have added
secondary plant components to represent hydrogen production systems and gas turbines and compressors
so that a full NGNP plant can be modeled.
A broad range of severe accident phenomena in both BWRs and PWRs are treated in MELCOR in a
unified framework. Current uses of MELCOR include estimation of fission product source terms and their
sensitivities and uncertainties in a variety of applications. MELCOR is also used to analyze design basis
accidents for advanced reactor designs, such as ESBWR, EPR and APWR.
The MELCOR code is composed of an executive driver and a number of major modules, or packages,
that together model the major systems of a reactor plant and their interactions. Reactor plant systems and
their response to off-normal or accident conditions include:



thermal-hydraulic response of the primary reactor coolant system, the reactor cavity, the
containment, and the confinement buildings;
core uncovering (loss of coolant), fuel heatup, cladding oxidation, fuel degradation (loss of rod
geometry), and core material melting and relocation;
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heatup of reactor vessel lower head from relocated fuel materials, and the thermal and mechanical
loading and failure of the vessel lower head, and transfer of core materials to the reactor vessel
cavity;
core-concrete attack and ensuing aerosol generation;
in-vessel and ex-vessel hydrogen production (due to metal-water reaction in LWRs), transport,
and combustion;
fission product release (aerosol and vapor), transport, and deposition;
behavior of radioactive aerosols in the reactor containment building, including scrubbing in water
pools and aerosol mechanics in the containment atmosphere, such as particle agglomeration and
gravitational settling; and
impact of engineered safety features on the thermal-hydraulic and radionuclide behavior.

Various code packages designed as modular structures allow exchange of complete and consistent
information among them. The design of intermodular communication allows complete coupling of
modeled phenomena at every time step of the simulation. The numerical advancement scheme employs
both explicit and implicit schemes. Explicit schemes are used for slower heat transfer processes, and
implicit schemes are employed for hydrodynamics.
The MELCOR models systems and components are composed of a user-defined arrangement of ―control
volumes.‖ Control volumes are the basic building blocks of the simulation. No requirement for a specific,
predefined nodalization for components allows user to control the degree of detail needed for specific
simulation. Reactor-specific geometry is, however, imposed in modeling the reactor core in which core
degradation and relocation can occur.
The original concept of MELCOR was for coarse mesh modeling with certain limitations in
representation of structural details in the heat transport systems.
The following descriptions are taken largely from the MELCOR code manual.38
4.9

STRUCTURE OF MELCOR

A top-level structure of the MELCOR code system is shown in Fig. 33. MELCOR is composed of a
number of packages that model different accident phenomenon or control the execution of the program.
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Fig. 33. Code structure of MELCOR.38

The physical phenomena modeled by MELCOR are grouped into coding packages. The user invokes
particular modeling feature by calling the package. Each package requires user input data for geometry
and user-controlled selections to complete the component modeling descriptions. The documentation is
organized around the package. Packages contained in MELCOR are listed with a brief description in
Table 2.
Table 2. Packages contained in MELCOR
PACKAGE
BH
BUR

CAV
CF

CND

DESCRIPTION
 Bottom head. This model was developed by the Oak Ridge National Laboratory,
and is an alternative to the lower plenum modeling in COR.
 Burn (combustion) of gases. Compares conditions within control volumes against
criteria for deflagrations and detonations; initiates, and propagates deflagrations
involving hydrogen and carbon monoxide; calculates burn completeness and flame
speed.
 Core-concrete interactions. CORCON-MOD3 with enhanced sensitivity analysis
and multicavity capabilities.
 Control functions. Evaluates user-specified ―control functions‖ and applies them to
define or control various aspects of the computation such as opening and closing of
valves; controlling plot, edit, and restart frequencies; defining new plot variables;
etc.
 Condenser package. Models the effects of the isolation condenser system (ICS) and
passive containment cooling system (PCCS), both of which use heat exchangers
submerged in large water pools, intended primarily for some BWRs and the SBWR
design concepts.
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Table 2. (continued)
PACKAGE
COR

CVH
CVT
DCH
EDF
EOS
ESF

EXEC
FDI
FL
H2O

HS

MP

NCG
PAR
PROG
RN

SPR
TF

TP
UTIL

DESCRIPTION
 Core behavior. Evaluates the behavior of the fuel and other core and lower plenum
structures including heatup, candling, flow blockages, debris formation and
relocation, bottom head failure, and release of core material to containment.
 Control volume hydrodynamics. In conjunction with the FL package, evaluates
mass and energy flows between control volumes.
 Control volume thermodynamics. Evaluates the thermodynamic state within each
control volume for the CVH package.
 Decay heat. Used by other packages to evaluate decay heat power associated with
radionuclide decay.
 External data files. Controls the reading and writing of large external data files,
closely interfaced with the control function and transfer process packages.
 Equation of state. The CVT, H2O, and NCG packages are stored as one block of
code under this name.
 Engineered safety features. Models the thermal-hydraulics of engineered safety
features that cannot be effectively modeled by building appropriate components or
systems using the CVH, FL, HS, and CF packages.
 Executive package. Controls execution of MELGEN and MELCOR.
 Fuel dispersal interactions. Models ex-vessel debris relocation, heat transfer, and
oxidation due to fuel-coolant interactions and high-pressure melt ejection.
 Flow paths. Models, in conjunction with the CVH package, the flow rates of gases
and liquid water through the flow paths that connect control volumes.
 Water properties. Evaluates the water properties based on the Keenan and Keyes
equation of state extended to high temperatures using the JANAF data. This set of
routines is in the ―EOS‖ code package.
 Heat structures. Models the thermal response of heat structures, and mass and heat
transfer between heat structures and control volume pools and atmospheres. Treats
conduction, condensation, convection, and radiation as well as degassing of unlined
concrete.
 Material properties. Evaluates the physical properties of materials for other
packages except for common steam and noncondensable gas properties (H2O and
NCG).
 Noncondensable gas equation of state. Evaluates the properties of noncondensable
gas mixtures using an equation of state based on the JANAF data.
 Passive autocatalytic hydrogen recombiner. Includes general models for modeling
hydrogen recombiners in the containment.
 Part of MELGEN/MELCOR executive package separated for computer library and
link purposes.
 Radionuclide behavior. Models radionuclide releases, aerosol and fission product
vapor behavior, transport through flow paths, and removal due to ESFs. Allows for
simplified chemistry.
 Sprays. Models the mass and heat transfer rates between spray droplets and control
volumes.
 Tabular functions. Evaluates user-selected ―tabular functions‖ to define or control
various aspects of the computations such as mass and energy sources, integral decay
heat, plot, edit, and restart frequencies, etc.
 Transfer process. Controls the transfer of core debris between various packages and
the associated transfer of radionuclide within the RN package.
 Utility package. Contains various utilities employed by the rest of the code.

The main simulation packages are described more fully in the following sections.
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4.9.1

Control Function (CF) package

The Control Function (CF) package is a general-purpose interface for user-defined mathematical
functions. As the name indicates, the functions may be used to simulate the actual sensors and controls of
the reactor system but are also used for controlling the simulation manually or incorporating physical
interactions that are not provided in MELCOR’s physics packages. For example, a control function may
be used to apply a time-dependent boundary condition as a simplification to modeling the actual system
that interacts with the model. The fuel pebble model in MELCOR-H2 of surface and maximum
temperature in spherical geometry is an example in which the CF package is used to model a physical
process not available in the MELCOR system.
The CF package allows the user to define functions using variables in the MELCOR database as input.
The output values of the control functions are themselves variables in the database, each calculated from
the start-of-step values of the variables which define its arguments. The output values of the CF functions
are available to the other physics packages. Both real-valued and logical-valued control functions are
available.
Note that each control function has a unique value at any time, because all of its arguments (which are
other variables in the MELCOR database) are explicit functions of time. It may include a numerical
integration or other logic so that its value depends on the history of its arguments over time. This is in
contrast to tabular functions, which are functions in the pure mathematical sense. A tabular function
accepts arguments and returns function values that depend only on current values of the arguments.
The CF package serves primarily as a utility.
1. The CF package has access to the MELCOR database of variables for use as arguments. The
variable database requires that specific coding be included in the packages to include an internal
variable in the database. Only a limited number of variables used in the modeling in the code are
included in the database and are available for use as control function arguments. Programming
changes to the MELCOR database program are required to add variables that are needed but not
predefined in the data tables. The difficulty of programming changes can limit the uses of the
control function.
2. The executive or any physics package may refer to a control function (meaning the value of that
control function) by number.
Applications of control functions
A real-valued control function may be used to define an input quantity for a physics package, allowing the
input to be a function of current conditions in the system being modeled. The possibilities include timedependent effects from unmodeled parts or processes in the plant. For example:
1. rate of mass or enthalpy addition, or temperature of a mass source or sink (negative source) in the
CVH package;
2. value of an independent thermodynamic variable in a time-specified volume in the CVH package;
3. velocity in a time-dependent flow path in the FL package;
4. fraction of a flow path, which is open (to represent valves, breaches, blow-out panels, etc.) in the
FL package;
5. laminar friction coefficient in a flow path segment in the FL package (this is used to model the
effects of filter loading);
6. inlet temperature for the dT/dz model in the COR package; and
7. fission power in the COR package.
Logical- or real-valued control functions may be used to initiate or control the operation of components or
models as conditions change in a calculation. Examples include:
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1. opening and closing of valves in the FL package,
2. operation of pumps in the FL package, and
3. failure of the lower head in the COR package.
In all of these cases, complex functions may be built up as desired. For example, a relief valve may be
controlled as a function of the pressure difference between two control volumes, including appropriate
static head terms. The different setpoints in a multibank relief valve system may also be modeled, and a
block or bypass valve may be included if desired.
Proportional-integral-differential (PID) control function
This control function is used in control system design defined by the equation

tn

f 
n

R1a1n

 R2 a1  t  dt  R3



da1
dt

,

(4.9-1)

tn

where R1, R2, and R3 are input as real constants. The PID control function can be evaluated using the
built-in derivative—either centered difference or forward difference—and integral functions.
Hysteresis (HYST) control function
The HYST control function is used to model the type of hysteresis behavior exhibited by components
such as relief valves, which are opened as the controlling variable (e.g., differential pressure), increases,
and closed as it decreases with a dead band between. The behavior can be mathematically expressed as
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where f LOAD and fUNLOAD represent functional relationships for the upper and lower curves of the
hysteresis loop. When the variable a1n (e.g., a differential pressure on a check valve) goes above the upper
curve, f LOAD , the control variable is loaded (e.g., check valve opens). Similarly, when a1n goes below the
lower curve, fUNLOAD , the control function state is unloaded (e.g., check valve closes). When it is between
the curves, the function remains its last state, either loaded or unloaded.
Trips
The MELCOR control function package includes a variety of TRIP functions. Each requires either a
logical or a real argument. Additional arguments may be required to define the necessary setpoints. The
latter class of function is used to model switching phenomena involving a dead band (such as a heater,
which turns on when the temperature falls below T1, and does not turn off until the temperature has risen
above T2).
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In its simplest form, a controlled parameter has only two states—OFF and ON, which can be represented
as a logical function. MELCOR, however, employs a more general implementation where trips have been
implemented as real-valued functions. The function value is zero if the trip is off and nonzero if it is on.
User-defined functions
In order to simplify the addition of special-purpose functions, interfaces are provided for ten user-defined
functions with names FUN1, FUN2, … , FUN10. Each subroutine is coded as a function of five real
arguments and includes an error flag in its calling sequence.
In order to make use of the interfaces, the user must generate his/her subroutines in the form

REAL FUNCTION FUNn(A1, A2, A3, A4, A5, IERROR).

The arguments A1 through A5, defined as for any other type of control function, may be used as desired
in evaluating FUNn.
4.9.2

Core (COR) package

The MELCOR COR package calculates the thermal response of the core and lower plenum structures,
including the portion of the lower head directly beneath the core, and models the relocation of core
materials during melting, slumping, and debris formation. The features of the COR package is based
primarily on the physical geometry and design features of LWR cores and fuel designs. The structures can
be adapted approximately for NGNP fuel and core geometry. For example, its debris field simulation is
used to model the pebble bed geometry. The prismatic fuel core models to date have used the more
general CVH and FL packages to model core nodes. The COR package also calculates a simplified
mechanical response of the lower head to the differential pressure between the lower plenum inside the
vessel and the reactor cavity outside the vessel. An alternative modeling of lower plenum and lower head
phenomena is optionally available through the separate bottom head (BH) package. Multiple structures
are modeled as separate components within a single core cell. Intact components include fuel pellets,
cladding, canister boxes, and other structures, such as control rods. Particulate debris is also modeled as a
possible component within a core cell.
All important heat transfer processes are modeled for each cell component. Thermal radiation among the
various components within a cell and between cells in both the axial and radial directions is included, as
well as radiation to boundary structures, such as the core shroud or upper plenum, and to a liquid pool.
Melting of boundary steel structures, with addition of the molten steel to the core debris, may be modeled
using appropriate input to the HS package. Gap radiation/conduction between fuel and cladding and axial
conduction in each of the components is modeled. Convection to the fluid in adjacent control volumes is
modeled for a wide range of fluid conditions and structure surface temperatures, including nucleate and
transition film boiling.
The core degradation model treats eutectic reactions that lead to liquefaction below normal melting
points, dissolution reactions that lead to significant fuel relocation below the UO2 melting temperature,
―candling‖ of molten core materials (i.e., downward flow and refreezing), and the formation and
relocation of particulate debris. Various geometric variables (e.g., cell surface areas and volumes) are
updated for changing core geometry.
Changes in core flow resistance resulting from relocation of core materials may be modeled, but the
connection to the hydrodynamic packages (CVH and FL) is not automatic. Input on FLnnnBk records is
required to specify which core cells are associated with each flow path involving the core. Because only
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CVH and FL model the flow of water and gases, the effects of blockages on circulation can be modeled
only to the extent that the CVH/FL nodalization can resolve that circulation.
Each core cell may contain one or more components of conventional LWR fuel design. Seven intact
components are modeled:
1.
2.
3.
4.
5.
6.

fuel pellets,
cladding,
BWR canister walls,
supporting structure,
nonsupporting structure, and
other structure.

NGNP core models do not utilize the LWR fuel features. As discussed in Sect. 4.12.1, the pebble bed core
is modeled using a particulate debris option of the COR model to represent the coolant flow in the core
region. Prismatic fuel core model, which is discussed in Sect. 4.12.2, is modeled using CVH, HS, and FL
components rather than using the COR package.
A lumped parameter approach is used for each component within a cell; therefore, each component is
represented by a single temperature. All heat transfer processes between components are approximated by
point differences between temperatures (as opposed to an integrated average difference using a spatial
distribution of temperatures over the control volume). All thermal calculations are done using internal
energies of the materials, and the mass and internal energy of each material in each component are
tracked separately to conserve total mass and energy.
Several geometric variables are used to further describe the cells. For each structural component a surface
area is defined for convection and oxidation calculations; the canister components have defined surface
areas for each side to communicate separately with the channel and bypass control volumes. The effects
of conglomerate debris on component surface areas are factored into the oxidation calculations, and for
oxidation of debris, separate Zircaloy and steel surface areas are used. Equivalent diameters for each
component are also specified for use in various heat transfer correlations. Cell boundary areas for intercell radiation (both axially and radially) are defined. Volumes of components and the ―empty‖ fluid space
are tracked for core slumping and flow blockage calculations.
For each radial ring, the user can define up to three representative penetrations (e.g., instrumentation
tubes or guide tubes) in the lower head, specifying their mass and surface area. The lower head is
modeled as a hemispherical shell of user-specified thickness and composition. The user must specify the
thickness and composition of an arbitrary number of radial nodes (not to exceed 24) beginning from the
outer surface of the hemisphere and progressing inward. In addition to stainless steel, which is included in
the COR package database, the user may specify up to six materials in a composite lower head. Hence,
with appropriate materials properties (MP) package input, the user may model insulation, carbon steel,
and a stainless steel liner if desired. The outer node (surface) communicates with the CVH fluid in the
reactor cavity, and downward-facing boiling heat transfer to a flooded cavity is modeled. The inner node
(surface) communicates thermally with both the penetrations and the debris. Heat transfer from the debris
to the lower head and its penetrations is modeled parametrically. A one-dimensional solution is used to
determine the temperature profile through the lower head. The temperature profile and the loading of the
vessel can be used by the lower-head mechanical model to predict creep-rupture failure of the lower head
using the Larson-Miller parameter and a life-fraction rule.
The COR package uses an explicit numerical scheme for advancing the thermal state of the core through
time. To address potential numerical instabilities in the COR model, a subdivided-time step capability has
been developed to allow the COR package to take multiple time steps across a single system time cycle.
All energy generation and heat transfer rates are evaluated at the beginning of a COR package’s time step
based on current temperatures, geometric conditions, and an estimate of the local fluid conditions
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(calculated by the COR package dT/dz model to reflect the temperature variation of a control volume
containing many individual core cells). The net energy gain (or loss) across the COR package time step is
determined for each component by multiplying these rates by the COR package time step. The COR
package time step is automatically adjusted based on user-supplied control parameters. The temperature
change for any component with total mass greater than a user-specified minimum is limited to a userspecified maximum. If the calculated temperature change is greater than this limit; the core time step is
reduced. If the energy input to any fluid volume changes from previous values in such a way as to
possibly result in numeric instability between the COR and CVH packages, the system time step may be
immediately cut or a reduction may be requested for the next system cycle.
4.9.3

Control volume hydrodynamics (CVH) package

The Control Volume Hydrodynamics (CVH) and Flow Path (FL) packages model the thermal-hydraulic
behavior of liquid water, water vapor, and gases in MELCOR. Modeling is based on a discrete control
volumes connected by flow paths. Connections are defined by input to the FL package described in the
following section.
All hydrodynamic material including the coolant (water or helium), vapor and fog, and noncondensible
gases, each with its associated energy calculation resides in control volumes. The control volume contains
a multicomponent fluid. The model represents the conservation of mass and energy of each component.
The CVH package does not include core structures or core debris, other heat structures, fission products,
aerosols, water films on heat structures or ice (e.g., for ice condenser containment models).
Mass and energy sources and sinks
CVH input allows the definition of explicit sources and sinks (negative sources) of mass and/or energy as
boundary conditions to represent unmodeled parts of the system. Additional sources and sinks may be
imposed by other packages during a MELCOR calculation; these are included automatically and do not
require input to CVH. Heat sources are included from the Core (COR), Cavity (CAV), Fan Cooler (FCL),
Fuel Dispersal Interactions (FDI), Radionuclide (RN), Spray (SPR), and Heat Structure (HS) packages.
Because a thermochemical reference point is used in thermodynamics, gas combustion modeled in the
Burn (BUR) package does not involve an explicit heat source; the heat of combustion is implicit in the
enthalpy functions.
4.9.4

Flow Path (FL) package

FL input includes all definition of flow resistance, including any frictional losses associated with the
walls and unrecoverable form loss of control volumes and blockages calculated by the COR package.
Special models including externally controlled flow areas (valves), forced flows, and momentum sources
(pumps) are also defined by FL input in conjunction with functions defined by the Tabular Function (TF)
and Control Function (CF) packages.
As shown in Fig. 34, each flow path connects two control volumes. Each connection is referred to as a
junction; the two junctions associated with a flow path may be at different elevations. One volume is
referred to as the from volume and the other as the to volume, thus defining the direction of positive flow.
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Fig. 34. Flow path definition.38

A flow path may represent a pipe-like connection in a tank-and-tube model, or the open area of a
separating surface (cell boundary) in a finite-difference-like model. The former case represents the limit
of a control volume when residence effects are not important. The primary difference is in the definition
of junctions and control volumes.
All dissipative pressure drops between volumes are assumed to take place within the flow paths
connecting them. Contributions from both form loss and wall friction are included in the dissipative
losses.
The form loss calculation is based on user-input loss coefficients, K , given by Eq. (4.9-3), which may be
different for forward and reverse flow.

1
P   K    ,
2

(4.9-3)

where  is density,  is velocity, and  is a subscript P or A to denote pool or atmosphere.
Special flow path models
Several additional models are available for use in flow paths. These can be used to modify the fraction of
the flow path area that is open, define momentum sources in the path, specify the velocity in the path,
modify the treatment of two-phase flow, include the effects of momentum flux, or model blockage of the
path by materials such as core debris.
Valves
The user may include a valve in a flow path to control the fraction of the area of the path that is open. The
open area of the flow path is defined as the fully open area multiplied by the fraction open. Valves do not
modify the areas of flow path segments and, therefore, do not affect the dependence of wall friction on
volumetric flow.
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Pumps and fans
Pumps can be included in flow paths. In the flow path momentum equation, they are modeled as
introducing a pressure ―boost,‖ which is ordinarily a function of the volumetric flow through the path. In
defining a pump, the flow should be thought of as the independent variable and the pressure head
delivered by the pump as the dependent variable; the actual flow on any time step is calculated from the
balance of this head (as a function of flow) against static, frictional, and acceleration pressure differentials
in the rest of the flow circuit.
There are two types of pumps available in MELCOR. The first, referred to as ―FANA,‖ was originally
intended to model a fan that impels the atmosphere through a flow path. It can also be used to represent a
constant speed coolant pump, although in a very simple form. The second, called ―QUICK-CF,‖ simply
uses a control function to define the pressure head, allowing the user complete freedom but also giving
him complete responsibility for all details.
Both models are numerically explicit; that is, the pressure head is based on conditions at the start of the
MELCOR system time step and remains unchanged throughout the step—even if the CVH package is
subdividing the main time step.
The MELCOR-H2 model contains steady state models of the momentum and flow in gas turbines and
compressor which are more detailed representations of the head/flow relationship. These models are
contained in Sects. 4.11.2 and 4.11.3.
Time-dependent flow paths
Velocities in a flow path can be specified by the user through control functions or tabular functions. The
specified velocity is used for both the atmosphere and the pool. The void fraction is calculated using the
standard model.
Modeling breaks and failures
All types of failures which lead to the opening of additional paths for fluid flow are modeled by using
flow paths containing valves which are defined to open when a failure criterion is reached. This includes
pipe breaks, melt-through or catastrophic failure of the pressure vessel, failure of rupture disks and
blowout panels, and failure of containment.
4.9.5

Heat Structure (HS) package

The MELCOR HS package calculates heat conduction within an intact, solid structure, and energy
transfer across its boundary surfaces into control volumes. The heat structure itself is a general-purpose,
solid volume. HS modules can represent pressure vessel internals and walls, containment structure and
walls, fuel rods with nuclear or electrical heating, steam generator tubes, and piping walls.
Figure 35 illustrates a heat structure in a CVH control volume. The geometry of the solid can be
rectangular, as shown in Fig. 35, cylindrical, spherical, or hemispherical geometry.

88

Fig. 35. Heat structure in a control volume.38

Finite-difference equations are used to advance the temperature distribution of a heat structure in time
during MELCOR execution or to obtain its steady-state temperature distribution. These equations are
obtained from an integral form of the one-dimensional heat conduction equation and boundary conditions
using a fully implicit numerical method.
4.9.6

Material Properties (MP) package

The MELCOR MP package models the physical properties needed by many of the various physics
packages using analytical laws, correlations, or lookup tables. These properties include thermodynamic
state and transport properties needed for structural materials as well as transport properties for water and
noncondensible gases. Material properties needed for modeling gas-cooled reactors have been added to
the library of materials in the MELCOR-H2 version of the code.
4.10 MELCOR-H2 Extensions for VHTR Plant Models
MELCOR-H239 is an extended version of MELCOR designed to couple a detailed MELCOR model of
nuclear reactors with modular secondary system components and thermochemical cycles for the
production of hydrogen and electricity. The main emphasis of MELCOR has been the reactor core and the
containment models under severe accident conditions, but MELCOR physics packages are able to
represent most secondary loop components. By proper assembly of the physics packages representing
control volumes (CVH), flow paths (FL), and heat structure (HS), modules can represent the normal
components of vessels, pipes, and valves that are used in NGNP designs. However, some significant
models are lacking. MELCOR-H2 has added components which are not modeled in the standard
MELCOR physics packages.
Current MELCOR-H2 extended capabilities include:


the ability to simulate secondary system components such as compressors, turbines, and the
intermediate heat exchanger;
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sulfur-iodine (SI) chemistry;
Westinghouse hybrid sulfur (HyS) chemistry;
neutron point kinetics;
pebble fuel heat transfer model; and
a real-time, interactive graphical user interface.

The extensions are general-purpose packages that can be adapted through input to represent a range of
secondary plant loop arrangements and components.
MELCOR-H2 provides fully integrated simulation capability of a nuclear power plant that is attached to a
process plant, which allows execution of transient response of the plant to various disturbances including
those originating due to disturbances in the heat loads of the plant. For illustration of the capabilities, a
schematic of the reactor (primary cycle), power conversion system (secondary cycle), and the SI process
cycle is shown in Fig. 36.

Fig. 36. Schematic of a nuclear reactor that is fully coupled to a thermochemical sulfur-iodine cycle and
the power conversion system.39
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Rodriguez indicates that the following transients can be performed with MELCOR-H2:
1. Loss of flow accidents
a. Primary system
b. Secondary system
2. Chemical leaks from the process loop
a. H2, SO2, H2SO4, etc.
b. H2 deflagration
3. Air ingress, graphite oxidation
4. System feedback, core reactivity effects, system perturbations
5. System startup, turbine and compressor transients, plant design changes, etc.
MELCOR-H2 has also added a display of system transient variables calculated at each time step of the
execution of simulation in real time on the graphical user interface (GUI). The interactive GUI (Fig. 37)
also allows changing certain input parameters as the simulation is executed and observing the response of
the system as the simulation progresses.

Fig. 37. Snapshot of the graphical user interface of MELCOR-H2.39

The MELCOR-H2 system models are currently in a developmental stage and can be expected to undergo
further additions and refinements to make the MELCOR-H2 a production code for control and protection
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system analysis. A certain amount of benchmarking of the MELCOR code to other codes has been
reported but the version should not be considered a verified code.
4.11 Modeling the Secondary Loop and the Balance of Plant in MELCOR
The following modeling sections which describe the formulations in MELCOR-H2 are extracted from
Rodriguez39 with minor editing and condensing of the original text.
4.11.1 Gas turbine, compressor, and heat transfer models
A closed Brayton cycle (CBC) for electrical power generation plants is being considered for a portion of
the energy conversion of NGNP. A typical configuration in which the CBC is in parallel with hydrogen
production is shown in Fig. 36. The Brayton cycle, in this example, is a single shaft design, meaning that
the turbine, compressor, and electrical generator are all on the same shaft. For the closed cycle design, a
heat exchanger to cool the fluid exiting the turbine before entering the compressor is thermodynamically
necessary. Hence, these three components for the model are necessary and are developed to be compatible
in the simulation. Other configurations are possible with the MELCOR-H2 models. This section describes
these three related components for a CBC. The MELCOR-H2 models are all described in Rodriguez39.
The MELCOR-H2 turbine and compressor models grew out of work by Tournier and El-Genk at the
Institute for Space and Nuclear Power Systems at the University of New Mexico40, 41. Their turbine model
was designed primarily for steady state thermal cycle analysis of the NGNP and other reactors. The
models of the turbine and compressor in these earlier codes employ solutions of the steady-state
conservation equations fluid momentum, energy, and mass. The same turbine and compressor models
have been incorporated into MELCOR-H2 as quasi-steady models of the gas flow and energy conversion
processes. The quasi-steady approximations neglect the time derivative terms in the conservation
equations and are appropriate for the range of time scales in which the dynamics of interest are much
slower than the dynamics for the storage of shaft momentum and storage of energy and mass in the
working fluid of the turbine and compressor. Also the model does not include the dynamics of the shaft
momentum. Shaft speed is an input to the fluid model. The fixed shaft speed input is appropriate for the
normal operating condition in which the shaft is synchronized to the grid. However, the fixed speed
model would not simulate the necessary dynamics and interactions between control and process models
for the overspeed transient that follows a load rejection transient. In this transient, the generator becomes
electrically disconnected from the grid, losing the grid’s regulation of shaft speed. The plant controls
and/or safety systems must act to prevent a damaging overspeed of the turbine-compressor-generator
shaft.
In addition to the quasi-steady approximations of conservation equations, the performance modeling
ancestry of the MELCOR turbine and compressor models leads to a modeling approach that bases the
performance on the fundamental geometric parameters of the turbine design. To explain this approach, it
is noted that a simpler and more common approach, as in RELAP, is to input performance maps which
relate flow, torque, and pressure change in the turbine. The performance maps are steady-state parametric
relationships. They may be obtained from external detailed turbine design calculations or may be based
on homologous relationships that normalize performance maps for a whole class of similar turbines or
compressors in average functional relations written in terms of dimensionless variables. The performance
maps contain the essential relationships between pressure, flow, and momentum transfer in functional or
tabular form which are needed for the dynamic model. The alternative approach used in MELCOR-H2 is
to derive the performance maps from the actual turbine or compressor geometric parameters.
The approach used in MELCOR-H2 requires detailed geometrical data for the turbine, such as the rotor
diameters, blade angles, blade chord length, blade pitch, and so forth. An initialization routine in the code
then uses built-in analytical and empirical physical relationships collected by Tournier and El Genk from
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the open literature to compute parameters in performance mapping functions needed for the modeling
calculations. The initialization calculation for the turbine is, in effect, an open-source turbine design code
like the proprietary codes used by turbine vendors. These performance relationships are then fed to the
quasi-steady calculation of shaft power and exiting fluid conditions for the device. The advantage of the
MELCOR-H2 approach is that the model can be tailored very exactly to a specific turbine design. The
disadvantage is the need for detailed geometric data on the turbine to construct the model. In many
instances, only the turbine manufacturer would have access to such data. The performance that is
calculated by MELCOR also depends on the selection of the empirical relationships which are used in the
model. These relationships, which are described in this section, are from the open literature. These
relationships have a known accuracy regarding the fit to experimental data but unknown impact on the
accuracy of the application. Another problem is that at early stages of development when scoping and
feasibility studies are being done, the actual turbine design and the data needed for generating the model
may not yet exist. The authors address the issue of input data in their example of a construction of a
model of the Japanese GTHTR300 6-stage axial-flow turbine. Publicly available data sources lacked
sufficient detail to fully determine the model inputs. The report goes through the assumptions and
estimates that were necessary to fill in missing data. The approach matched turbine design to the available
operating point data using rules of thumb for turbine design. The remaining unknown parameters were
then adjusted to optimize the system performance. This approach assumes that the designers of the actual
system would follow a similar optimization approach and find a similar optimum configuration. The
complete input data which were assembled for the GTHTR300 model are provided in the Appendix D of
Rodriguez39. These data serve as a guide for other turbine modeling cases. Despite the need for estimating
and approximating the missing input, the performance maps match published data for the GTHTR300
very well. The success of the model probably reflects a very deep understanding of turbine design and
performance mapping calculations by the developers of the MELCOR-H2 turbine and compressor
models. The requirement for such skills to formulate the model input set-up raises the difficulty level for
the user in developing a full system model.
The following sections go through the modeling equations in some detail both to explain how the difficult
problem of turbine and compressor modeling is solved and to have some basis for discussing the
limitations of the model.
Nomenclature for turbine and compressor models
A

Cross-sectional flow area (m2)

c

Gas sonic velocity (m/s) c   RT

C
CL
Cp
CR

Actual chord length of blade (m)
Blades lift coefficient based on mean vector velocity
Specific heat at constant pressure (J/kg.K)
Convergence ratio, CR = cos 1 / cos 2

Cv
Cx
D
Deq
Deq
Dhub
e
f
Ft
h

Heat capacity at constant pressure (j/kg.K), Cv = Cp – R
Axial chord length of blade (m), Cx = C  cos 
Diameter (m)
Equivalent diffusion ratio (suction surface peak velocity/outlet velocity)
Equivalent hydraulic diameter (m)
Hub diameter of rotor wheel (m)
Internal energy per unit mass (J/kg)
Darcy friction factor
Tangential loading parameter
Enthalpy per unit mass, h = e + P/ (J/kg)
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ĥ

Stagnation (or total) enthalpy per unit mass, hˆ  h  0.53V 2 (J/kg)

H
hCV

Height of blades (m)
Convective heat transfer coefficient (W/m2.K), hCV = Nu /Deq

HTE

Boundary-layer shape factor, HTE  *TE / TE

i
iC
io
iS
iSR
i*
Kinc
k
L
Lfin

P̂

Blade incidence angle at leading edge (°)
Negative stall incidence angle of blades cascade (°)
Blade incidence angle for zero camber (°)
Positive stall incidence angle of blades cascade (°)
Reference stalling incidence angle for turbine cascade with S/C = 0.75 (°)
Optimum design incidence angle at leading edge of compressor blades (°)
Off-design incidence correction factor
Boltzmann constant, k = 1.3804  10-23 J/K
Length of flow channel (m)
Length of heat transfer fins (m)
Mass flow rate of working fluid (kg/ s)
Molecular weight (kg/mole)
Gas Mach number, Ma  V / c
Shaft angular speed in rotations per minute (rpm)
Avogadro number, Na= 6.0225  1023 molecules/mole
Number of rotor blades
Number of stator blades
Coolant Nusselt number
Throat width between blades in cascade (m)
Pressure (Pa)
Stagnation (or total) pressure, 2Pˆ  P  0.5 V (Pa)

Pe
Pr

Peclet number, Pe  Re  Pr
Coolant Prandtl number, Pr  Cp / 

r

Average radius of blade (m), r  0.5  (rhub  rtip )

R
R
Re

Gas constant, R = Rg / M (J/kg.K)
Radius (m)
Flow Reynolds number, Re  VDeq / 

S
Sfin
Sun
Rg
t
tmax
tTE
T
U

Pitch or distance between blades in cascade (m)
Finned heat transfer surface area (m2)
Unfinned heat transfer surface area (m2)
Universal gas constant, Rg = kNa = 8.3143 J/mole.K
Time (s)
Maximum blade thickness (m)
Thickness of blades trailing edge (m)
Temperature (K)
Rotor tangential velocity (m/s), U  R

V

Gas absolute velocity vector (m/s)

m
M
Ma
N
Na
Nrot
Nsta
Nu
O
P

3
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Vr
Vx
V

Gas radial velocity component (m/s)
Gas meridional velocity component (m/s)
Gas tangential velocity component (m/s)

V

Average flow velocity in channel (m/s)

W

Gas relative velocity vector with respect to rotor wheel (m/s), W  V  U
Rate of mechanical work done by working fluid on surroundings (W)
Pressure loss coefficient of a blade cascade
Relative position of maximum camber, measured from leading edge
Spanwise penetration depth between primary and secondary loss regions (m)

W

Y
Z/C
ZTE
Greek

Angle between gas absolute velocity vector and meridional plane (degrees)

n

Coefficient which accounts for the nonuniformity of velocity profile

2

Velocity profile correction factor,  2 = 1.020 for turbulent flow

3


Velocity profile correction factor,  3 = 1.056 for turbulent flow



Ratio of specific heat capacities,  = Cp/Cv

*

*
fin
M
iS
P



Blade circulation parameter (dimensionless)












Efficiency, dimensionless

Blade angle relative to meridional plane (°)

Boundary layer thickness (m)
Boundary layer displacement thickness (m)
Thickness of heat transfer fins (m)
Mach number correction to incidence angle (°)
Stalling incidence angle correction for other S/C values (degrees)
Total pressure loss (Pa)
Kinetic energy loss coefficient
Camber angle of compressor blades (°),  = |1 – 2|
Boundary layer momentum thickness (m)
Thermal conductivity (W/m.K)
Coolant dynamic viscisity (kg/m.s)
Density (kg/m3)
Blade cascade solidity,  = C/S
Blades clearance gap (m)
Angle between gas relative velocity vector and meridional plane (degrees)
Blades stagger angle measured from axial direction (degrees)
Shaft angular speed (radians/s)

Subscript/Superscript


AM
b

Tangential or ―whirl‖ component
Loss model of Ainley and Mathieson42
Coolant bulk
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C
cas
disk
fin
hub
LE
n
o
p
r
s
T
TC
TE
Tip
w
wind
x, z
0
1
2
(n)
(n + 1)

Compressor
Casing of turbomachinery
Disk friction losses degraded to gas enthalpy increase
Heat transfer fins
Hub of impeller
Leading edge of blades
Iteration number
Value for constant properties case
Profile losses
Radial component
Secondary losses
Turbine
Tip clearance losses
Trailing edge of blades
Tip of impeller
Wall surface
Windage mechanical losses
Axial component
Inlet of contraction/expansion zone (previous blade trailing edge)
Inlet of blades cascade (leading edge)
Outlet of blades cascade (trailing edge)
Best estimate at present iteration
New value at completion of iteration

4.11.2 Turbine modeling equations
Figure 38 illustrates the basic configuration of an axial-flow turbine with three stages. Each stage consists
of a cascade of stationary blades (Inlet Guide Vanes, IGV, or Stator, S), which increase the swirl
(tangential) velocity of the gas in the direction of rotation, followed by a cascade of rotating blades
(Rotor, R), which absorb the gas swirl velocity and convert it to rotor mechanical (or kinetic) energy.
Both processes in the turbine operate at the expense of gas static pressure, so that the gas pressure
decreases as the gas flows through each blade cascade. It is a common practice in axial-flow
turbomachines to design a multistage turbine for nearly constant axial flow velocity throughout. To
achieve this result, the annular flow area must increase from inlet to outlet since the gas pressure and
density decrease as the gas flows through the turbine. Typically, an exit guide vane cascade (EGV)
follows the last turbine stage to remove any residual swirl velocity and convert the radial component of
kinetic energy into axial energy which then can be used to increase the static pressure. Although not
shown on the figure, a diffuser follows the EGVs to recover as much kinetic energy as possible, as well as
to direct the flow to its intended destination. Similarly, an inlet flow passage precedes the inlet guide
vanes. The inlet flow design can range from a smooth axial bell-mouth inlet to a complex side-inlet,
depending on the application.
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Fig. 38. Schematic of a multistage axial-flow turbine.39

The model is based on steady state conservation of flow, energy, and mass which means that no time
derivative terms are retained in the conservation equations. Also, no equation for conservation of shaft
momentum is included in the model. The shaft speed is an input in the parameterization.
Velocity diagrams (or triangles) at the leading and trailing edges of a turbine rotor cascade as shown in
Fig. 39 are a fundamental tool for all turbomachinery aerodynamic design and analysis. Since successive
blade cascades alternate between stator and rotor, it is necessary to be able to view the velocity vectors in
both stationary and rotating coordinate systems at any location. An orthogonal coordinate system (x, θ) is
used where the meridional coordinate, x, is identical to the axial coordinate (axis of the turbomachinery),
and θ is the polar angle of a cylindrical coordinate system. Subscript 1 refers to the cascade inlet station,
and subscript 2 refers to the cascade exit station. The velocity in the stationary coordinate system
(absolute velocity) is designated by V, and the velocity in the rotating coordinate system (relative
velocity) is designated as W. Finally, U is the tangential velocity of the rotating blades (U = Uθ), and α
and φ designate the absolute and relative velocity angles, respectively as shown in Fig. 39. The tangential
velocity is related to the angular velocity by U  R , where R is the average radius of the blade, and ω
is the angular velocity in radians per second.
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Fig. 39. Velocity triangles for turbine rotor blades.

The total pressure loss coefficient in the flow equation of a turbine blades cascade is the sum of the
coefficients for profile losses, secondary losses, trailing edge losses, and tip clearance (leakage). Ainley
and Mathieson42 have introduced an off-design incidence correction factor, Kinc, such that the total
pressure loss coefficient under transient and other off-design conditions can be written generally as:

Y  Kinc  1  ZTE / H   Yp'  Ys'  YTE  YTC .

(4.11-1)

The main work in formulating the MELCOR-H2 model of the turbine is finding appropriate empirical
correlations for the loss terms in Eq. (4.11-1). These equations are given in Rodriguez39. The main
reference is Ainley and Mathieson42 with contribution from a number of subsequent authors who have
developed numerical fits to the graphical correlations in the Ainley and Mathieson monograph or who
have refined and improved the formulation of the loss terms. For completeness in reporting on the
modeling equations in MELCOR-H2 and to give some indication of the input detail, the formulae for the
loss coefficients in MELCOR-H2 model are collected in Appendix A.
The numerical solution of a multistage turbomachinery component proceeds in the direction of the flow;
that is, when conditions are known at the entrance of a section, the outlet conditions are calculated as a
function of inlet conditions, from section to section and stage to stage, moving downstream. Each stage
consists of a stator half-stage, followed by a rotor half-stage (except the EGVs, which are followed by a
diffuser). The numerical subscript {0} indicates the inlet of contraction/expansion zone (previous blade
trailing edge), {1} the inlet of blades cascade (leading edge), and {2} the outlet of blades cascade (trailing
edge). A half-stage consists of an isentropic expansion section {0–1} between two cascades, followed by
a blades section 43 that exhibits pressure losses. All fluid and flow conditions are assumed known at
station {0}. The solution proceeds in the direction of flow to calculate the flow conditions at stations {1}
and {2}. The relative gas flow angle, 2 , at the trailing edge of the blades is a function of the blades angle
and the deviation angle,  :

2  2  
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.

(4.11-2)

The deviation angle at the trailing edge of a turbine blade cascade is calculated using a correlation
developed by Zhu and Sjolander 44, as:

  17.3

( S / C )0.05  1   2 

0.63

 cos 2     tmax / C 

30  0.01   tanh  Re
2.07
1

2C

/ 200,000 

0.29

,

(4.11-3)

where all angles are expressed in degrees. The Reynolds number at the trailing edge is based on the
relative gas velocity and the actual blade chord. The Reynolds number is defined as Re2C   2W2C  / 2 .
The model assumes that the flow does not turn in the expansion zone:

1  o

(4.11-4)

This means that the trailing edge of the upstream cascade controls the direction of the flow as it impinges
onto the leading edge of the next cascade. If the angle of attack is such that the incidence angle,
i1  1  1 , is small, then the blade cascade operates near optimum design conditions.
The remaining equations for a stage consist of three steady state conservation equations for fluid
momentum, energy, and mass and two equations of state. The two equations of state are given by
h2 n1  h2( n )  C p( n2)  T2( n1)  T2( n) 

(4.11-5)

P2( n1)  (2n1) RZ2( n)T2( n1)

(4.11-6)

.

Conservation of mass, energy, and momentum at steady state are given by:

m  (2n1)V2( n1) A2 cos (2n)

(4.11-7)

2


m hˆ1  m  h2( n 1)  3 V2( n 1)    Qloss  WTdisk
2



(4.11-8)

2

Pˆ1  P2( n 1)  (1  Y )  3 2( n 1) V2( n 1) 
2

(4.11-9)
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,

where  3 is the velocity profile correction factor.  3 = 1.056 for turbulent flow. m is the mass flow rate
(not the mass storage rate). The superscripts, n and n+1, indicate the current and next iteration values.
The system of equations in (4.11-5) through (4.11-9) form an algebraic system for
V2 n1 , 2 n1 , P2 n1 , T2 n1 , and h2 n1 . The system is solved by first forming and inner iteration loop
holding the Qloss, WTdisk , and Y constant. The absolute gas flow angle at the trailing edge is given by

 2 n  2 n ,

(4.11-10)

and is also held constant in the inner loop solution.
By substitutions of (4.11-5) through(4.11-8) into (4.11-9), the system reduces to a quadratic equation for
V2 .

a(V2 )2  b(V2 )  c  0

where

a

3 

m

2  A2 cos  2( n )

,

(4.11-11)

 
RZ 2( n )

1

Y


 
C p( n2)
 





,

(4.11-12)

b   Pˆ1 ,

(4.11-13)



m
c
 RZ 2( n )  Tref
(n) 
 A2 cos  2 

Tref  T2( n ) 

,

Qloss  WTdisk 
1 ˆ
(n)
h

h

 1 2

C p( n2) 
m


(4.11-14)

.

(4.11-15)

The quadratic formula using the negative choice of sign for the radical gives the new value for the
velocity component

V2( n 1) 

b  b 2  4ac
2a

.

(4.11-16)

The values of 2n1 , P2n1 , T2n1 , and h2n1 for the new iteration are obtained by back substitution. After each
solution, the values of 2 , Qloss, WTdisk , and Y are updated using the system of equations presented in
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(4.11-1) through (4.11-3). The iteration continues until the updated values are within a specified tolerance
of the previous iteration.
The same technique applies to the stator and rotor leading edges, where subscripts {1} and {2} are
replaced with subscripts {0} and {1}, and the loss coefficient Y = 0 in the isentropic expansion zones. For
the rotor leading edge {1}, the relative flow velocities and the incidence angle are calculated using the
velocity triangle Fig. 39 once the absolute gas flow velocity V1 is obtained, as:

W1x  V1x  V1 cos 1

,

(4.11-17)

W1  V1  U1  V1 sin 1  U1

W12  W12x  W12

tan 1 

(4.11-18)

,

W1
W1x

i1  1  1

,

(4.11-19)

,

(4.11-20)

.

(4.11-21)

The sign convention for tangential velocity is positive in the direction of the impeller velocity (Fig. 39).
The technique for the rotor cascade 43 is somewhat different due to the interdependence between
mechanical work, losses, absolute gas flow angle, and flow velocity. Again, all flow conditions are
assumed known at station {1}, and the relative gas flow angle at the trailing edge,

2 n  2   2( n) ,

(4.11-22)

is known from (4.11-2) and (4.11-3). The technique uses the state equations (4.11-5) and (4.11-6). The
solution method first writes equations for all quantities in terms of the unknown relative velocity W2 n 1 .
The value of W2 n 1 which satisfies the momentum balance equation is found by a bisection search
method. In the bisection, the Y factor and gas flow angles are updated at each bisection trial.
For a given trial value W2, the absolute gas velocity at the trailing edge is obtained from the velocity
triangle (Fig. 39) as:

V2  W22  2U 2W2 sin 2  U 22 

1/2
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,

(4.11-23)

and the absolute gas flow angle at the trailing edge is calculated as:

tan  2 

sin 2  U 2 / W2
cos 2

.

(4.11-24)

The gas density is obtained from the conservation of mass, as:

2 

m
A2V2 cos  2

.

(4.11-25)

The cascade shaft work is given by Euler’s equation:
WT  m  U1V1  U 2V2 sin 2 

.

(4.11-26)

The gas temperature is obtained from the energy balance equation as:

where


W 
T2  Tref   3 V22  T  / C p( n2) ,
m 
 2

(4.11-27)


Q  WTdisk  ( n )
Tref  T2( n )   hˆ1  h2( n )  loss
 / C p2 .
m



(4.11-28)

The gas pressure is calculated using the ideal gas equation (4.11-6):

P2  2 RZ 2( n)T2

.

(4.11-29)

Finally, the function F2T 2 ,W2  is defined based on the momentum balance equation with the proper
definition of the pressure loss factor for a rotor cascade45, 46 :

F2T  2 ,W2   P2 

3

2  1  Y W22  P1  3 1  W12
2
2
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(4.11-30)

The function F2T is a monotonically decreasing function of W2 and is equal to zero when the momentum
balance equation is satisfied. The parameter,  3 , is the velocity profile correction factor which is
 3 = 1.056 for turbulent flow. The solution technique finds the zero of this function by performing a
bisection search on W2 . Once the zero of F2T has been found, the conservation equations(4.11-25),
(4.11-27) through (4.11-30), Euler equation (4.11-26), and velocity triangle relations (4.11-23) and
(4.11-24) are all satisfied. Internal iterations are then performed to resolve the dependences of pressure
loss factor Y, deviation angle  2 , heat losses Qloss, and real gas enthalpy h2 and compressibility factor Z2.
4.11.3 Compressor model
This section describes the compressor performance model. It is modified slightly from the steady-state
model by Tournier and El-Genk40 to account for off-design and transient conditions. The same general
modeling and numerical solution approach used in the turbine model are also applied to the compressor
model. The incidence loss model correlations and velocity triangle relationships are selected for
compressor pressure flow conditions.
Figure 40 illustrates the basic configuration of an axial-flow compressor with three stages. Each stage
consists of a cascade of stationary blades (Inlet Guide Vanes, IGV, or Stator, S), which decreases the
swirl (tangential) velocity of the gas in the direction of rotation, followed by a cascade of rotating blades
(Rotor, R), which imparts mechanical (or kinetic) energy to the gas by increasing the swirl velocity. The
next stator row removes the swirl developed by the rotor cascade to convert kinetic energy into static
pressure and to establish the proper swirl velocity for the flow to enter the next rotor stage. Both
processes in the compressor contribute to increasing the gas static pressure. It is a common practice in
axial-flow turbomachines to design a multistage compressor for nearly constant axial flow velocity
throughout. In mirror image of the turbine design, the annular flow area of an axial compressor must
decrease from inlet to outlet since the gas pressure and density increase as the gas flows through the
compressor. Typically, an EGV follows the last compressor stage to remove any residual swirl velocity
and convert that kinetic energy to an increase in static pressure. Although not shown on the figure, a
diffuser follows the EGVs to recover as much kinetic energy as possible, as well as to direct the flow to
its intended destination. Similarly, an inlet flow passage will precede the inlet guide vanes. This can range
from a smooth axial bell-mouth inlet to a complex side inlet, depending on the application.
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Fig. 40. Schematic of a multistage axial-flow compressor.

Typical velocity triangles at the leading and trailing edges of a compressor rotor cascade are shown in
Fig. 41. An orthogonal coordinate system (x,θ) is used where the meridional coordinate, x, is identical to
the axial coordinate (axis of the turbomachinery), and θ is the polar angle of a cylindrical coordinate
system. Subscript 1 refers to the cascade inlet station, and subscript 2 refers to the cascade exit station.
The velocity in the stationary coordinate system (absolute velocity) is designated as V, and the velocity in
the rotating coordinate system (relative velocity) is designated as W (Fig. 41). Finally, U is the tangential
velocity of the rotating blades ( U  U ), and  and  designate the absolute and relative velocity angles,
respectively.
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Fig. 41. Velocity triangles of compressor rotor blades.

According to the loss scheme of Koch and Smith,47 an improvement of the model of Lieblein48, the total
pressure loss coefficient of a compressor blades cascade at optimum design conditions is the sum of the
coefficients for profile losses and tip clearance (leakage) losses. Aungier49 has introduced an off-design
incidence correction factor, Kinc, so that the total pressure loss factor is written generally as
Y  Kinc  Yp  YTC 

.

(4.11-31)

The method of solution for the compressor follows almost the same steps as the turbine model. The
following equations are identical to the corresponding turbine equations.

2  2   .

(4.11-32)

Just as in the turbine model, a compressor half-stage consists of an isentropic contraction section {0–1}
between two cascades, followed by a blade section 43 which exhibits pressure losses. The flow conditions
at station {0} are assumed known, and the solution proceeds downstream to calculate the flow conditions
at stations {1} and {2}. The relative gas flow angle, 2 , at the trailing edge of the blades is a function of
the blade angle and the deviation angle,  :

  17.3

( S / C )0.05  | 1   2 |0.63  cos 2 ()  (tmax / C )0.29

30  0.01   tanh( Re
2,07
1
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/ 200,000)

.

(4.11-33)

All angles in this equation are expressed in degrees, and the Reynolds number at the trailing edge is based
on the relative gas velocity and the actual blade chord. The Reynold’s number is defined as
Re2C   2W2C  / 2 .
The off-design model assumes that the flow does not turn in the expansion zone as in Ainley and
Mathieson42, i.e.,

1  0

.

(4.11-34)

This means that the trailing edge of the upstream cascade controls the direction of the flow as it impinges
onto the leading edge of the next cascade. If the angle of attack is correct, that is if the incidence angle
i1  1  1  i* , the blades cascade operates near optimum design conditions. An off-design angle of
attack, however, will result in large incidence losses, which are then incorporated in the Kinc factor whose
formula is defined in Appendix B.
The example of a compressor stator cascade at 43 is presented to illustrate the solution technique. All flow
conditions are known at station {1}. The absolute gas flow angle at the trailing edge,  2 n  2 n is known
from (4.11-32) and (4.11-33).
Linearized equations of state for a real gas are given as follows:
h2( n1)  h2( n)  C p( n2)  T2( n1)  T2( n )  ,

P2( n1)  (2n1) RZ2( n)T2( n1)

(4.11-35)

.

(4.11-36)

The steady state conservation of mass and energy and momentum can then be written:

m  (2n1)V2( n1) A2 cos (2n)

,

(4.11-37)

2


m hˆ1  m  h2( n 1)  3 V2( n 1)    Qloss  WCdisk
2



.
(4.11-38)

The turbine and compressor solution methods differ in the iteration scheme for the unrecoverable loss
terms in the momentum equation. Eq. (4.11-40) uses old values (n) for density and velocity. The
corresponding turbine equation for pressure loss, Eq. (4.11-9), uses the updated pressure loss (n+1).
2

Pˆ1  P2( n1)  3 (2n1) V2( n1)   Pˆloss
2
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,

(4.11-39)

where the pressure losses are given by:
3 ( n ) ( n ) 2
1 V1  .
2

Pˆloss  Y 

(4.11-40)

The modeling of the compressor’s nonideal behavior is contained in the pressure loss factor, Y, whose
formulas and empirical relationships are given in Appendix B.
With appropriate algebraic substitutions, the solution resolves to a quadratic in velocity.

a(V2 )2  b(V2 )  c  0 ,

where



3 
m

2  A2 cos (2n )

 
RZ 2( n )

1

Y


 
C p( n2)
 

(4.11-41)





,

b   Pˆ2  Pˆloss  Pˆ1 ,



m
c
 RZ 2( n )  Tref
(n) 
A
cos

2 
 2

Tref  T2( n ) 

(4.11-42)

(4.11-43)

,

Qloss  WCdisk
1 ˆ
(n)
h

h


1
2
C p( n2) 
m

(4.11-44)


 .


(4.11-45)

The solution of the quadratic equation is the same as the turbine.

V2( n 1) 

b  b2  4ac
.
2a

(4.11-46)

In practice, numerical iterations are required, since the heat losses, Qloss, pressure loss coefficient, Y, and
gas properties are also functions of the flow conditions at the trailing edge, which are not known a priori.
The same numerical solution technique is applied to the stator and rotor leading edges, where subscripts
{1} and {2} are replaced with subscripts {0} and {1}, and the loss coefficient Y = 0 in the isentropic
contraction zones. For the rotor leading edge {1}, the relative flow velocities and the incidence angle are
easily calculated using the velocity triangle (Fig. 41) once the absolute gas flow velocity V1 is obtained,
as:
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W1x  V1x  V1 cos 1

,

(4.11-47)

W1  V1  U1  V1 sin 1  U1

W12  W12x  W12

tan 1  

,

(4.11-48)

,

(4.11-49)

W1
,
W1x

(4.11-50)

i1  1  1 .

(4.11-51)

The sign convention for tangential velocity is positive in the direction of the impeller velocity (Fig. 41).
The technique for the rotor cascade 43 is somewhat different from thestator due to the interdependence
between mechanical work, losses, absolute gas flow angle, and velocity triangle. All flow conditions at
station {1} are known, and the relative gas flow angle at the trailing edge 2 n  2   2 n , is known. For a
given trial value W2, the absolute gas velocity at the trailing edge is obtained from the velocity triangle
(Fig. 41) as:

V2  W22  2U 2W2 sin 2  U 22 

1/2

,

(4.11-52)

and the absolute gas flow angle at the trailing edge is calculated as:

tan  2 

U 2 / W2  sin 2
.
cos 2

(4.11-53)

The gas density is obtained from the conservation of mass, as:

2 

m
,
A2V2 cos  2
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(4.11-54)

and the cascade shaft work is given by Euler’s equation:
WC  m  U1V1  U 2V2 sin 2   0 .

(4.11-55)

The gas temperature is obtained from the energy balance equation as:


W
T2  Tref   3 V22  C
m
 2

 (n)
 / Cp2 ,


(4.11-56)

where

Tref  T2( n ) 

Qloss  WCdisk
1 ˆ
(n)
h

h

 1 2
C p( n2) 
m


 .


(4.11-57)

The gas pressure is calculated using the state Eq. (4.11-36) as:

P2  2 RZ 2( n)T2 .

(4.11-58)

Finally, the function F2C 2 ,W2  is calculated, using the fluid momentum balance equation with the
proper definition of the pressure loss factor for a rotor cascade from Appendix B. The intercept function is
defined slightly differently for the compressor compared to the turbine, but the solution method is the
same. The function is solved by bisection search on the variable W2 for the zero intercept of F2C .

F2C 2 ,W2   P2 

3
2

2  W22  P1 

3
2

1  Y  1  W12 .

(4.11-59)

The function F2C is a monotonically decreasing function of W2, and is equal to zero when the momentum
balance equation is satisfied. Once the zero of F2C has been found, the conservation Eqs. (4.11-54),
(4.11-56), (4.11-57), and (4.11-59); Euler Eq. (4.11-55); and velocity triangle relations Eqs. (4.11-52) and
(4.11-53) are all satisfied. Internal iterations are then performed to resolve the dependences of pressure
loss factor Y, deviation angle  , heat losses Qloss, real gas enthalpy, h2 and compressibility factor, Z2.
4.11.4 Transient model of a general purpose heat exchanger.
MELCOR-H2 requires the development and implementation of a number of heat exchanger models (i.e.,
gas/gas IHX, gas/gas recuperator, and gas/liquid precooler and inter-coolers). These heat exchangers may
have different configurations and geometries, such as shell-and-tube heat exchangers, gasketed-plate heat
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exchangers, Lamella (or Ramen) heat exchangers, and extended-surface heat exchangers such as plate-fin
and tubular-fin heat exchangers.50 The heat transfer calculation between generic fluid and heat slab
modules lacks the heat transfer coefficients for modeling these configurations. The main enhancement to
MELCOR provided by the general purpose heat exchanger is the addition of correlations for various
enhanced heat transfer due to the extended surfaces.
To accommodate the different heat exchanger configurations of interest, a generic, transient, and
multinode heat exchanger model is developed to simulate single-phase, parallel, and/or countercurrent
flow arrangements. This model is not appropriate for steam generators because two phase flow is not
treated. The generic heat exchanger model is applied to any particular heat exchanger configuration by
selecting appropriate flow path lengths, cross-sectional flow areas, equivalent diameters, and heat transfer
areas of the cold- and hot-leg channels. The transient generic heat exchanger model developed in this
work for incorporation into MELCOR-H2 is described briefly below. More details on the constitutive
governing equations of the problem and the numerical technique used to solve them can be found in
Tournier and El- Genk40.
The MELCOR-H2 heat exchanger model currently incorporates two different working fluids, helium gas
and liquid water, and one structural material, stainless steel 304/316. Additional working fluids and
structural materials can easily be incorporated into the general framework of the code. The model uses
partial derivatives of the density and internal energy with respect to temperature and pressure in a general
formulation so that it can handle nonperfect gases and other highly compressible fluids as well.
The general layout and cell numbering scheme of the heat exchanger is shown in Fig. 42. The governing
equations and boundary conditions are discretized on a staggered grid using the control volume
integration approach. The coolant in the hot leg, represented by a string of cells (i = 2), is separated from
the coolant in the cold leg (string i = 4) by a solid, heat transfer wall (string i = 3). The model uses two
additional strings of solid cells (i = 1 and i = 5), thermally insulated on the far side, to account for the
thermal mass of the structure of the heat exchanger. The physical domain is divided into a twodimensional grid of 5 by Nz cells, on a staggered grid. In the axial direction, each flow channel is divided
into Nz numerical cells of identical size Z , and extends from (j = 1) to (j = Nz). The surface areas of the
sides of cell (i,j) are Ari , j Ari 1, j Azi Ari , j , Ari 1, j , and Azi in the transverse and axial directions, respectively
(Fig. 42). The volume of the mass cell (i,j) is VOLi,j. The term ―cell‖ refers to the fluid control volume on
which mass and energy balance are formulated. On the staggered grid, the fluid density,  , pressure, P,
temperature, T, and the internal energy, e, are defined at the center of the control volume cells, while the
velocity, Vz, and mass flux, Gz, are defined at the center of the faces of these cells (Fig. 42).
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Fig. 42. Cell and flow path schematic for heat exchanger.

The coolant in the hot leg (i = 2) enters the heat exchanger at interface (j = 0), and exits at interface (j =
Nz). Therefore, the velocities, Vz(2,j), and mass fluxes, Gz(2,j), are positive. In the case of a parallel flow
arrangement, the coolant in the cold leg (i = 4) also enters the heat exchanger at interface (j = 0) and exits
at interface (j = Nz). For a counter-current flow arrangement, the coolant in the cold leg (i = 4) enters the
heat exchanger at interface (j = Nz) and exits at interface (j = 0). In this case, the velocities, Vz(4,j), and
mass fluxes, Gz(4,j), are negative.
At time zero (initial conditions), the model assumes a uniform temperature distribution; that is, all coolant
and structural nodal temperatures are initialized at the same value. Furthermore, the pressure and mass
flow rate in each coolant leg are assumed uniform at time zero. However, different values of the initial
pressure and flow rate can be used for the primary and secondary sides of the heat exchanger.
The boundary conditions used in the model are the following. The hot and cold side walls of the heat
exchanger are assumed adiabatic (thermally insulated). The coolant temperature, pressure, and mass flow
rate at the entrance of both the hot and cold legs of the heat exchanger model are time-dependent values
supplied by other MELCOR-H2 control volumes or boundary conditions.
Given these initial and boundary conditions, the MELCOR-H2 model calculates the nodal temperatures,
pressures, and mass fluxes in the heat exchanger as functions of time. The model returns the values for
coolant temperatures, pressures, and mass flow rates at the exit of the hot and cold legs to MELCOR-H2.
4.11.4.1 Heat exchanger numerical solution
The SIMPLE-Consistent (SIMPLEC) numerical approach is used in MELCOR-H2 to solve the model on
the secondary and primary sides and structural walls of the heat exchanger. SIMPLE-C is a staggeredgrid, segregated solution technique by van Doormaal and Raithby51 which includes two internal iterative
steps to resolve the pressure-velocity and temperature-velocity couplings and reduce the linearization
errors of the equations of state. Such a discretization method requires much less computational time and
storage than finite-element methods. The SIMPLE-C integration approach is, in fact, simple to
implement, and the finite-difference forms have a physical interpretation as integrals of the conservation
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laws over the control volume cell which leads to a consistent method of approximation for all
conservation laws. The solution thus obtained satisfies global conservation even on a nonuniform grid.
The SIMPLE-C algorithm uses a consistent simplification of the momentum correction equations and
does not require any pressure under-relaxation (the off-diagonal velocity corrections appearing in the
diffusion-convection fluxes are equated to the diagonal velocity correction). The basic iteration procedure
follows these steps:
a. Energy predictor step: best estimates of pressures and convective fluxes are used explicitly, and
the energy conservation equations are solved for the temperatures, in the coolant channels, and
structural walls simultaneously.
b. Properties update: transport properties (conductivities and viscosities) are updated.
c. Pressure corrector step: the simplified (corrected) form of the axial momentum.
d. Conservation equations are used to relate implicitly the mass fluxes and pressure gradients. The
mass fluxes are then eliminated in terms of pressures in the mass balance (continuity) equations,
and densities are linearized using the equations of state. The resulting elliptical Poisson equations
are solved for the pressure field, which is updated.
e. Momentum predictor step: best estimates of the pressure gradients are calculated explicitly, and
the axial momentum conservation equations are solved for the velocity field.
f. Properties update: the coolant (gas and/or liquid) densities are updated.
g. Iterations to (c) are performed until velocities and pressures converge (that is, until pressure
corrections are below a prescribed value).
h. Iterations to (a) are performed until temperatures converge (that is, until temperature corrections
are below a prescribed value).
4.11.4.2 Nusselt number and friction factor correlations
The main phenomenon to model in the heat exchanger is the heat transfer and the pressure drop. The
modeling approach in MELCOR-H2 is to incorporate appropriate engineering correlations into the model
such that the user input to the components is just the parameters for the physical geometry of the
component. These built-in correlations allow the code to be used for engineering design and thermal cycle
studies. The code does not rely on normalization of the heat transfer or pressure drop to experimental data
or to calculations from a detailed steady state thermal design code for an accurate simulation of the heat
transfer or pressure losses in the process. The modeling development has identified and evaluated
correlations for heat transfer and friction in the open literature. Selections of correlations have been made
by the MELCOR-H2 developers for the conditions in the NGNP.
The Nusselt number is a dimensionless quantity representing a temperature gradient at a surface. It is

equal to
Nu  hDeq k ,

(4.11-60)

where h is the surface heat conduction coefficient, Deq is the hydraulic diameter, and k is the fluid
conductivity. The Nusselt number is the conventional parameter for correlating the heat transfer capability
at a surface with fluid and flow conditions. The Nusselt number for a fully developed laminar flow in a
circular coolant channel with a constant heat flux boundary condition, and assuming constant fluid
properties, is given by Kakaç and Lui:50
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Nu1  4.36, when Peb Deq / L  10 ,

(4.11-61)

1/3

 Peb Deq 
Nu2  1.953  

 L 

,

when Peb Deq / L  100 ,

(4.11-62)

where the fluid properties are evaluated at the coolant bulk temperature.
The two Nusselt number formulae may be joined smoothly as proposed by Schlunder by the following
asymptotic cubic relationship. Figure 43 shows that the formula gives a smooth transition:

1/3

Nuo   Nu13  Nu23 

1/3


 Peb Deq  
 (4.36)3  (1.953)3  

 L 


.

(4.11-63)

Fig. 43. Laminar Nusselt number for constant heat flux boundary condition.

When the previous correlation is applied to practical heat transfer cases with large temperature differences
between the wall and the coolant, the variation of fluid properties with temperature influences the velocity
and temperature profiles through the boundary layer and the cross-sectional flow area of the channel.
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Correction factors are applied to account for such effects. For the laminar flow of liquids, the Nusselt
number of Eq. (4.11-63) is corrected as suggested by Kakaç and Lui 50:

 
Nu  Nuo   b 
 w 

0.14

.

(4.11-64)

No correction is necessary for the laminar flow of gases.
For the case of turbulent flow in smooth circular tubes, assuming constant properties and a constant heat
flux boundary condition, Pethukov and Popov’s theoretical calculations based on the three-layer turbulent
boundary layer model, with constants adjusted to match a wide variety of experimental data, yields the
following relation50, 52:

Nuo 

( f o / 8) Reb Prb
,
1.07  12.7  ( f o / 8)1/2 (Prb2/3  1)

(4.11-65)

where f0   0.79  ln Reb  1.64  The parameter, f 0 , is Flonenko’s formula for the Darcy friction factor.
This correlation predicts the experimental data of gases and liquids with an error <6% in the ranges 104 <
Reb <5 × 106 and 0.6 < Prb < 200. Gnielinski53 further modified Petukov’s correlation so that it covered
experimental data in the transition flow region as well, i.e., 2300 < Reb < 104:
2

Nuo 

( f o / 8)(Reb  1000) Prb
.
1  12.7  ( f o / 8)1/2 (Prb2/3  1)

(4.11-66)

Gnielinski’s correlation predicts the experimental data of gases (such as air and helium) and liquids (such
as water, oil, and glycerin) with an error <6% in the ranges 2300 < Reb <5 × 106 and 0.5 < Prb < 200. This
successful and more general correlation is used in the MELCOR-H2 model of a generic heat exchanger.
The effect of thermal boundary conditions is almost negligible in turbulent forced convection. Therefore,
Eq. (4.11-66) can be used for both constant wall temperature and constant wall heat flux boundary
conditions. For turbulent flow in noncircular channels, the practice of using the hydraulic diameter of the
channel in place of the inner tube diameter leads to predicted Nusselt numbers that are within +10% of
the experimental data, except for some sharp-cornered channels.50 This accuracy is adequate for the
overall heat transfer coefficient (and the pressure drop calculations) in most of the practical heat
exchanger designs.
To account for nonconstant properties, the turbulent Nusselt number Eq. (4.11-66) is corrected as
follows.50, 52 For the turbulent flow of liquids:

n

 
Nu  Nuo   b  .
 w 
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(4.11-67)

The exponent n = 0.11 when the liquid is heated  w  b  , and n = 0.25 when the liquid is cooled

 w  b  . For the turbulent flow of gases:
T 
Nu  Nuo   b 
 Tw 

m

.

(4.11-68)

The exponent m = 0.47 when the gas is heated Tw  Tb  , and m = 0.36 when the gas is cooled Tw  Tb 
Tw  Tb  .
The Darcy friction coefficient for smooth channels is shown in Fig. 44 below.

Fig. 44. Darcy friction factor for smooth surfaces.

For a fully developed flow in the turbulent regime, the approximation developed by Flonenko is within
2% error50, 52 (see red line in Fig. 44 above) and gives an explicit expression for fo:

fo  (0.79  ln Reb  1.64)2 .
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(4.11-69)

For the case of laminar flow in smooth tubes and channels of triangular and trapezoidal cross-sections, the
Darcy friction factor is given by:

fo 

64
.
Reb

(4.11-70)

A linear interpolation is used in the transition region, when 2300 < Reb < 5000 as shown in (see black line
in Fig. 44 above).
To account for nonconstant properties from wall to bulk fluid temperature, the friction factor Eq.
(4.11-69) is corrected as follows.50, 52 For the laminar flow of liquids:

n

 
f  fo   b  .
 w 

(4.11-71)

The exponent n = –0.58 when the liquid is heated  w  b  , and n = –0.50 when the liquid is cooled
 w  b  .
For the laminar flow of gases:

T 
f  fo   b 
 Tw 

m

.

(4.11-72)

The exponent m = –1.0 when the gas is heated Tw  Tb  , and m = –0.81 when the gas is cooled
Tw  Tb  .
For the turbulent flow of liquids that are heated:

f 

fo
6


 
7  b  .
w 


(4.11-73)

For the turbulent flow of liquids that are cooled:

 
f  fo   b 
 w 
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0.24

.

(4.11-74)

For the turbulent flow of gases:

T 
f  fo   b 
 Tw 

m

.

(4.11-75)

The exponent m = 0.52 when the gas is heated (Tw < Tb), and m = 0.38 when the gas is cooled Tw  Tb  .
Due to the poor heat transfer characteristics of gases, most heat exchanger designs use extended surfaces
(i.e., finned heat transfer surface areas). The heat transfer of extended surfaces is represented in the
MELCOR-H2 generic heat exchanger model. In each axial section {j}, the thermal heat flow between the
coolant and the wall is given by:
Q1  hCV
j  Sun   fin S fin   Tb  Tw  j .

(4.11-76)

j

Where Sun is the unfinned heat transfer area, Sfin is the finned surface area between coolant and wall, and
 fin is the fin’s efficiency.50 The most common fins are rectangular fins of constant thickness  fin . For the
case of symmetric fins, whose ends are both in contact with the wall, encountered in stacked matrices, for
example, the fin efficiency is given by:

 fin 

tanh( )



 hCV
, where   L fin 
 2 fin fin


1/2





.

(4.11-77)

For the case of fins with an adiabatic tip, as in the case of longitudinal fins attached to the outside wall of
a tube, for example, the fin efficiency is given by:

 fin 

tanh( )



 2hCV
, where   L fin 
  fin fin


1/2





.

(4.11-78)

The average fin temperature can then be calculated using:

Tfin  Tb   fin  Tw  Tb  .
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(4.11-79)

4.11.5 Hydrogen production modeling
The chemical processes that are used to produce diatomic hydrogen and oxygen from water depend on a
series of endothermic chemical reactions that are driven by the nuclear heat from the gas-cooled reactor
and/or by electrolysis processes using electrical energy from power plant’s electrical generator. Several
potential schemes are available. Two of the most promising based on the energy efficiency of the
conversion and the availability of the raw materials are based on the SI process.
The two processes modeled by MELCOR-H238 are (1) the strictly thermochemical SI process and (2) the
electrochemical HyS process. Modeling of other hydrogen production processes, such as the Adiabatic
UT-3 cycle, is not supported in MELCOR-H2. The developer of the code package—SNL—indicates that
these models will be incorporated into MELCOR in future releases. MELCOR-H2 provides a simplified
model of the chemical reactions in the SI process that is suitable for modeling system interactions
between the chemical plant and the nuclear reactor.
4.11.5.1 SI model
SI chemistry model of MELCOR-H2 involves three major chemical reactions: (1) decomposition of
sulfuric acid (H2SO4), (2) decomposition of hydrogen iodide (HI), and (3) the Bunsen reaction, which is
the low-temperature reconstitution of the two acids.

I 2  SO2  2H 2O  2HI  H 2 SO4 (Bunsen reaction) ,

(4.11-80)

H 2 SO4  H 2O  SO2  1/2O2 (sulfuric acid decomposition) ,

(4.11-81)

2HI  H 2  I 2 (hydrogen iodide decompoistion) ,

(4.11-82)

H 2O  H 2  1/2O2 (net reactor) .

(4.11-83)

Figure 45 presents the chemical process schematic for the SI cycle plant. Equation (4.11-80) is called the
Bunsen reaction and proceeds in liquid phase in Section I of the process cycle. This reaction produces two
kinds of acid, sulfuric acid ( H 2 SO4 ) and hydriodic acid [hydrogen iodide (HI) in water] from sulfur
dioxide (SO2), iodine (I2), and water (H2O). The mixed acid separates into two types of acid of its own
accord (liquid–liquid separation). The acid, which is rich in HI, is HIx phase (HIx solution), while the acid,
which is rich in H 2 SO4 , is the sulfuric acid phase. After separation of the acids, they are purified,
concentrated, and decomposed in the other two reactions. Equation (4.11-81) is the sulfuric acid
decomposition reaction that produces oxygen, sulfur dioxide, and water in Section II of the process.
Equation (4.11-82) is the HI decomposition reaction that produces hydrogen and iodine and occurs in
Section III. With the exception of hydrogen and oxygen, the other products in Eqs. (4.11-81) and
(4.11-82) can be reused in the Bunsen reaction step as the reactant material. The endothermic H 2 SO4
decomposition reaction can be operated at about 800–1000°C. The decomposition of hydriodic acid
involves an endothermic reaction around 400–500°C. The Bunsen reaction occurs exothermically at about
100°C. The heat source for the two endothermic acid decomposition reactions in the SI cycle is provided
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by the nuclear heat transferred by the secondary loop coolant to the heat exchangers in the Sections II and
III.

Fig. 45. Process schematic for sulfur-iodine process.39

To model chemical processes, MELCOR-H2 has added a general-purpose, perfectly mixed reaction
chamber. The reaction chamber is a control volume in which reactants and heat enter the chamber and
products exit the chamber as shown in Fig. 46. The reaction chamber dynamic model tracks species
concentrations using individual species mass balance equations and the average temperature of the
chamber using an energy balance based on an isothermal mixture. The model using one-step, effective
reaction rate models to represent the chemical process rate dynamics and the ideal gas law to relate
pressure and temperature to molar concentration.
Each section of the process is modeled in a single reaction chamber. Separation and mixing processes are
approximated as instantaneous and perfect.
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Fig. 46. Schematic of reaction chamber showing input and output variables.39

The equation for modeling species concentration is derived from the general equation for conservation of
mass including a term for creation or consumption of a species by chemical reaction.

dM i , R
dt

 mi ,in  mi ,out 

dM i , RXN
dt

,

(4.11-84)

where

M i , R is the number of moles of species i in the reaction chamber,

mi ,in is the molar flow rate of species i into the reaction chamber,
mi ,out is the molar flow rate of species i out of the reaction chamber, and
dM i , RXN
dt

is the molar rate of reaction of species i.

Note that the total moles in the reaction chamber and the total molar flow rates are given by summing the
species variables.
M R   M i,R ,

(4.11-85)

min   mi ,in ,

(4.11-86)

i

i
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mout   mi ,out .

(4.11-87)

i

A convenient form for numerical evaluation can be obtained by a series of substitutions. First, the mass
equation may be cast in terms of mole fraction, yi by the substitution

yi 

M i,R
MR

.

(4.11-88)

The perfectly mixed reactor approximation is made by setting the outlet concentration of the reactor equal
to the average concentration. The simplicity of the equation masks the significance of the approximation
in reaction rate dynamics.

yi 

mi ,out
mout

.

(4.11-89)

The second substitution replaces the molar rate of reaction with a single rate that is proportional to the
reaction rate of all species in the reaction. The parameter is called the extent of reaction. All species
involved in a single reaction are proportional according to the stoichiometry coefficients. For a balanced
chemical equation of the general form
v1 A1  v2 A2 

 v3 A3  v4 A4 

,

(4.11-90)

where

vi is the signed stoichiometric coefficient for species i (positive for products, negative for
reactants),

Ai is the species,
i varies from 1 to the maximum number of reactants and products.
For the reaction represented by Eq. (4.11-90), the rates of change of each of the species are proportional
with proportionality constants determined by the stoichiometric coefficients. Since all the rates are
algebraically related, it is convenient to set them all equal to a single variable. This variable is usually
called the reaction extent, X.

dX 1 dM1, RXN 1 dM 2, RXN 1 dM 3, RXN 1 dM 4, RXN





dt v1 dt
v2
dt
v3
dt
v4
dt
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.

(4.11-91)

Hence, the reaction rates in the species mass equations in the reaction chamber are all replaced by the
extent of reaction rate.

dM i , RXN
dt

 vi

dX
.
dt

(4.11-92)

Making the substitutions into the species mass equation Eq. (4.11-84) indicated by Eqs. (4.11-88),
(4.11-89), and (4.11-92) yields the following form for the mass equation.

dyi M R
dX
.
 mi ,in  mi ,out  vi
dt
dt

(4.11-93)

Summing all the species equations gives

dM R
dX
,
 min  mout  v
dt
dt

(4.11-94)

v   vi .

(4.11-95)

where
i

The total moles and the outlet molar flow rate can be eliminated by multiplying Eq. (4.11-94) by yi and
subtracting the result from Eq. (4.11-93).

MR

dyi
dX

 yi  min  v
et
dt


dX

.
  mi ,in  vi
dt


(4.11-96)

The terms in the species mass equation are determined with the addition of an equation for rate of the
extent of reaction. Because that rate depends on temperature, that reaction rate equation is deferred until
the temperature equation is obtained from the conservation of energy equation.
The general conservation of energy is given by the following

dH
dP
   mi ,in hi ,in     mi ,out hi ,out   QHX  VR
,
dt
dt
i
i
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(4.11-97)

where
H is the total enthalpy (including chemical energy) in the control volume.
hi,in is the enthalpy (including chemical energy) of species i entering the reaction chamber,
hi,out is the enthalpy (including chemical energy) of species i leaving the reaction chamber, and
P is the pressure in the reaction chamber.
The total enthalpy on the left hand side of Eq. (4.11-97) can be expanded in terms of the species enthalpy,
molar fractions, and total moles

dH dM R

dt
dt

 y h  M h
i i

i

R

i

i

dy i
dh
 M R  yi i .
dt
dt
i

(4.11-98)

The perfect mixing approximation applied to energy implies that

hi ,out  hi ,

(4.11-99)

Substituting Eqs. (4.11-98) and (4.11-99) into the energy Eq. (4.11-97) gives the equation in terms of the
species mass fractions and enthalpies.

dM R
dt

 y h  M h
i i

i

R

i

i

dy i
dh
dP
 M R  yi i    mi ,in hi ,in     mi ,out hi ,out   QHX  VR
. (4.11-100)
dt
dt
dt
i
i
i

The mass equation can be used to complete the conversion to intensive form. Multiplying Eq. (4.11-93)
by hi and summing over all i gives

dM R
dt

 y h  M h
i i

i

R

i

i

dyi
dX
  mi ,in hi   mi ,out hi 
dt
dt
i
i

v h

i i

.

(4.11-101)

i

This equation can be subtracted from Eq. (4.11-100) to simplify the equation to the intensive form

M R  yi
i

dh i
dX
  mi ,in  hi ,in  hi   
dt
dt
i

v h  Q
i i

i

HX

 VR

dP
.
dt

(4.11-102)

Assuming an isothermal reaction chamber allows the change in enthalpy to be replaced by the change in
the overall average temperature times the specific heat.
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dhi  cP,i dTR ,

(4.11-103)

where
TR is the reaction chamber temperature
cP,i is the specific heat at constant pressure for species i.

Inserting the temperature relationship Eq. (4.11-103) into Eq. (4.11-102) gives

M R  yi cP ,i
i

dTR
dX
  mi ,in  hi ,in  hi  
dt
dt
i

v h  Q
i i

HX

 VR

i

dP
.
dt

(4.11-104)

The following summation terms can be collected as a parameter for the equation
hRXN   vi hi ,

(4.11-105)

cP   yi cP ,i .

(4.11-106)

i

i

The term hRXN accounts for the energy released per mole of reaction as measured by the extent of
reaction parameter. The final energy equation is given by

M R cP

dTR
dX
dP
  mi ,in (hi ,in  hi )  hRXN
 QHX  VR
.
dt
dt
dt
i

(4.11-107)

The heat exchanger in the reaction chamber is modeled by a quasi-steady energy balance neglecting
energy storage in the structure and helium side gas. The equation gives both the heat transfer rate and the
helium outlet temperature.

QHX  U  A  T  M He  hHe,in  hHe,out  ,
where
U is the overall heat transfer coefficient of heat exchanger,
A is the heat transfer surface area,

T is the mean temperature difference between the helium and reaction zone,
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(4.11-108)

mHe is molar flow rate of helium stream,
hHe,in is molar enthalpy of helium stream at inlet with Th1,
hHe,out molar enthalpy of helium stream at outlet with Th2.
The approach taken by the MELCOR-H2 is to approximate the pressure as constant in the reaction
chamber. The logic is that in the actual process system would have pressure control logic in each reaction
chamber to regulate the pressure. Thus, the approximation tacitly assumes a perfect pressure controller as
part of the reaction chamber model.

dP
 0; P  constant.
dt

(4.11-109)

An unfortunate consequence for the purposes of an I}C code is that the constant pressure approximation
lacks the capability to introduce pressure disturbances from the chemical process into the overall system
response or to model events initiating in the pressure control system, such as a failure of the controller.
The system of equations for the reaction chamber can be closed by the addition of an equation for the

reaction rate in the mass equation Eq. (4.11-96) and energy equation Eq. (4.11-107). The main chemical
reaction in the SI cycle is modeled with the simplification of a one-step process. Other chemical processes
for the separation, concentration, and recycling are neglected or simplified to ideal algebraic equations.
For Section 1 of the SI process in Fig. 45, the depletion rate of sulfur dioxide can be approximated as a
*
one-step reaction54,



d  SO2 
dt

 k1   I 2    H 2O    SO2 

(4.11-110)

For Section 2, the sulfuric acid decomposition is carried out in two steps. First, sulfuric acid is assumed to
be decomposed into water and sulfur trioxide. Second, oxygen and sulfur dioxide are produced by the
decomposition of sulfur trioxide.55 These steps are

H 2 SO4  H 2O  SO3
1.

1
SO3  SO2  O2 H 2 SO4  H 2O  SO3
2

*

The notation [Ai] means the molar concentration of species Ai. In SI units, the concentration is given in kmol/m3 or
in CGS units, mol/cm3. Based on the data given in Table 3, the units are apparently given in moles per liter.
Although not explained in the reference, the extent of reaction rate is related to the reaction rate by

d  Ai 
dt



1 dM i , RXN vi dX

.
VR
dt
VR dt
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1
SO3  SO2  O2
2

2.

From the chemical equilibrium calculation, the sulfuric acid decomposition (first reaction) is close to
100% above 700°C.55 Therefore, 100% conversion is assumed in this model. Thus, the chemical kinetics
equation for Section 2 is reduced to a one step reaction involving only the concentration of SO3. The
Section 2 reaction rate is expressed as



d  H 2 SO4 
dt



d  SO3 
dt

 k2   SO3  .

(4.11-111)

Because the reverse reaction rate of Section 3 is substantial, the definition of the hydrogen iodide
depletion rate is significantly more complex. The reaction
 H 2  I 2
2HI 
k3

(4.11-112)

k3

can be modeled by

d H2 
dt

 k3   HI   k3   H 2    I 2  .
2

(4.11-113)

The leading coefficients, k1, k2, and k3, in the reaction rate are temperature dependent. The appropriate
temperatures and forms for the equations are given in the following expressions

 E  1 1 
k1  A1 exp   1    
 R T T 
0 
 1

 E 
k2  A2 exp   2 
 RT2 

,

(4.11-114)

 E 
 E 
k3  A3 exp   3  , k3  A3 exp   3 
 RT3 
 RT3 

where T0 is the temperature of the stream entering Section 1. T1, T2, and T3 are the temperatures of the
three reaction chambers. Data of the reaction rates are given in Table 3.
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Table 3. Reaction rate parameters
Section 1: Bunsen reaction (Liquid Phase, 120°C)
Pre-Exponential Factor (A1)
3e-6 L2/(mol2 s)
Activation Energy (E1)
4.187 kJ/mol
Section 2: H2SO4 decomposition (Gas Phase, 850°C)
Pre-Exponential Factor (A2)
6.8e4 s–1
Activation Energy (E2)
73.1 kJ/mol
Section 3: HI decomposition (Gas Phase, 450°C)
Reverse Reaction
Pre-Exponential Factor (A-3)
Activation Energy (E-3)
Forward Reaction
Pre-Exponential Factor (A3)
Activation Energy (E3)

1.596e7 L/(mol s)
108 kJ/mol
1e11 L/(mol s)
184 kJ/mol

The system of equations can be solved dynamically for the mole fractions and temperature of the mixture
by integration.
4.11.5.2 Westinghouse hybrid sulfur-iodine process*
The Westinghouse HyS cycle has two reactions. Two reactions, one purely chemical, and the second a
chemical reaction plus electrolysis produces sulfuric acid and hydrogen from water and sulfur dioxide at
low temperature. The two reactions can be written as

1
(I) H 2 SO4 (aq)  H 2O  SO2 (g)  O2  thermochemical (800°C min)
.
2
(II) 2H 2O(aq)  SO2 (g)  H 2 SO4 (aq)  H 2  electrolysis (80°C) .

(4.11-115)

The first reaction, sulfuric acid decomposition reaction, is the same reaction in the SI cycle. Therefore, the
model developed for the SI cycle can be used directly for this reaction with appropriate modification of
recycling flows. Figure 47 presents a schematic diagram for the simplified HyS model.

*

The set of equations for the hybrid electrothermal process in this section is reported as given in Rodriguez;39 however, the
model description seems incomplete. A formula for the term for current, I, in the reaction rate is not computed. A modeling
equation for the electrical circuit including the electrolyzer would seem to be necessary to determine the current. The circuit
equation would depend in part on the voltage given here.
Also, the definition of the parameter, N, is given as the ―number of electrolyzer‖ which is not clear. The power term, P, is defined
but not used. Presumably, it goes into the energy equation which is not given for a reaction chamber with electrolysis.
A revision to the reference document is needed to correct and clarify the model.

127

Fig. 47. Schematic for the simplified hybrid sulfur-iodine process.39

The HyS cycle includes both the chemical process driven by chemical potentials and the electrolytic
process for separating water into hydrogen and oxygen. The electrolysis process passes a current between
two electrodes in an ionic solution, causing charge to concentrate on both electrodes. A thermodynamic
analysis of electrolysis provides some insight into modeling electrolyzer behavior.
The electrical work that a spontaneous chemical reaction is capable of producing is directly related to the
change in Gibbs free energy, ΔG, of the reaction (II). The change in Gibbs free energy for an
electrochemical cell is expressed as

G  E  PV  T S ,

(4.11-116)

where E E is the sum of the thermal and electrical work done to the system, PV is the pressure
volume work done to the system, and T S is the increase in entropy of the system. For a reversible
process, the Gibbs free energy expression is simplified as
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G  welec  q  T S  welec  T S  T S .

(4.11-117)

Thus, the Gibbs free energy can be written as

G  welec .

(4.11-118)

The electrical work required for a given electrolysis process is given by

E0 

G
,
nF

(4.11-119)

where n is the number of charges exchanged in the electrolysis reaction, and F is the Faraday constant
(i.e., the charge of 1 mol of electrons)56.
For the HyS cycle, the electrolysis reaction is

S O2 (aq)  2H 2O(l)  H2 SO4 (aq)  H 2 (g) (80–120)°C .

(4.11-120)

This reaction cannot be approximated as an elementary one-step reaction; rather, it is composed of at least
57
two component reactions. These reactions are ,

2H  (aq)  2e  H 2 (g) Cathode ,

2H 2O (l)  SO2 (g)  H 2 SO4 (aq)  2H  (aq)  2e

(4.11-121)

Anode .

(4.11-122)

The concentration dependent cell energy required is given by the Nernst equation,

E  E0 

RT
ln Q ,
nF

where Q is the reaction quotient.
Jeong et al57 gives the expressions for the potential at the cathode, anode, and the entire cell as
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(4.11-123)

Ecathode  

Eanode  E0 

H
RT
ln 2 2 ,
nF [ H ]

(4.11-124)

RT [ H 2 SO4 ][ H  ]2
ln
,
nF
[ H 2O]2 [ SO2 ]

0
E  Ecathode  Eanode  Eanode


RT  H 2 SO4  H 2 
.
ln
nF  H 2O 2  SO2 

(4.11-125)

(4.11-126)

In these equations, the concentration of each of the constituents is in brackets. Several values are
presented in literature for the open circuit potential of the anode. Jeong et al57 gives –0.17 volts and
Forsberg et al.58 gives –0.29 volts. This open circuit voltage may be calculated from thermodynamic
tables of Gibbs free energy. Thus, the value of this potential may vary slightly depending on the source of
the thermodynamic data used. In reality, the electrode potential is higher than the theoretical value. The
actual voltage of the electrolyzer is composed of a theoretical open circuit voltage and three losses:
activation losses, ohmic losses, and concentration losses. Activation losses occur because of the slowness
of the chemical reaction taking place. The loss becomes quite large at low current densities, but levels out
quickly. Ohmic losses are caused by internal resistance to current flow. This resistance is very difficult to
model analytically, as it is dependent on many factors. Generally, an empirical formula is used.
Hydrogen is generated at the cathode. The molar rate of hydrogen generation is directly related to the
amount of current supplied by Faraday’s law of electrolysis59, which states

nH 2 , RXN 

NI
,
nF

(4.11-127)

where N is the number of electrolyzer, and I is the total current applied.
If we could control the total current in the electrolyzer as a constant, a constant hydrogen generation can
be achievable theoretically as long as the water is supplied to the process and the sulfuric acid is recycled
continuously. Water flowing across membrane of the electrolyzer is usually not a concern since the
electrolyzer operates with a flooded membrane.
The mass balance in the anode and cathode can be established by the same way in Eq. (4.11-84).

dM i , R
dt

 mi ,in  mi ,out  ni , RXN
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,

(4.11-128)

where

M i , R is the number of moles of species i in the anode or cathode,
mi ,in is the molar flow rate of species i into the anode or cathode,
mi ,out is the molar flow rate of species i out of the anode or cathode,

ni , RXN is the molar generation rate of species i in the anode or cathode.
A detailed energy balance requires a specific design data of the electrolyzer including data for the
volume, surface area, solid heat capacity, etc. Total energy supplied through the electrolyzer can be
calculated by

P NEI

.

(4.11-129)

4.11.6 Fuel temperature model
4.11.6.1 Analysis method for steady-state temperature profile
The particulate debris field model in MELCOR approximates the temperature of the particles and coolant
as a single lumped uniform temperature in a control volume. This modeling approximation is predicated
on debris consisting of relatively small particles of decomposed LWR fuel which would be expected to
following a serious core degradation event of conventional nuclear plant fuel. The uniform temperature
approximation is not appropriate for the packed bed of intact fuel pebbles for an NGNP because these
particles are much larger than the assumed particle size of the debris field. To address the limitation of
MELCOR, MELCOR-H2 calculates a maximum fuel temperature and surface temperature for an average
fuel pebble in each control volume using a Control Function.
The fuel temperature calculation assumes that each fuel pebbles is isolated from other fuel pebbles and,
thus, only accounts for convective heat transfer to the primary coolant. The assumption neglects
conduction from pebble-to-pebble contact and radiation. The purpose of the calculation is to evaluate
approximately the limiting fuel temperatures for operation. The fuel temperatures from the control
function calculation are only used for output and are not fed back to the control volume hydraulic model.
The fuel pebble model represents the heat transfer in a fuel pebble by solving the one-dimensional heat
equation in spherical geometry with uniform heat generation, uniform thermal conductivity in the fuel,
and symmetrical surface conditions*:

39

*

The equations for Eq. (4.11-130) and Eq. (4.11-131) are taken directly from the MELCOR-H2 document, but it appears to be
the wrong choice for the situation described. The difference between the maximum temperature Tmax  to surface temperature

Ts  for spherical fuel element with uniform heat generation and constant conductivity is given by T  Tmax  Ts,2 

qr22
which
6k fuel

can be obtained by solving the one-dimensional heat conduction equation in spherical coordinates for the given boundary
conditions. This report quotes the equations and derivation as given in the MELCOR-H2 report despite the error. The error does
not affect other results. The maximum fuel temperature is calculated in the Control Function for each reactor control

volume but appears not to be used in other calculations.
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q r   q

qr22  r12 
1    Ts ,2  Ts ,1 
6kfuel  r22 
,
1 1

r1 r2

4 r 3
 4 kfuel
3

(4.11-130)

where q is the heat rate in kW, q is the volumetric heat generation rate in kW/m3, Ts ,1 is the temperature
at r1, which is a point very close to the pebble center, ( r1  0.000001 ), r2 is the radius of the pebble, and
Ts ,2 is the fuel pebble surface temperature. The temperature differential between the two points can be
calculated by

T  Ts ,1  Ts ,2 

1 3qr2  2qr1  4qr24  6qr23 r1
.
12
 k fuel r1r2

(4.11-131)

For the thermal conductivity of the fuel, kfuel , in a packed bed as a function of temperature, an empirical
correlation by No et al. was used:60

k fuel  1.1536  4 T  T0  ,

(4.11-132)

where T0 is the reference temperature of 273.16 K.
More details on the core steady state thermal model can be found in Rodriguez et al.39, 61
Analysis method for transient radial temperature profile
For the transient analysis, a first-term approximation from the first term of an exact series exact solution
of the spherical geometry is used. The first term is represented by*

 *  0*

1
sin  1r * ,
*
 1r

where  * is the dimensionless temperature at the dimensionless radial distance outward r *  r

(4.11-133)

R

. R is the

radius of a fuel pebble.

39

*

This equation for transient radial temperature comes from Rodriguez but appears to be the wrong choice for the given
problem. The equation given in Rodriguez is for a sphere without internal heat generation which is exposed to a sudden change in
bulk fluid temperature at the surface. The forcing terms for changing neutron heat generation, q  t  or gradually changing bulk
fluid temperature, T  t  could be added to the series approximation method but appear not to be addressed by the author. The
equations are reported as given in the MELCOR-H2 report without correction.
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* 

Ts  T
,
Ts ,0  T

(4.11-134)

where Ts is the surface temperature and Ts ,0 is the initial surface temperature of the sphere, and T is the
coolant ambient temperature around the sphere. The dimensionless temperature at the sphere center,  0* ,
is defined by C1

0*  C1 exp   12 Fo 

(4.11-135)

where and  1 are tabulated constants, and Fo is the Fourier number which is a dimensionless measure of
time, Fo 

t
R2

where  is the thermal diffusivity and R is a characteristic dimension. For spherical

geometry, R is the radius of the fuel pebble.

4.11.7 Implementation of reactor kinetics in MELCOR-H2
As a severe accident code for LWRs, the original MELCOR code focuses on the events following a
severe accident in which an LWR is typically subcritical and the energy source is decay heat.
Consequently, MELCOR has never included the dynamics of a critical reactor. Many NGNP events
however include criticality or recriticality in the sequence of events. MELCOR-H2 has added a point
kinetics model of the neutron power to represent normal operations or accident events in which the
reactor remains critical or returns to criticality. The model uses six delay neutron groups as well as
dynamic models of the decay heat precursor groups and the dynamics of xenon and samarium. The
modeling equations start with the usual form given by

dP   

P
dt


dYi i

P  iYi ,
dt


6

 Y  S
i i

0

,

(4.11-136)

i 1

i  1, , 6 ,

(4.11-137)

where P is the reactor thermal power, Yi is the individual thermal power generated by the ith delayed
neutron precursor group,  is the total reactivity, S0, is the neutron power source term (source term in
neutrons per second times the power per fission),  i is the fraction of the i-th precursor group, i is its

decay constant,  is the total delayed neutron fraction    i , and  is the neutron generation time.
i

The assumption inherent in the point kinetics approximation is that the normalized shape of the neutron
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flux distribution is constant. Typically this is a valid approximation for HTGR reactors. An exception is a
study of xenon stability which depends on the spatial distribution of flux. Typically, the axial dependence
of flux is the most limiting spatial dimension for xenon stability.
The temperature feedback is introduced by decomposing the total reactivity into components,

  ext  D   f  G ,

(4.11-138)

where ext is the external reactivity (i.e., active control),  D is the fuel Doppler feedback reactivity,  f
is the fuel density temperature feedback reactivity, and G is the graphite density temperature feedback
reactivity.
The fuel Doppler feedback reactivity is approximated by the expression
 Tf
 T f ,0


 D   D ln 


 ,



(4.11-139)

where  D is the Doppler reactivity coefficient, T f is the volume-averaged fuel temperature, and T f ,0 is
initial fuel average temperature.
The fuel density feedback reactivity is approximated by a second order fit.





 f   f ,1 T f  T f ,0    f ,2 T f2  T f2,0 ,

(4.11-140)

where  f ,1 and  f ,2 are the first and second order fuel reactivity coefficients.
The graphite density reactivity feedback for the moderator and reflector is approximated by a fourth order
polynomial

4



G  G ,m TGm  TGm,0
m 1



(4.11-141)

where G ,m is the moderator reflector coefficient for the m-th order term, TGm is the volume averaged
temperature for the moderator and reflector raised to the m-th power, and TGm,0 is the initial temperature
for TGm .
The time constant for the prompt neutron equation is very small which restricts the maximum stable time
step for forward Euler and Runge-Kutta solutions of the neutron kinetics equation to fairly small values.
Since the point kinetics equations are implemented in a Control Function, the stability requirements of
this model are not available to be used in setting the time step for the thermal-hydraulic solution. To relax
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the constraint on the time step imposed by a conventional forward Euler or Runge-Kutta advancement
scheme, MELCOR-H2 introduces a novel solution scheme which is described here.
The numerical solution in MELCOR-H2 involves first writing the time advancement in terms of the
analytical solution involving the matrix exponential of the first order system. To avoid the difficult and
time-consuming numerical problem of evaluating the matrix exponential at each time step, the solution
finds a Padé approximation of the matrix exponential that can be made as accurate as needed by
increasing the number of terms in the expansion. The solution shows that numerical stability of the point
kinetics can be maintained with a third-order Padé approximation. The Padé approximation makes the
neutron kinetics time step limitation greater (less limiting than the thermal-hydraulic simulation). Thus, it
is unnecessary to limit the overall system time step due to the numerical stability limitations of the point
kinetics solution.
First, the point kinetics equations are written in vector form. Let

 Ψ   P

Y1 Y2 Y3 Y4 Y5 Y6  ,

 S    S0
 A11
A
 21
A  


 A71

T

(4.11-142)

0 0 0 0 0 0

T

A17       /  1

A27   1 / 
1


1 / 
0
 
 
A77   1 / 
0

2
0
2
0

(4.11-143)

6 


0 
0  .


6 

(4.11-144)

Equations (4.11-136) and (4.11-137) are then written as

d
 Ψ  A   Ψ  S .
dt

(4.11-145)

To obtain an analytical solution, the source term in [S] and the reactivity term in {A} are approximated as
constant over a time step. The matrix exponential solution is

 Ψ  exp  At  Ψ0   A1 S  A1 S
where  Ψ 0  is the initial condition.
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,

(4.11-146)

This solution can be used to approximate the actual case in which S0 and  are time-varying by the
following advancement scheme.

 Ψn1  exp A t  Ψn  A1 S  A1 S .

(4.11-147)

The time varying terms can be approximated using a Crank-Nicholson approach

A11 

n 1  1    n  


(4.11-148)

and

S0    S0 n1  1    S0 n ,

(4.11-149)

where 0    1 . A value of 0.5 provides the best accuracy in time.
The direct numerical solution of Eq. (4.11-147) is both computationally difficult and time-consuming
because of the evaluation of the matrix exponential. A numerical solution replacing the matrix
exponential with its Padé approximation reduces the numerical load while maintaining accuracy and
numerical stability. The Padé approximation function, P(p,q,), is the ratio of two polynomials, where p
and q indicate the order of the numerator and denominator polynomials respectively. The Padé
approximation can be made as accurate as necessary by increasing the order of the solution. MELCORH2 has found that P(3,3) gives sufficient accuracy of the neutron kinetics solution using the time steps
equal to or greater than the time step needed for numerical stability in the thermal-hydraulics solution.
Padé polynomials for exp(x) up to order 33 are given in Table 4.

Table 4. Padé approximation of the exponential function
p
0

q=0
1
1

q=1
1
1 x

q=2
2
2  2x  x 2

q=3
6
6  6 x  3x 2  x3

1

1 x
1

2 x
2 x

6  2x
6  4 x  x2

24  6 x
24  18 x  6 x 2  x3

2

2  2x  x2
2

6  4x  x2
6  2x

12  6 x  x 2
12  6 x  x 2

60  24 x  3x 2
60  36 x  9 x 2  x3

3

6  6 x  3x 2  x3
6

24  18 x  16 x 2  x3
24  6 x

60  36 x  9 x 2  x3
60  24 x  3x 2

120  60 x  12 x 2  x3
120  60 x  12 x 2  x3

The P(3,3) approximation of the matrix exponential in Eq. (4.11-147) can be written as
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2
3

 A t A t  A t  

exp A t   Ι 



2
10
120





1

2
3

 A t A t  A t  



Ι 
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2
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120





The form of the advancement using the Padé approximation is then given by
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4.12 VHTR Core Models in MELCOR-H2
4.12.1 Modeling the pebble bed reactor core with MELCOR-H2
A sample nodalization scheme found in the literature developed for modeling the PBMR core in
MELCOR is shown in Fig. 48. The MELCOR modeling the PBMR work originally appeared in the
master’s thesis of Hogan.62 This figure was repeated in Rodriguez39 which is where this review obtained
it.
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Fig. 48. Nodalization scheme for PBMR model in MELCOR62.

4.12.2 Modeling the prismatic VHTR core with MELCOR
The study by Rodriguez et al.39 models the prismatic VHTR core in a three region approximation to the
core. The model includes the primary coolant flowing through an annular core region surrounded by the
inner and outer reflectors. Control volumes (CV) for the primary coolant and the reflectors were modeled
by heat structures (HS) as shown in Fig. 49. This example is not a full system model. Only the reactor
vessel and core are modeled. Helium enters the system via a mass and enthalpy source at CV 160. The
flow is upward through the outer annulus of the reactor vessel to an upper plenum volume and then across
an upper plenum plate, where it is distributed to three radial fuel rings to flow downward through seven
axial levels. Among these seven axial levels, the top most is an upper reflector, and the bottom most is a
lower reflector. The five in between are active fuel zones. Flow exiting the core flows into a core exit
plenum (CV 054) and out of the system through a mass and enthalpy sink at CV 200.
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Fig. 49. Nodalization of the simplified NGNP VHTR model in MELCOR-H2.

The core region is composed of three radial regions: an inner reflector region, an active core, and an outer
reflector region. These correspond to heat structure HS32, Rings 1–3, and HS33, respectively. This model
did not contain COR package input for modeling core and lower plenum structural degradation.
The upper reflector is located above the active core and the outer reflector, and the lower reflector is
below them. Since the MELCOR-H2 code does not allow the modeling of an HS adjacent to another HS,
the upper reflector region that is located above the active core and the lower reflector region that is
located beneath the active core are modeled as control volumes. The upper reflector region that is located
above the side reflector and the lower reflector region that is located beneath the side reflector are
modeled as heat structures.
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5.

SUMMARY AND CONCLUSIONS

This report has gathered information on I&C modeling needs for NRC licensing reviews of VHTRs or for
development of new NRC regulations or guidance appropriate for the VHTR design. The approach was
first to develop a set of transients which might be simulated in support of reviews of I&C system. From
that list, the particular modeling features and code phenomena that are needed to represent those
transients are developed and discussed. The code phenomena discussion is organized around the main
components of a VHTR system. Any special code phenomenon or modeling considerations that are
important for an I&C simulation, as distinct from a safety analysis model, are discussed. The report then
considers the capabilities of two codes, RELAP and MELCOR, in some detail. The reporting on these
two codes is based largely on their code manuals. The code manuals lack discussions of recent additions
of components for modeling gas reactors. These aspects of the relied on special reports on the codes and
reports on applications of the new features in VHTR modeling efforts. The goal was to describe the
models both in terms of their intended capability and in their mathematical formulation.
5.1

General Observations

A great many aspects of NRC review of I&C systems are evident simply from inspection of a design.
However, as complexity level increases, at some point, reviewers cannot trust that the operation can be
visualized mentally, particularly when interactions between multiple systems are involved. While an
engineer may be able to state with some confidence the direction a system will respond, he or she is less
able to state quantitatively how far it will go or how fast it will respond. In this situation, the reviewer
relies on simulations to see how the full system works. For the most part, the NRC relies on applicants to
demonstrate quantitative performance with a calculation or simulation when it is needed. In some
instances, the NRC does perform independent studies to confirm applicant’s results. The NRC also uses
its own calculation models in research for developing new regulatory guidance. The role of simulation
and modeling within the NRC may increase with the review of advanced reactors because of the potential
for increased complexity in the systems. For example, advanced reactor and plant system designs,
including the HTGR, are expected to employ instrumentation and control systems with almost all the
safety-related and nonsafety-related functions performed by digital systems—sometimes with an analog
system as a diverse backup. The level of sophistication on the control side of the digital system
implementations is expected to increase as the regulatory bodies have better understanding of the failure
modes and mechanism of these systems. Review of these complex systems and their potential failures
will be a major challenge for engineers. In the area of control, it is expected that the plants would employ
full automation of startup and shutdown transitions. The startup and shutdown modes are special control
modes which the control system detects the need to switch into or out of. The complexity of these
operations in conjunction ability to switch into and out of manual control smoothly makes the automation
multistate event-based process. The automatic control extends over a much broader range of operations
than before. Ensuring that the plant adheres to all requirements and responds safely to all challenges
becomes complicated by the much more diverse range of automatic actions that a fully automated plant is
programmed to perform. The jobs of the I&C designer and reviewer are, likewise, increased. Ensuring
that no unintended adverse interactions with safety functions and unintended violation of the plant’s
technical specifications becomes part of the control engineer’s and the I&C reviewer’s jobs. The
automation may prove to be the most challenging part of licensing the control algorithm. The need to
observe and test the operation of the automation functions under a wide range of conditions will
undoubtedly depend on a simulation of the operation under a great variety of normal and abnormal
conditions. The NRC may find that having a plant simulation of their own is an indispensible tool in both
understanding response and confirming the safety of the design in the review.
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This review has covered only the I&C modeling codes. The modeling job is actually somewhat larger
than that. I&C codes depend on other computer codes or calculations for much of the modeling input
data. Parameters such as turbine performance maps, reactivity coefficients, delay neutron model
parameters are produced by a sophisticated calculations in their own right. In developing an I&C
modeling capability, the NRC will also have to develop the capability to calculate the parameters needed
for input. Also, as noted in the report, many input parameters have a significant uncertainty or have a
normal variation over the fuel cycle or with aging. Evaluating the system interactions may require a range
of values to be used to fully explore the parameter space fully. These parameter ranges come from other
calculations and detailed knowledge of the plant. Obtaining complete and appropriate input data for the
modeling codes is always a major challenge, and this task has not been addressed in this review.
The codes that have been reviewed, MELCOR and RELAP5, have a long history with extensive
qualification on their original purpose of modeling LWRs. The extensions and new features that have
been added for modeling gas-cooled reactors have a lesser history and qualification. These versions of the
code have been developed in the same nuclear safety analysis culture and have followed the same
software engineering processes, but the gas reactor results should still be considered more cautiously and
reviewed more carefully for accuracy and reasonableness. Additional verification studies, experience with
the use of new gas reactor features, and qualification of results against operating reactor performance
when it becomes available will raise the confidence level that can be placed in the results. Also the codes
may not have all the features that are needed for all I&C studies. Additional work may be needed to
develop special features for control modeling, network communications, modeling of remotely placed
sensors, and other features not yet identified. At this stage of development, the available codes for I&C
analysis should be considered developmental and not production codes.
Neither MELCOR nor RELAP5 is well-suited for I&C analysis. Theses codes have the necessary thermal
hydraulic components for the full plant simulation, but those components have a great many features that
are necessary only for safety analysis in LWRs that burden the simulation and burden the user trying to
develop the simulation of a plant. What is mainly needed for I&C is a simple, fast-running process model
for driving a detailed model of the control system. In MELCOR and RELAP5, just the opposite case
exists. MELCOR and RELAP5 have detailed process models with unnecessary special features for LWRs
coupled to primitive capabilities for modeling controls. Neither has tools for fully representing the control
system in every detail. Neither has an interface to a control analysis tool like MATLAB/SIMULINK or
sophisticated graphical user interface for representing the controls system design visually. Using these
codes for I&C review would be time consuming and require substantial investment in training and input
data development.
5.2

Observations on RELAP5

RELAP5 contains a set of reactor system building blocks with which to develop VHTR models that are
suited for a wide range of control and protection system simulations. Models of VHTRs with near full
plant scope have already been assembled and demonstrated. The single phase gas-reactor thermal
hydraulics is overlaid on a structure that was developed specifically for modeling two-phase flow problem
in LWRs. RELAP’s hydrodynamic formulation is designed to reduce gracefully to a single phase model
so that it appears that the additional capability does not hinder the gas reactor simulations. The thermal
hydraulics is primarily a one-dimensional model which is entirely suitable for I&C models. RELAP5’s
three-dimensional version of the thermal hydraulics is limited to a coarse mesh. It is unclear if RELAP’s
three dimensional flow model is capable of simulating parts of VHTRs which may exhibit significant
three-dimensional effects (such as the lower plenum in prismatic cores or the core region in pebble bed
designs). In general, three-dimensional effects are not major concern in I&C models.
RELAP code has provided special models for gas turbines, compressors, steam generators, valves, and
heat exchangers such that most configurations of the NGNP plants that have been proposed could be
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simulated. No chemical process models for hydrogen generation have been developed for interfacing with
the RELAP code. Models of the chemical plant would be limited to boundary conditions that apply a
predefined heat load to the system or a heat exchanger with a predefined temperature entering at
predefined temperature and flow.
The range of conditions that RELAP is capable of simulating covers all the transients that are conceived
of in this report. This includes all the normal and abnormal operating events and design basis accidents.
For beyond design basis events such as air and water ingress, RELAP has some capability for simulating
multicomponent fluids and chemical reactions so that air and water ingress events could be modeled. This
capability has not been demonstrated. One of RELAPs modeling limitations that would affect the air
ingress event is that a junction cannot model counter current flow for a single phase. Hence, RELAP
would not be able to simulate the physics of a break in which hot gas flows out the top of the break while
cold outside air flows in at the bottom of the break. Also, RELAP is generally limited to cases in which
the fuel and structures remain intact so that the full evolution of an air or water ingress would not be
possible. Severe accident modeling is generally not the main emphasis of I&C cases so these limitations
on modeling severe accidents are not a major concern.
Within the control simulation capability, the set of control components is fairly complete for modeling
conventional controls. Components that are available in the library such as the lag and lead-lag controllers
and proportional-integral controller are plug-and-play components that can be used for implementing
control strategies. Like all RELAP input, the data for the controls are implemented by card image-like
inputs that specify connections and parameters. However, more sophisticated control algorithms usually
have more demanding computational requirements that would not be efficiently defined using these builtin control primitives. Optimal control, robust control, adaptive control, and model predictive control are
just a few among these approaches. These control methods are usually avoided for controlling the primary
system functions because the simpler controls are sufficient but can be implemented for the PCS, such as
the turbine control. RELAP5 currently does not support the higher level control algorithms.
One of the shortcomings of the RELAP5 code system—from the control systems simulations
perspective—is that it does not allow incorporation of user-created external subroutines that can perform
other computations and communicate the results with the main application in a predetermined protocol.
This would significantly extend the capabilities of the code system and allow design and analysis
simulations of a much larger set of control systems. An interface to Matlab, for example, would allow a
much greater range of control designs to be developed using the Matlab/Simulink for control development
and analysis and simulation testing of the design by coupling to the RELAP5 simulation.
Another challenge in modeling these complicated systems is the communication network. In the earlier
nuclear plant designs where analog control systems were used, data transfer was accomplished through
point-to-point wired connections which carry a single signal. However, digital instrumentation and
control systems employ fiber optic communication networks to transmit control and protection system
inputs and outputs in an efficient and timely manner. The fiber optic networks carry many signals on the
same network. Issues of timing, sneak circuits, and handling of missed or corrupted communications is an
area of control and safety review. The review of such communications currently lacks a tool to simulate a
full communication system with various rates of communications failures to show the actual
consequences to the system response. RELAP does not offer any tools to represent the full range of
timing and delay effects of digital communications either on a network or represent communication
failures.
5.3

Observations on MELCOR

MELCOR is a fully integrated, engineering-level computer code whose primary purpose is to model the
progression of severe accidents in LWR nuclear power plants. It is specifically designed to represent
accidents which proceed to core degradation and relocation of structural components. Recent additions to
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the code have made it possible to simulate gas-cooled reactors. These additions include additional
material properties for helium coolant and the reaction products needed for severe accident analysis and
special component models for a full plant simulation. The new component models include axial flow
turbomachines, a counter-flow heat exchanger, neutron point kinetics, pebble fuel heat transfer, and two
chemical processes for hydrogen production. Some of the additions seem to be of a preliminary nature,
and problems in their formulation have been noted in the text. Even though the modeling structure
contains the special features for degradation and relocation fuel and structure which are largely unneeded
for I&C models, the code is also capable of modeling the normal and abnormal operating events and
design basis events that have been proposed in this report as needed for the I&C modeling tool for the
NRC. The one-dimensional hydrodynamic equations and the numerical solution technique are suitable for
I&C calculations over a wide range of conditions.
The control simulation capability for MELCOR is fairly limited. It includes standard blocks for the basic
arithmetic operations and special control operations such as hysteresis, PID control, and trips. In contrast
to RELAP5, however, MELCOR has the capability for user-defined functions. These functions are used
both to simulate the actual controls system and to simulate physical processes that are not contained in the
supplied process models. The control functions, for example, are used for the pebble fuel heat transfer
model. The control functions are limited to a maximum of five real inputs which would seem to limit their
usefulness in general programming. Also, the modeling of control by writing a subroutine would require a
higher level of skill than the general NRC analyst who is not a specialist in FORTRAN coding would be
comfortable with. In general, the assembly of control and protection system models using MELCOR
might be a task best contracted with the MELCOR developers or other MELCOR specialists. Just as in
RELAP, MELCOR would also benefit from an interface to a more user-friendly control modeling
environment such as MATLAB/SIMULINK.
The turbine and compressor models are somewhat unique compared to usual practice in I&C modeling
codes. The model is basically a turbine design tool that has been incorporated as a time dependent model.
The model may require a more sophisticated understanding by the user of turbine design and calculations
than a more traditional performance map model. Also the code is based on quasi-steady rather than
dynamic conservation equations. The quasi-steady approach to modeling the fluid would not be
satisfactory for fast turbine control events such as turbine trip or loss of secondary flow. The model is
suitable for slow power maneuvering transients, steady state thermal cycle analysis, and events in which
the turbine dynamics are of secondary importance. The capability for modeling steady state, off-design
conditions is better in MELCOR than in the typical performance map model because of the built-in
turbine design correlations.
The chemical process models for hydrogen production and their description is a useful addition to the
modeling library, particularly the explanation of the reaction rate equations and the data for chemical
models. However, the models do not seem fully integrated with the concept of a transient code for full
system modeling. One of the approximations in the chemical model is constant pressure in the reaction
chamber. This assumption would prevent simulating the actual pressure controls that might be the subject
of an I&C model of the hydrogen process or simulating any event that initiates a pressure disturbance in
the chemical reaction chamber.
We found the formulation of the fuel pebble heat transfer model questionable and probably unsuitable for
use. This is very likely the consequence of the preliminary nature of the research at the time that it was
reported.
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APPENDIX A: PRESSURE LOSS
COEFFICIENT IN TURBINE BLADES
The following text is largely the same as Rodriguez39. It is slightly reorganized and abridged from the
original.
Over the past 50 years, a number of turbine mean-line loss models have been described in the open
literature. Perhaps the best known and most completely documented model is that of Ainley and
Mathieson published in 195142. This model includes correlations for all loss components (i.e., profile
losses, secondary losses, trailing edge losses, and tip clearance (leakage) losses). It is a testimony to the
soundness of the Ainley and Mathieson (AM) approach that it has become the foundation for a number of
subsequent refinements, most notably those by Dunham and Came63, Kacker and Okapuu64, and Benner et
al.65, 66 for modern, subsonic axial turbines with highly loaded airfoils. The present model capitalizes on the
latest refinements proposed by Benner but still relies heavily on the foundation work of Ainley and
Mathieson.
In the following, all parameters (such as Reynolds and Mach numbers) are evaluated using the relative gas flow
velocities, unless otherwise specified. The total pressure loss coefficient is the sum of the coefficients for
profile losses, secondary losses, trailing edge losses, and tip clearance (leakage) losses:
Y  (Yp  Ys )  YTE  YTC . Y  (Yp  Ys )  YTE  YTC .

(A-1)

The major contribution of Benner et al.65, 66 has been the description of the profile and the secondary
losses in a more physical and accurate way. One of the physically unsatisfactory assumptions done in the
previous conventional loss schemes was the uniformity of the loss generated in the airfoil surface boundary
layer across the span, which produces erroneous values of the secondary loss component. Benner proposed a
new loss scheme, which requires a correlation for the spanwise penetration depth of the passage vortex
separation line (ZTE < H/2) at the trailing edge:

Y

p

 Ys   1  ZTE / H   Yp  Ys .

(A-2)

The profile loss coefficient is an improvement over that by Kacker and Okapuu,64 based on more recent
turbine cascade data44:

 Re2C 
Yp  0.914   KinYp, AM K p  Yshock   
5 
 2  10 

K RE

where
Kin = 0.825 for axial entry nozzles, Kin = 2/3 for reaction blades, and
K R e = –0.575 for Re2C   2W2C  2  2 105.

A-1

,

(A-3)

The term, Yp, AM , is the Ainley-Mathieson profile loss coefficient which will be defined in Eq. (A-5) and
the Yshock is the shock coefficient which will be defined in Eq. (A-8).
The Mach number correction factor in Eq. (A-3) is calculated by the formula given by Kacker and
Okapuu64:

K p  1  K2  1  K1  ,

(A-4a)

K1  1for Ma 2  0.2 ,

(A-4b)

K1  1  1.25  (Ma2  0.2) for Ma 2  0.2 , and

(A-4c)

K2   Ma1 / Ma2  .

(A-4d)

where

2

The profile loss coefficient, Yp, AM ,introduced by Ainley and Mathieson is an interpolation between the
results of two special sets of cascade tests  1  0 and 2  2  :

where

  1 0 1  1   1 2 
  tmax / C  Km 1 /2

 1  0  


Yp , AM  Yp , AM 
 Yp , AM    
,
  Y

2  2   p , AM



  0.2 

(A-5a)

Km  1 for tmax / C  0.2 ,

(A-5b)

Km  1 for tmax / C  0.2 .

(A-5c)

The results of Ainley and Mathieson, for a cascade with  1  0 and tmax C  0.2  are also well correlated
by (see Fig. A-1):

1 0
Yp,AM
 0.13 

S
S
S 
A   B  C   ,

C
C
C 

A-2

(A-6a)

where the coefficients A, B, and C* are functions of the TE relative gas flow angle:
A  0.275862  0.0173298  cos  7.49775  2  285.4  ,

(A-6b)

B  4.28277  107  24  1.11388  104  23  1.02971  102  22

,

 0.401733  2  5.38018 ,

C  2.31562  107  24  6.25296  105  23  5.9553  103  22
 0.237718  2  3.32301.

.

(A-6c)

(A-6d)

Fig. A-1. Profile loss coefficient for (1 = 0 and tmax/C = 0.2)42.

The results reported by Ainley and Mathieson for cascades with  1  0 and tmax C  0.2  are well
correlated by (see Fig. A-1):
*

39

The notation in the reference document regarding the C parameter is not clear, but it appears C is used to represent two
different quantities in the same equation. Based on context, we believe that S C is an input parameter representing the ratio of
blade pitch to chord length, whereas C in the numerator of the last term is a different local variable for the correlation and is
defined in Eq. (A-6d). Perhaps the fonts for the two variables are different but, if so, the difference is small and the intention is of
the author is not obvious.
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1  2 
Yp,AM
 0.31 

S
S
S 
0.776   B  C    ,

C
C
C 

(A-7a)

where the coefficients B and C are function of the TE relative gas flow angle:

B  3.52951104  22  2.9723 102  2  1.40393 ,

(A-7b)

C  2.31614 104  22  2.00615 102  2  0.670492 .

(A-7c)

Fig. A-2. Profile loss coefficient for  1  2 and tmax C  0.2 .42

These results for cascades with a maximum blade thickness of  tmax C  0.2  are corrected for different
thicknesses using the last factor on the right side of Eq. (A-5a). Note that all the angles in these formulas are in
degrees.
Cascade tests in the decades following the publication of the Ainley and Mathieson loss model have
revealed that the profile loss coefficient is generally dependent on the Mach number, even in the subsonic
flow regime. Compressibility can affect Yp in two ways, by causing shocks at blade leading edges and by
affecting the flow acceleration within blade channels [the correction factor Kp in Eq. (A-3)]. The shock
losses can occur at relatively low average inlet Mach numbers, due to the local flow acceleration adjacent
A-4

to the highly curved leading edges. These losses, appearing in Eq. (A-3), are calculated by formula give by
Kacker and Okapuu64:

Yshock 

1.75
1W12 rhub 3

  Ma1hub  0.4 
2
2W2 rtip 4

when Ma1hub  0.4 ,

(A-8a)

Yshock  0 when Ma1hub  0.4 .

(A-8b)

For the flow to be in equilibrium, the gas flow and pressure must vary radially. The incident Mach number,
always higher at the hub radius than at the midspan radius, is related to the mean incident Mach number by
Kacker and Okapuu64:


r
5.751579   hub
 rtip


hub

Ma1

Ma1

1.0,



2


r
  10.8509   hub

 rtip


  6.15292,


rhub
 0.95
rtip
(A-9a)

rhub
 0.95
rtip

for a reaction stage (rotor), and


r
4.07224   hub
 rtip


hub

Ma1

Ma1

1.0,



2


r
  6.64366   hub

 rtip


  3.70492,


rhub
 0.8
rtip
.

rhub
 0.8
rtip
(A-9a)

Figure A-3 shows the fitted correlation and the experimental data of Kacker and Okapuu

A-5

Fig. A-3. Inlet Mach number ratio for turbine blades.64

The spanwise penetration depth (ZTE) of the separation line between the primary and the secondary loss
regions, appearing in Eq. (A-2), is given by Benner65:
0.10  Ft 
ZTE
 *

 32.7 
 ,
0.55
H
H 
CR   H / C 
0.79

2

(A-10)

where the tangential loading parameter, Ft, is given by:

Ft  2

S
 cos 2 m    tan(1 )  tan(2 )  ,
Cx

(A-11)

and the mean velocity vector angle is given by:

1
tan m    tan 1   tan 2  .
2

The convergence ratio in Eq. (A-10) is given as CR  cos2 cos1 .

A-6

(A-12)

The boundary layer displacement thickness at the inlet endwall,  * , in Eq. (A-10), is given by
Schlichting67:

* 


8



0.0463x

 1W1x / 1 

0.2

.

(A-13)

Assuming a power-law turbulent velocity profile with an exponent of 1/7. The reference length, x, in Eq.
(B-13) is taken as half the blade axial chord (i.e., x  Cx 2 ).
The secondary losses coefficient in Eq. (A-2) is given by Benner et al.66:

Ys 

Ys 

0.038  0.41 tanh 1.2 * / H 
cosΦ  CR   H / C 

0.55

  C cos 2 / Cx 

0.55

0.052  0.56  tanh 1.2 * / H 
cosΦ  CR   H / C    C cos 2 / Cx 

0.55

when H / C  2.0 ,

when H / C  2.0 ,

(A-14a)

(A-14b)

Again, all the angles in these formulas are in degrees.
The trailing edge losses, representing the pressure losses due to TE blockage, are expressed in terms of the
blockage itself (i.e., the ratio of trailing edge thickness to the throat opening of the cascade itself). Kacker and
Okapuu64 expressed these losses in terms of the kinetic energy loss coefficient, TE , for axial entry

nozzles  1  0  and impulse blades  1  2  , as shown in Fig. A-4. The difference lies in the thicknesses
of the profile boundary layers at the trailing edges of blades: impulse blades, with their thick boundary
layers, have lower trailing edge losses. The trailing edge thickness contributes significantly to the drag of
highly accelerating cascades. For blades other than the two types shown in Fig. A-3, the loss coefficient for
the trailing edge kinetic energy losses is interpolated in a manner similar to Eq. (A-5a) as Kacker and
Okapuu64:

 1  0
ΔΦTE  ΔΦTE


1
2

 1 
 1  2 
 1  0  
 ΔΦTE
  ΔΦTE
,
 2 

(A-15a)

where
2

t 
t
 1  0
ΔΦTE
 0.595628   TE   0.122642   TE
O
O

for an axial entry nozzle (Fig. A-4), and
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3
  2.27958  10


(A-15b)

 1  2 

ΔΦTE

2

t 
t
 0.310658   TE   0.0656168   TE
O
O


3
  1.43176  10 .


(A-15c)

Fig. A-4. Loss coefficient for trailing edge losses, based on Kacker and Okapuu.64

for an impulse blading (Fig. A-4). The kinetic energy loss coefficient, TE , is converted to a pressure
loss coefficient using the following relationship:
  /   1

 
1
   1 2 
Ma2 
 1 
1 
2

 1  ΔΦTE
 
YTE  
  /   1
  1 2 
1  1 
Ma2 
2



1
.

(A-15d)

Because a turbine operates with some clearance between the tips of the rotor blades and the casing, a
fraction of the fluid leaks across the tips, causing a reduction in turbine work output. Yaras and
Sjolander68 and Matsunuma69 reviewed existing methods for predicting the tip-leakage losses in the light
of detailed studies conducted recently in turbine cascades. The improved model proposed by Yaras and
Sjolander68 states:
YTC  Ytip  Ygap , YTC  Ytip  Ygap ,

A-8

(A-16a)

where the tip leakage losses are given by:

Ytip  1.4 K E

C  cos2 2
 
 CL1.5 ,
3
S H cos m

(A-16b)

and the gap losses, contributing a smaller amount to the overall end loss, are given by:

Ygap  0.0049 KG

CL
C C
 
.
S H cos m

(A-16c)

The blade lift coefficient, CL, is given by Ainley and Mathieson42 as:

CL  2

S
 cos m    tan 1   tan 2  .
C

(A-17)

For midloaded blades K E  0.5 and KG  1.0 , and for front- or aft-loaded blades
K E  0.566 and KG  0.943 Yaras and Sjolander68.
In off-design conditions, the pressure loss coefficient in Eq. (A-1) is modified to include an additional
term, Kinc , which

Y  Kinc  1  ZTE / H   Yp'  Ys'  YTE  YTC

(A-18)

Aungier70 fit the experimental data of Ainley and Mathieson42 to the following functions:

When

When

i  0,

i  0,

Kinc  1  0.52  | i / iS |1.7

(A-19)

Kinc  1 | i / iS |2.30.5i / iS

(A-20)

Figure A-5 shows Kinc as a function of the ratio of the incidence angle, i  1  1 , to the stalling incidence
angle, iS,
iS 2 ,  , S / C   iSR 2 ,    iS 2 , S / C 

A-9

(A-21)

Fig. A-5. Off-design incidence correction factor for turbine blades.70

An upper limit of Kinc = 20 is required in the model.
The stalling incidence angle, iS, is a function of 2   1 / 2 S / C 2 ,   1 / 2 , and S / C , the ratio of
blades pitch to chord length. It is calculated as the sum of a reference value, iSR 2 ,   iSR 2 ,  
corresponding to a blade cascade with S / C S / C = 0.75, and a correction term, iS 2 , S / C 
iS 2 , S / C  to adjust for other values of pitch-to-chord ratio:

A correlation for stalling incidence angle proposed by Aungier70 from fitting the experimental data of
Ainley and Mathieson49 is given by the following formulae:

When

2  50o ,

where iS 0  20 

iSR 2 ,    iSo  A  B 2  D 3  E 4 ,

  1 , where
0.11

iS 0  20 

  1 ,
0.11

(A-22)

(A-23)


90o  2  

,
A  61.8   90  2   1.6 
165 



(A-24)

B  71.9   90o  2  1.69,

(A-25)

o

A-10


90o  2   ,
D  7.8   90o  2   0.28 
320 



(A-26)


90o  2  

,
E  14.2   90  2   0.16 
160 



(A-27)

o

When

2  50o

iSR 2 ,    iSR  50o ,    iSo 

 55  90  2  .

(A-28)

15

Figure A-6 shows the stalling incidence angle for S / C S / C = 0.75, as a function of  and 2 ,

Fig. A-6. Stalling incidence angle for S/C=0.75.70

The correlation by Aungier70 of the correction term, iS 2 , S / C  , is given by the following equations.

When S / C  0.8,

iS  38 X  53.5 X 2  29 X 3 ,

(A-29)

where X  S / C  .75.

When S / C  0.8,


90o  2
iS  2.0374   S / C  0.8   69.58 
14.48


A-11

3.1


.


(A-30)
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APPENDIX B: PRESSURE LOSS COEFFICIENT IN COMPRESSOR BLADES

*

†

In this appendix, the factors for the pressure loss factor of a compressor are evaluated . All parameters
(such as Reynolds and Mach numbers) are evaluated using the relative gas flow velocities, unless
otherwise specified.
The total pressure loss coefficient in Sect. 5.11.3 is the sum of coefficients for profile losses and tip
clearance (leakage) losses:
Y  Kinc  Yp  YTC  .

(B-1)

The secondary losses and end-wall losses are not accounted for in this work for the axial compressor
cascades. Horlock and Denton45 report that, in the 1950s, investigators like W. R. Hawthorne and L. H.
Smith made substantial progress in understanding fluid mechanics of secondary flow in axial
compressors, but that attempts to integrate this work into design methods were not very successful. The
challenges of modeling secondary and clearance losses were dominant then, and indeed remain so to this
day.45 In compressors, the classical secondary flow is not as strong as in axial turbines, because the gas
turning angle is much smaller in the former. A small gas turning angle is used in compressors to avoid
separation of the boundary layer in a positive pressure gradient field.
The profile loss coefficient, YP YP , is determined using the approach of Koch and Smith47. Their model
for YP YP , an improvement to that proposed by Lieblein48, is still regarded as one of the most
comprehensive.71, 72 It accounts for the actual momentum thickness and trailing edge shape factor of the
fully turbulent boundary layer, and for the effects of flow area contraction, Reynolds number, and Mach
number on these parameters. Lieblein48 had shown that the losses around the blade profile appear as a
boundary-layer momentum thickness, TE TE , at the trailing edge, and in the wake,  2 , ( 2  TE in
highly loaded blades because there is a mixing loss as the suction-surface and pressure-surface boundary
layers join to form the wake). Lieblein48 also showed that as the aerodynamic loading on a compressor
blade increased, the diffusion on the suction surface increased, but that on the pressure surface stayed
approximately constant. This prompted this investigator to define an ―equivalent diffusion ratio‖ Deq , as:

Deq 

Peak relative velocity on the suction surface
 1,
Outlet relative velocity, W2

(B-2)

and to propose a correlation for this ratio, as a function of blade solidity and inlet and outlet flow angles
1 and 2 . Koch and Smith47 introduced additional factors correlating the airfoil maximum thickness ratio,
*

39

This section is taken nearly verbatim from Rodriguez. The purpose of including it is to provide the engineering design
information used in the compressor model.
39
†
The Rodriguez document does not define a formula for the tip clearance loss factor, YTC . Presumably, the formula for turbines
may be used.

B-1

tmax C , and the streamtube contraction ratio, A2/A1. These authors also used cascade data with boundary
layers of higher turbulence levels than those of Lieblein, more representative of the conditions
encountered in a modern compressor. Based on their work, Koch and Smith47 correlated the equivalent
diffusion ratio as:

Deq 

t
W1 
 1  K3 max  K 4 
W2 
C

C


*   sin 1  K1 
S



2


cos 1
 
*   *
 ,
  Athroat  throat / 1 
2

(B-3)

where the contraction ratio is given by:

*
Athroat


Ct  
K 2  max  

S  A1   Athroat
 1.0 
.

cos  0.5 1  1    A1





(B-4a)

The cascade throat area is assumed to occur at one-third of the axial chord:

Athroat  A1 

1
 A1  A2  .
3

(B-4b)

The gas density at the throat is calculated as:
Ma X
throat
1
1
1  Ma 2X
2

1

1



tan 1 C
*
 * ,
1  Athroat  K1
cos 1 S



(B-4c)

and the square of the axial Mach number at the inlet as:

Ma 2X1 

WX21

 RT1



W1 cos1 
 RT1

2

.

(B-4d)

Koch and Smith47 obtained the values of the constants in these equations from their experimental data: K1
= 0.2445, K2 = 0.4458, K3 = 0.7688, and K4 = 0.6024. The dimensionless blade circulation parameter in
Equations (B-3) and (B-4c) is given by:

B-2

*

r1mV 1  r2 mV 2
r V sin 1  r2 mV2 sin  2
 1m 1
.
 r1m  r2 m  C
 r1m  r2 m  C
 W1
 W1


2  S
2  S



(B-5)

Note that the absolute gas velocities are used in the numerator of Eq. (B-5), not the relative velocities.
Based on Koch and Smith’s experimental data at Re1 = 106, the boundary-layer momentum thickness at
the blade outlet is correlated in this work as (Fig. B-1):

2o

6
 0.072  Deq  0.0032  1.0  0.2234   Deq  1.0   .


C

(B-6)

Fig. B-1. Boundary layer momentum thickness at blade outlet, Re1=106.47

o
HTE


*
TE
 1.231  Deq3   0.0476  0.00207  Deq6  .
2o

0
0
The values of  2 and H TE are obtained for the following nominal conditions:

a. no contraction of the flow annulus height, h;

B-3

(B-7)

b. an inlet Reynolds number of Re1  1W1C 1  106 ; and
c. hydraulically smooth blades.
Koch and Smith47 gave correction factors for conditions other than nominal. For the boundary-layer
momentum thickness, they proposed:

2

o
 2
C C


   M   H   Re .


(B-8a)

The correction factor for inlet Mach number (Fig. B-2) is correlated as:

 M  1.0   0.117569  0.169832  Deq   Ma1n

(B-8b)

n  2.8532  Deq  0.977474  0.194771 Deq  .

(B-8c)

with an exponent:

Fig. B-2. Correction factor for effect of Mach number on boundary-layer momentum thickness.47

B-4

The correction factor for flow area contraction (Fig. B-3) is a linear function given by:

 H  0.53

H1
 0.47 ,
H2

(B-8d)

Fig. B-3. Correction factor for effect of flow area contraction on boundary layer momentum thickness.47

The correction factor for inlet Reynolds number is given by:

 Re

 106 0.166

,

 Re1 



0.5
5
1.30626   2  10  ,



 Re1 


Re1  2  105 ,

(B-8e)
Re1  2  105 .

Similarly, Koch and Smith47 corrected the trailing edge boundary-layer shape factor as:
o
HTE  HTE
  M   H   Re .

B-5

(B-9a)

The correction factor for inlet Mach number (Fig. B-2) is given by:

 M  1.0  1.07247  Deq   0.86098  0.180425  Deq   Ma1.8
1 .

(B-9b)

The correction factor for the flow area contraction (Fig. B-3) is calculated as:

 H1

 1.0    0.0026  Deq8  0.024  ,
 H2


 H  1.0  

(B-9c)

and the correction factor for inlet Reynolds number is given by:

 106 

 Re1 

 Re  

0.06

(B-9d)

.

The values of  2 and H TE , obtained from Eqs. (B-8a) and (B-9a) for each blade row, can be used in the
following relation, due to Lieblein48, to obtain the final result for the blade-profile total pressure loss
coefficient:
3

  2   cos 1   2 HTE     2  C HTE 
ΔPˆloss
Kp 
 2

 
  1   
 .
2
W1
S cos 2   cos 2   3H TE  1    C  S S cos 2 

1
2
2

(B-10)

The correction factor, Kinc , in Eq. (B-1) is given by

When

  2,

Kinc  4  3

When

2    1,

When

1  ,

Kinc  1  2

.

Kinc  2

Figure B-4 shows the correction factor, Kinc, as a function of the dimensionless parameter,  .

B-6

(B-11)

Fig. B-4. Off-design incidence correction factor for compressor blades.49

An upper limit of Kinc = 20 is required in the model. The parameter  is a function of the incidence angle,
i  1  1 , optimum angle of attack i*, and positive (iS) and negative (iC) stall incidence angles, as:

i  i*
 0;
iS  i*

When

i  i* ,

 

When

ii ,

i  i*
 *
 0.
i  iC

*

(2.1-1)

The incidence loss factor at the positive and negative stall incidence angles is defined such that the
cascade losses are twice those at optimum design conditions (i.e., at i  iS or i  iC ), then Kinc = 2.0.
The optimum design angle of attack, i*, is a function of the blades and cascade geometry 49:
0.25
0.65–0.002

Z   C
i*    1  3.6 Kt _ 0.3532       
 C    S 


where  is the blade stagger angle (o) and   1  2 is the absolute camber angle
( W1  V1  U1  V1 sin 1  U1 ).

B-7

(2.1-2)

The maximum blade thickness correction factor is given by:
YTC  Ytip  Ygap

(2.1-3)

where

Ytip  1.4 K E

C  cos 2 2
 
 CL1.5
S H cos 2 m

(B.4)

and the gap losses, contributing a smaller amount to the overall end loss, are given by:

Ygap  0.0049 KG

CL
C C
 
S H cos m

For midloaded blades, K E  0.5 and KG  1.0 . For front or aft-loaded blades, K E  0.566 and
KG  0.943 68

B-8

(B.5)
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1.
1.1

INTRODUCTION

Project Overview

The objective of the project designated as Job Control Number (JCN) N6177 is to support the U.S.
Nuclear Regulatory Commission (NRC) in identifying and evaluating the regulatory implications
concerning the control and protection systems proposed for use in the U.S. Department of Energy’s
(DOE’s) Next Generation Nuclear Plant (NGNP). The NGNP, using gas-cooled reactor technology, will
provide the basis for the commercial industry to manage the heat for energy production and industrial
processing including hydrogen production. The high temperature gas-cooled reactor (HTGR) can provide
heat for industrial process at much higher temperatures than conventional light-water reactors, 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 or VHTR. In this project, the gas-cooled reactor design for the
NGNP is referred to as the VHTR even though DOE’s current plans focus on the lower end of the abovenoted temperature range for ultimate deployment of NGNP.)
The JCN N6177 project involves five tasks, which are titled:
Task 1.
Task 2.
Task 3.
Task 4.
Task 5.

Control and Protection Systems in VHTRs for Process Heat Applications
Highly Automated Control Room Design
Models for Control and Protection System Designs
Advanced Control and Protection System Design Methods
Develop Technical Guidance and Acceptance Criteria for Safety-Related Protection and
Control Systems Designs

The overall objective of this research is to review potential technologies likely to be employed for the
control and protection system design for the VHTR for process heat applications including possibly
hydrogen production. The investigation also addresses modeling methods and plant models, including
multimodular models, as well as the level of automation that can be achieved and the degree of
integration in control room designs that may result. In addition, this research examines such design
aspects and issues as prediction of the state and effect of control systems actions, overall resilience of the
control and protection systems designs, and fault detection capability. The culminating activity, to the
extent possible based on the maturity of the VHTR design and particular process heat application, is to
assist NRC in developing technical guidance and acceptance criteria for these safety-related protection
and control systems designs for the VHTR.
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1.2

Task Objectives

The overall objective of Task 4 is to investigate advanced control and protection methodologies that may
be employed in the VHTR. This task uses the background information on gas reactors collected in Task 1
to anticipate the topics of protection and control that may come under review. The task seeks specifically
to identify and investigate possible new topics or issues for review that are not common with previously
licensed plants.
This task is closely related to both Task 1 and Task 2. Task 1 gathered background information on
previously designed gas-cooled reactors utilizing graphite moderator and ceramic fuel. The Task 1 report
(Wilson et al.1) extracted the control and protection features, issues, and experience from the surveyed
literature. Most of the designs reviewed in Task 1 also were built and operated and provide operating
information on control and protection. Task 2 reviewed the potential impacts of a highly automated
control room (Wood et al.2). Task 2 leveraged findings from another research task of the same name (JCN
N6350, Guidelines for the Design of Highly Integrated Control Rooms) in which advances in the
automation were reviewed for potential impacts on licensing of the new power plants currently being
licensed. Task 2 applied these insights specifically to the NGNP design.
This research examines the larger role played by the control and protection system through the use of
enhanced automation, potential for propagation of disturbances through integrated functionality, and
greater reliance on control functions to respond to off-normal conditions in the plant. The use of advanced
control design techniques expands the role for automatic functions of the control and protection systems
to address prediction of the state and effect of control systems actions, overall robustness of the control
and protection systems designs, and fault detection capability.
1.3

Task Context

The stated objective of Task 4 in the project plan is to investigate control and protection strategies that
may be important for a VHTR used for hydrogen production. As the project progressed, it became clear
that the original goal of preparing for hydrogen production was no longer the most likely primary
application for the NGNP. The objective has shifted toward what seems more likely at this point, that is, a
VHTR plant that is coupled through a steam generator to a conventional steam turbine/electrical
generator. In comparison to a more radical hydrogen production plant, the steam generator driven
electrical plant is an incremental step in gas-cooled reactor design development. This increment provides
experience with the gas-cooled primary and ceramic core coupled to a conventional steam generator and
reduces the technical challenges in developing high temperature materials that would be necessary to
produce hydrogen. Alternate plant configurations still being considered involve a VHTR driving a general
process heat plant (not necessarily a hydrogen production plant) or a combined cycle with an electrical
plant and a process heat plant. The types of process heat applications include oil refining, oil recovery
from shale or tar deposits, and process heat for chemical plants. Issues and requirements for separation
and decoupling the nuclear island and the process heat plant and their respective safety systems are
considered in broad terms.
The most probable initial implementation of the NGNP is a single, stand-alone unit for demonstration and
proof of principle. Following the standalone demonstration unit, multimodular configurations are
considered to be the next step in the design’s evolution to commercial viability. The Task 2 report
addresses operational considerations related to multiple units. However, control issues, such as the
propagation of disturbances between multiple units, must be addressed by the control design methods
employed for NGNP.
At this stage of VHTR development, the investigation under Task 4 is necessarily based on a hypothetical
design because no actual design is either in existence or proposed in any detail. Concepts and directions
of development are apparent, but a great deal of the design is, at present, unspecified. This letter report is
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used to collect the unique properties of VHTRs that affect the designs and must be understood by
licensing reviewers emphasizing differences with respect to conventional plants. The emphasis in this
report is in applicability and interpretation in light of likely VHTR designs that may be proposed in the
future. This letter report, along with the companion reports from the other tasks under this project, can
serve as a reference for NRC reviewers.
1.4

Organization of Report

The Task 4 report covers control and protection strategies for the NGNP. The report is focused primarily
on the baseline design. In the absence of a proposed design, Section 2 of the report covers modern control
methods that may be used and discusses the general attributes of those methods and, to the extent
possible, specific features that are useful for the NGNP controls. Section 3 covers the protection system
for the baseline NGNP. It addresses the design basis events, safety functions and I&C that may be used to
implement the safety functions. Section 4 reviews the control systems that are required for the baseline
and general properties of those systems. Section 5 identifies issues in the control and protection systems
for NGNP that may be different from previously licensed reactors.
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2.

MODERN CONTROL METHODS

In the nuclear power industry, single-input, single-output (SISO) classical control has been the primary
control design method applied to individual control loops. Multivariate control, such as three element
controllers for U-tube steam generators of pressurized-water reactors (PWRs), has been employed in
some cases. In very limited instances, an integrated control strategy has been devised to coordinate the
action of individual control loops based on an overall control goal. Modern control methods can enable
approaches to plant control that invoke more extensive automation capabilities to provide enhanced fault
tolerance and result in increased plant operational efficiency.
The application of most advanced techniques to nuclear power control system design has primarily been
through simulation as part of research by universities and national laboratories. Some of the techniques
employed in controls application research for both power and research reactors include adaptive robust
control for the Experimental Breeder Reactor II (EBR-II), fuzzy logic control for power transitions,
H-infinity control and genetic algorithm-based control for steam generators, neural network control for
power distribution in a reactor core, and supervisory control for multi-modular reactors. A useful
compendium of findings from such research activities is found in the proceedings of a series of Topical
Meetings on Nuclear Plant Instrumentation, Control, and Human-Machine Interface Technologies
sponsored by the American Nuclear Society.3–9
While design details for the control systems of the NGNP have not been developed, DOE program
documentation indicates that the use of advanced control capabilities is being considered.10 In the Task 2
report, Wood et al.2 describe automation technologies and discuss the impact of and associated issues
with a highly integrated control room design for NGNP. In particular, the report describes resilient control
strategies providing robust fault tolerance and anticipatory event management as well as autonomous
control approaches based on integrated supervisory control with embedded diagnostic and decisionmaking capabilities. These automation technologies embody extensive usage of modern control design
methods. This chapter describes key modern control design methods to provide a basis for discussing the
NGNP approach to plant control and protection.
2.1

Continuous Control Methods

Continuous systems, which are characterized by differential or partial differential equations, are
controlled through feedback from proportionally measuring sensors to achieve an output setpoint value.
Continuous feedback control is a simple servo or regulator since the output value is automatically
maintained to a setpoint without constant human intervention. As an example, maintaining core outlet
temperature to a specific setpoint is a continuous control task. The greatest body of control theory
literature and tools has been developed for continuous system control.
2.1.1

Classical control

Classical or proportional-integral-derivative (PID) control compares the output of a process with a
setpoint to generate an error signal from which an actuator signal is produced to control the process. The
method may be used in combination with feedback and feed-forward configurations. Part of the error
signal may be augmented by mathematical derivative or integral action to improve performance; hence
the integral and derivative parts of the name. PID is almost always used in SISO control, that is, a single
sensor sends a signal to a controller that results in action on a single actuator. This form of control works
well in many processes. However, performance and stability suffer for processes that are inherently
multivariable, nonlinear, or exhibit large parameter swings or structural changes. Tuning PID controllers
is based primarily on rule of thumb methods rather than a mathematically optimized calculation of gain.
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2.1.2

Linear matrix optimal control

The linear matrix approach to control, which is based on linear state-space equations, has the benefit of
many available mathematical tools for analysis, synthesis, and simulation. One of the tool sets allows the
optimization of performance parameters by minimizing or maximizing objective performance criteria
(i.e., optimal control). Another tool permits the application of robust methods, which lowers the potential
of instability due to noise or uncertainty in plant parameters. Linear matrix methods include Linear
Quadratic Gaussian (LQG), H-infinity, and Linear Quadratic Gaussian with Loop Transfer Recovery
(LQG/LTR). A definite benefit of matrix-based representation is the inherent ability to handle
multivariate systems. The weakness, however, with linear methods is the limited dynamic range over
which performance is guaranteed. The common approach to design is to linearize the nonlinear system
around a nominal operating point, which limits valid operation to a more or less small neighborhood
around the operating point. Changes in plant parameters directly influence their performance, which can
necessitate the need for adaptive control as an adjunct to linear matrix control. In many cases,
performance is sacrificed for robustness. Linear matrix methods do not permit easy field adjustment by
plant operations personnel compared with classic PID controls because of multivariate inputs and outputs
and the complex mathematical gain calculations required.
2.1.3

Model predictive control

Model predictive control (MPC) is one of the predominant optimal control methods, with its ease of
understanding and effective performance leading to increasingly extensive usage for industrial
applications. The MPC method11 involves multivariate control in which an optimum control action is
calculated based on current process measurements, a dynamic model of the plant/process, the history of
prior control actions, and an optimization cost function into the future over a receding prediction horizon.
The MPC method starts with the state space form of a plant model that is then algebraically manipulated
to cast the equations into the predictive form in which the state variable is eliminated. The predictive form
of the equations depends on the current state of the system (an initial condition) and all future inputs, but
not explicitly on the predicted states. For a given set of present and future control actions, the future
behavior of the state variables are predicted over a prediction horizon while present and future control
actions are computed to minimize the quadratic objective function. Out of the group of future control
actions that are calculated, only the first control action is implemented. The predictive feature of the
controller has an anticipatory effect that is reflected in the current control action. These calculations are
repeated in the next time step by appending the next measurement to the data set. The progressively
updated measurement sets compensate for unmeasured disturbances and model inaccuracies, both of
which result in the measured system output being different from that predicted by the model. The MPC
requires the on-line solution of an optimization problem to compute optimal control inputs over the time
horizon. The MPC iteratively calculates a sequence of future control signals by minimizing a multistage
cost function defined over a prediction horizon.
The advantage of the method for the industrial applications is the capability to account for constraints
imposed on the control action and the state variables through limits and targets associated with the cost
function minimization. This feature, plus the provision of feedforward and feedback elements in a unified
but relatively simple mathematical structure, enables MPC-based control designs to address fast actuation
demands, large time delays, and high-order dynamics.
2.1.4

Nonlinear control

Nonlinear control refers to a wide range of control methods that contain nonlinear terms to represent for
plant dynamics more accurately. Unlike linear matrix control which can be rigorously solved and shown
to be stable, the nonlinear control field is broad and unstructured because of the lack of sufficiently
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general proofs and design algorithms. Topics that pertain to nonlinear control include chaos (theory)
control, Lyapunov methods, describing functions compensation for dead zone, higher-order effects, and
step/jump discontinuities, synchronization, and heterodyning. Stability is not as mathematically simple to
predict with nonlinear control compared with linear systems. Simulation is regarded as the primary testing
method.
One of the more useful forms of nonlinear control is the scheme of Tao and Kokotović for representing
the nonlinearity as a set of piecewise linear functions.12 The scheme deals with each linear piece in much
the same way as linear controls and then handles the transitions across region boundaries. The problems
of system identification of the linear regions and adaptive control have been solved as part of the system.
2.1.5

Intelligent control

The methods that are often classified with intelligent control are based on analogies to biological and
cognitive models of control and behavior. Examples are expert systems, fuzzy systems, and neural
networks, which are discussed below. (Expert systems are discussed under discrete-event control.)
2.1.5.1 Fuzzy logic control
Fuzzy logic is a multivalued logic that allows intermediate values to be defined between conventional
evaluations like yes/no, true/false, black/white, etc. Notions like rather warm or pretty cold can be
converted into mathematical expressions that can be processed by computers. In this way, an attempt is
made to apply a more human-like way of thinking in the programming of computers. Values of variables
are not restricted to a single set but may have degrees of membership across multiple sets. Ultimately,
internal fuzzy variables must be made crisp values to control the outside world. This step is called
defuzzification. An example defuzzifier is the Mamdani controller, which is a based on calculating the
centroid of fuzzy outputs. Fuzzy control is suited for very complex processes, when there is no simple
mathematical model, highly nonlinear processes, and if the processing of (linguistically formulated)
expert knowledge is to be performed. Fuzzy control is not recommended if conventional control theory
yields a satisfactory result, and an easily solvable and adequate mathematical model already exists. Fuzzy
logic as a discipline originated in 1965 by Lotfi A. Zadeh, professor for computer science at the
University of California in Berkeley.
2.1.5.2 Neural network control
In its simplest form, artificial neural network (ANN) control, which is loosely modeled after human
neurons, maps multiple input values to outputs that become signals to actuator devices. At the heart of the
network are layers of cross-connections between input and output ports. The weighting values and
activation threshold function at each connection determine the function of the network that is somewhat
analogous to the neuron model. The mappings (i.e., the connections and weighting values) are learned
through a series of training sessions, which may be supervised or unsupervised, and deterministic or
stochastic. A network can have feedforward and feedback connections internally. The function that ANNs
perform is distributed across its plexus of connections. This distribution offers tolerance for error and
noise at the input. Neural networks are useful for vector functions. Two issues always arise in certain
applications: (1) ANNs by their nature cannot be examined to determine their functional properties as one
might analyze the gain coefficients of a PID controller and (2) ANNs will always give seemingly
plausible results even when operation has extrapolated beyond the range of all training.
2.1.6

Adaptive control

Direct and indirect model-based controls are used to accomplish adaptive control, in which the control
system adjusts to changing characteristics of the controlled plant to maintain satisfactory stability and
performance. Adaptive control methods are very often combined with other control types to permit stable
7

performance over wide ranges and conditions. In all instances some form of plant model is needed to
permit adaptation. Model-based control, which contains dynamic models representing the system being
controlled, is based on differential equations derived either from first principles or through system
identification techniques. In a direct model-based control scheme, the mathematical model simulates the
real process in faster-than-real time. Thus the behavior of a variety of control actions can be simulated,
analyzed, and an optimum path chosen. The direct implementation is prohibitively computer intensive for
any sufficiently complex system, which leads to indirect model based methods.
The indirect methods use (simplified) mathematical models embedded in the control system to permit
adaptation of control gains and coefficients. Examples include self-tuning, which has become popular in
single channel PID controllers. A more complex implementation is inverse control, which incorporates an
inverse model of the plant or component to be controlled that tames its nonlinearities and dynamics.
Convergence becomes an issue in model tuning and adaptation.
2.1.7

Genetic algorithms

Genetic algorithms are used for search and optimization functions making them suited for certain types of
control systems. Genetic algorithms are unique systems based on the supposed functioning of living
organisms. The method of application differs from classical optimization algorithms in the following
ways:
1. use of the encoding of the parameters, not the parameters themselves;
2. work on a population of points, not a unique individual;
3. use the only values of the function to optimize not their derived function or other auxiliary
knowledge; and
4. use probabilistic transition functions not determinist ones.
The functioning of such an algorithm does not guarantee success in finding an optimum. In a stochastic
system for example, the genetic pool may be too far from the solution. Also, a too rapid convergence may
halt the process of evolution. Nevertheless, these algorithms have proven to be efficient in applications as
diverse as the stock market forecasting, production scheduling, or programming of automotive industry
assembly robots.
2.1.8

Multimode control

Combinations of differing continuous signal control methods can yield useful results for certain hard-tocontrol processes. The combinations may range from simple to complex. The ability to simultaneously
achieve desired performance and stability is improved by wisely applying several control methodologies.
Although specifics depend on the system to be controlled, the overall scheme is to allow several carefully
chosen control algorithms (usually based on differing methods, e.g., neural network, linear feedback
control, and a model-based algorithm) to process in parallel then choose command signals from one to
operate plant actuators. Variations in output command selection include pre-designation of specific
regimes or conditions over which certain controllers capture control and mixing of all command signals
by yet another controller (e.g., fuzzy controller or a command validation algorithm). Permitting
adaptation of all the controllers over time enhances the concept. Additionally, sliding mode control,
which is a variable structure control, is an often-used form of multimode control.
2.1.9

Hierarchical supervisory control

In most large-scale, loosely-coupled systems, the entire system is too large to be solved as a single
multivariate system. Instead, the control is decentralized into subsystems that are internally closely
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coupled, but loosely coupled to one another. The subsystems must be coordinated to achieve system-wide
performance. Hierarchical supervisory control, whose purpose is to achieve total plant coordination,
permits individual decentralized process control by local controllers while exercising top-down
coordination across multiple process controllers. The coordination achieves an optimization of materials
and energy flow by adjusting local controller setpoints and other parameters. Coordination also involves
switching of controller operational modes (e.g., during maintenance cycles). Automated start up and
shutdown as well as system-wide diagnostics are possible with supervisory control. Often hierarchical
control involves both continuous and discrete-mode control methods (see hybrid control below).
2.1.10 Resilient control
The concept of resiliency has been developed through control theory research to address issues such as
disturbances, failure events, errors, incorrect human operation, and cyber attacks.13 A resilient control
system is defined as ―one that maintains state awareness and an accepted level of operational normalcy in
response to disturbances, including threats of an unexpected or malicious nature.‖14 In this sense, state
awareness involves knowledge of conditions and parameters relevant to control decisions, including an
understanding of the status of the process being controlled and the control system itself. Essentially, a
resilient control system constitutes a whole-plant, supervisory control system with extended capabilities.
Key features include anticipation of failures or disturbances followed by adaptation to mitigate the
potential consequences as well as perception of events and conditions followed by responsive action to
ensure safety, stability, and performance. The approach to automation enabled by resilient control is
discussed in more detail by Wood, et al.2
2.2

Discrete Control Methods

Discrete event systems are characterized by a finite collection of specific, distinct states and the
transitions between them. These systems are controlled by applying logic through combinational and
sequential rules. These are not proportional systems (c.f., continuous control). Often, the control of these
systems is left to schemes based on heuristic rules inferred from practical plant operation. Industrial plants
regularly use programmable logic controllers (PLCs) to achieve event control. These commercially
available controllers, which are programmed in ladder logic, offer limited intelligence and do not
integrate well with complex continuous control algorithms. Start-up sequencing of simple equipment that
invokes discrete (binary) steps is well accomplished by PLCs; however, complex machinery, which may
have the possibility of multiple start-up paths depending on internal and external conditions, go beyond
the fixed programming of PLCs.
2.2.1

Expert systems

The primary purpose of expert systems is to capture the human capability of diagnosis and control for
particularly difficult or specialized tasks. If-then-else rules are the building blocks of expert systems.
These rules permit conditional decision making in which the outcome decision is based on the logical
condition of input variables. The strategy is to make a rule-based system flexible enough to cope with the
many degrees of freedom that arise in large complex systems but manageable to design and test. By
subdividing the system into smaller subsystems, the development workload can be shared and performed
in parallel; nevertheless, the human effort to design large-scale expert systems is large.
2.2.1.1 State-based control
State-based control is a more complex application of if-then-else rules in which the states of the system
being controlled are the basis for the structure of the rules. The transition between states is initiated by
multiple conditions, which in turn initiate specific actions that drive the system to the desired state. This

9

method may take advantage of graphically oriented display. It is also suited to mathematical
formalization. Timing and sequence are handled well with these model types.
2.2.1.2 Data-based control
Data-based control emphasizes internal and external activities. The flow of data and communications is
well modeled with this method. However, timing and sequence is not handled as well with this method.
State and data control methods may be combined.
2.2.2

Intelligent agent-based control

Intelligent agent-based control is a growing area of research. Several potential advantages are evident
including the ―mobility‖ property: agents can move about in a system to apply their specialty as needed.
The literature indicates that intelligent agents have been growing in their use in computer science over the
last decade. Intelligent agents have several applications related to control systems: (1) as a carrier and
implementer of control algorithms, (2) as a method of communicating adaptation parameters, and (3) as a
means of designing the control system both during the original plant design and as a means of upgrading
throughout the plant’s lifetime.
Related to the third application above, great possibilities exist for using agent capabilities to capture
control system design requirements and create a structure for linking their relationships into a control
system. Multiple agents can be assigned to look for and capture according to specific requirement
categories. Other agents can scan for inconsistencies and errors as the process evolves. Still other agents
can compile resource requirements for the subsequent design steps.
All software agents are programs, but not all programs are agents. The salient differences between
traditional computer programs and intelligent agents are compared in Table 1. There are activities for
which intelligent agents offer potential advantages, e.g., activities that require teaming and may cross
several computer platforms. Agents are adaptive and autonomous, which may be advantageous for some
applications; however, more traditional (static) programming may be appropriate for some precision
calculations.
Table 1. Comparison of traditional computer programming with intelligent agents
Traditional computer program
Static
Direct manipulation: user initiates every action.
Noninteractive. Dialogs are fully scripted.
Never changes, unless changed by a human or an error
in the program.
Runs one time, and then stops to be run again when
called.
Predictable—does what you tell it to, even if you didn’t
mean what you said.

Follows instructions.
Stays in one place.

2.2.3

Intelligent agent
Dynamic
Indirect manipulation—autonomous. Actions may be
initiated by either the user or the agent system.
Interacts with user and with other agents.
Adapts, learns.
Persistent. Continues to run over time.
Interprets what you mean, not what you say. In the best
of circumstances, actions are based on rules, but they
may change over time, or in reaction to different
circumstances.
May initiate actions as well as respond to instructions.
May be mobile, traveling to other servers.

Nonmathematical flow methods

Multilevel flow models (MFM)15 are graphical models of goals and functions of technical systems.
Morten Lind invented MFM at the Technical University of Denmark and several new algorithms and
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implementations have been contributed by the group headed by Jan Eric Larsson at Lund Institute of
Technology. MFM has several properties which permits knowledge engineering without mathematical
models as used in classical and modern control theory and without rule bases used in standard expert
systems. MFM allows diagnostic algorithms to be run in real-time without high processor overhead.
2.2.4

Formal methods

Formal methods apply to a broad range of techniques that employ mathematically precise operators to
represent states, modes, and actions. The recent emphasis on formal methods has been on automated
control system design. An international collaborative effort was mounted in 1996 to apply formal
specification methods to generating a steam boiler control system from a specification document. The
effort by Abrial et al. produced 33 solution methods from numerous students based on numerous formal
languages and constructs.16 The conclusion is that there are several viable ways to apply formal methods
to capture and design the controller. Since the publication of Abrial’s results, others have continued the
spirit with continued improvement. For example, Petre et al. have examined combining formal and
informal design methods to permit better integration with software practice.17
2.2.5

Object-oriented control

Object-oriented control takes advantage of information hiding and inheritance properties for efficient
programming. The objective is to make the design task less labor intensive, more amenable to analysis
and testing, and flexible for modification. For the most part, object-oriented control methods are an
extension of object oriented computer-programming methods (e.g., C++).
2.3

Hybrid Control Methods

Continuous servo control systems operating alone experience difficulty achieving their objectives in the
face of changing dynamics, such as radical swings in subsystem parameters, component failures, or
changes in equipment interconnectivity. In addition, some components have, by their nature, finite states
and therefore are not controllable by traditional continuous-time methods. Hybrid control is the
combination of continuous and discrete-event control to achieve automatic control over a wide range of
system conditions, configurations, and desired outputs. At its simplest level, a hybrid controller can be
envisioned as a switching mechanism between a collection of continuous controllers. In more complex
implementations, the hybrid controller can include a capability to select modes and states of multiple
subsystems to effect a coordinated movement to target goals even with malfunctioning equipment.
Diagnostics play an integral role in advanced hybrid control to accommodate faults and failures.
Combining continuous and discrete control techniques often leads to a hierarchical structure with
continuous controllers carrying out the tasks of regulation and tracking at lower levels while discreteevent controllers supervise their operation and make more abstract, strategic decisions. For the most part,
the continuous parts and discrete-event parts are designed independently and then combined. Discreteevent activities dominate at the coordination and decision-making levels, which exist higher up the
hierarchy.
For small-scale systems, the design task of the logic (discrete) component can become complex. The
extension to large-scale systems is difficult to scale. Many subsystems contain multiple control types so
that discrete and continuous controls must work together at the equipment level. To control a flow loop
for example may require continuous control of pump speed but also requires discrete control over
electrical power to motors, oil lift pumps, and valve positioners. (See ORNL/TM-9500 for a more indepth description of the automation of discrete and continuous control.18)
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3.

NGNP PROTECTION STRATEGY

The protection strategy of a nuclear power plant is the set of designed responses to postulated
disturbances in process variables and postulated equipment failures or malfunctions that protect the plant
from damage and prevent release of radioactive materials from the fuel. The set of disturbances and
failures on which the strategy is based are called the design basis events. The design basis events are
―postulated events used in the design to establish the acceptable performance requirements for structures
systems and components.‖19 The events are broken into two categories, anticipated operational
occurrences (AOOs) and accidents.20 The anticipated operational occurrences are defined as ―those
conditions of normal operation which are expected to occur one or more times during the life of the
nuclear power unit.‖21 This set of events is generally considered to have a frequency of occurrence greater
than 10-2 events per plant year. Accidents are occurrences that are postulated but are not expected to
occur. Accidents are considered to be ―an event on the order of magnitude of 10-7 events per plant year or
greater and potential consequences serious enough to affect the safety of the plant to the extent that the
guidelines in 10 CFR Part 100 could be exceeded.‖20 The accidents may be subdivided into design basis
accidents and special events (sometimes called beyond design basis accidents). The event probability of
special events, which is very low and would normally not be deemed credible, may potentially result in
consequences so severe that mitigation is deemed necessary. For LWRs, the anticipated transient without
scram is in the special event or beyond design basis category. The selection and analysis of design basis
events forms a significant role is setting the protection strategy of any plant. The protection strategy is
created as a response to the design basis events as a way to protect against adverse consequences and thus
has a central role in the protection design process. Once the safety strategy is conceived and demonstrated
by safety analysis to protect the plant and public, the strategy must be implemented in the software and
hardware of the safety system’s I&C design. The licensing test for the I&C system is to show the actual
system to performs as well or better than the protection strategy used the safety analysis with its
conservative assumptions.
The following section lists and discusses the set of design basis event that are likely to be considered for
the baseline NGNP. The list provides a basis for discussing necessary protection functions for the NGNP
and to draw contrasts with LWR protection strategies. Most of these events are also reported in the Task 3
letter report.22 The strategy assumes that the design is the baseline NGNP with a single reactor driving a
single steam generator and single turbine generator.
3.1

Design Basis Events

The design basis accidents are the set of postulated accidents that a nuclear facility must be designed and
built to withstand without loss of the systems, structures, and components necessary to ensure public
health and safety. The most severe and limiting events are chosen so that all other accidents are
encompassed by the results of the design basis events. A number of different initiating events may result
in the same sequence of plant responses and are grouped together as a single design basis event. The
selection of the events which compose this set is the subject of considerable study. Over time and
experience, a consensus has emerged among regulators and designers for the set of design basis events for
LWRs. The design basis accidents for gas-cooled reactors are not nearly as settled. The following types of
transients are certainly part of the list and are generally covered in all gas reactor licensing submittals.
The following discussion is for gas-cooled reactors in general. Where it is possible, the discussions
address the features expected in the baseline NGNP. The descriptions and terminology are based on the
Next Generation Nuclear Identification and Ranking Tables (PIRTS) Vol 2.23
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3.1.1

Anticipated operational occurrences

3.1.1.1 Turbine trip
Turbine trip transients are a common operational event. The initiation can occur because of external grid
disturbances or internal events in the secondary plant. In conventional LWR plants and probably in the
baseline NGNP, a turbine trip is not a safety function. However, with the single reactor and heat load
configuration in the base NGNP, the turbine trip would probably generate an anticipatory reactor trip
signal (ARTS). The ARTS is an input to the reactor protection system and would cause a reactor trip and
circulator trip. For plants with multiple heat loads, the turbine trip might not result in a reactor trip but in
a rapid change in power level and redistribution of the load. The signals generating a turbine trip typically
consist of


low bearing oil pressure;



low electrohydraulic fluid pressure (i.e., loss of motive force for turbine governor valves);



high condenser back pressure (i.e., loss of condenser cooling water);



turbine overspeed;



turbine bearing wear;



loss generator (generator trip); and



remote trip from an external system.

A turbine trip also trips the generator (if it is not already tripped) and results in actuation of fast-acting
turbine stop valves stop the driving flow to the turbine and to protect the turbine from overspeed damage.
The gas-cooled reactor core requires less rapid response to protect the core than a LWR. Even if the
ARTS trip fails to act, the HTGR core can sustain the post-event heat up on loss of load. Most HTGR
designs have sufficient thermal margin between the operating maximum temperature in the core and the
temperature at which fuel damage could occur such that the temperature rise in the fuel can safely shut
down the nuclear reaction following the turbine trip event even if the rods fail to insert (an anticipated
transient without scram event).
Protection of heat exchanger surfaces from hot gas is also a concern post-accident. The rise in gas
temperature following a turbine trip may be sufficiently high that some heat exchange material’s
temperature limits may be exceeded. The control concern is that primary and secondary flows must be
accurately controlled to protect the heat exchanger from damage. To protect the heat exchangers, the
helium circulators on the primary coolant loop may require a safety-related trip function.
3.1.1.2 Load rejection
In this transient, the generator breakers to the grid open reducing the load to the station load. The event
requires a prompt turbine response to protect the turbine from overspeed. Some designs may respond to
this event as a rapid runback to station load. In the runback scenario, no safety systems actuate;
operational controls run reactor power back to a low electrical power equal to the needs of the site. More
commonly, load rejection event trips the turbine and the sequence of events is the same as any turbine trip
above. It is not known whether the baseline NGNP will employ runback or trip strategies.
3.1.1.3 Loss of heat sink
The loss of normal heat sink means the loss of flow or coolant on the secondary side of the normal heat
removal heat exchanger. For a plant with a steam generator, the loss of flow would most frequently be
caused by a loss of feedwater due to inadvertent feedwater valve closure or loss of the feedwater pumps.
Loss of coolant can result from a secondary system pipe break or failure of a relief valve in the open
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position. Ultimately, the transient results in a heat up of the reactor system and a need to establish an
alternate heat removal through nonsafety shutdown cooling system or the safety-related passive heat
removal capability of the RCCS. One of the safety concerns in a loss of secondary coolant is that the
initial response of the steam generator can be different than the final response depending upon the break
location. A break in the secondary coolant pressure boundary downstream of the heat exchanger would
result in a temporary increase in flow of the coolant through the cold side until the inventory of secondary
coolant begins to be exhausted and the density and pressure drop. The increase in flow results in an
overcooling event which is then followed by an undercooling event. A break occurring upstream of the
heat exchanger results in an immediate reduction in flow and reduction in heat removal. Thus, in one
instance the initial indications of temperature and pressure on the primary indicate the wrong direction
that the reactor should respond, whereas, the other is the right direction.
The initial overcooling for breaks downstream of the steam generator results a positive reactivity insertion
and power rise because of the strong negative temperature coefficient of the core. A safety function to trip
the circulator is necessary to protect the fuel on detection of the steam line break.
Because of the expected high frequency of events in this category and the requirement for establishing
alternate heat removal, this sequence is frequently one of the main contributors to the core damage
frequency in probabilistic risk assessments.
3.1.1.4 Control system failures
Failures in the nonsafety control system are considered AOOs. The protection strategy and safety system
implementation must show that the safety function is not compromised by any I&C system failure and
any consequential effects of that failure. The analysis of the design must show the ability of the sensors to
accurately portray the plant status to the operator so that correct diagnosis of the failure is made and
correct actions are taken. The range of transients to be considered include failure of inputs and outputs to
high, low, and as-is signal values. Module level failures representing stalled processors or
communications, failed power supplies and any consequential effects must all be considered. All possible
command failures need to be considered. Since highly automated plants such as the NGNP have a very
large number of potential commands that the system could issue, the analysis of the NGNP due to I&C
system failures may be significantly more complex than conventional LWR with lower levels of
automation.
It is very likely that the I&C system will be dual or triple redundant. Particular attention is necessary to
identify any points of signal selection or redundant power supply failure that are vulnerable to single
failure.
A resilient control or trip avoidance system may be included on the NGNP plant as a layer of control
between the operational control and protection. The normal operating controls act to pull the plant toward
the operating point. The trip avoidance strategy is to drive the plant away from edge of the trip envelop.
The additional layer of control adds to the complexity of response and greater potential for unforeseen
adverse interactions with the normal control and protection systems. Interactions between normal and
resilient (such as integral windup and estimator mismatch) must be designed into the logic that transfers
control between the two layers. Also, the resulting overall control strategy is in effect a nonlinear control
scheme. It is very difficult to show formally that instabilities do not exist in nonlinear system. Instead, the
operability must be shown with less convincing simulated test suites, over a range of operational
conditions. Adequate testing of the controls depends on a high fidelity, validated simulation model.
Acceptance testing of the control design should be performed with hardware-in-the loop to exercise the
actual hardware with realistic plant process feedbacks, not open loop testing of the hardware.
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3.1.2

Accidents

3.1.2.1 Pressurized loss of forced circulation (P-LOFC)
Pressurized loss of forced circulation (P-LOFC) is an event during power operation in which the primary
helium flow stops but the pressure boundary remains intact and the primary system remains pressurized.
P-LOFCs may result from a variety of initiating events or event sequences. Most commonly, it is the loss
of circulator. This is an accident that the NGNP is inherently, well-designed to handle. In fact, the
primary helium flow is intentionally stopped by the reactor protection system on shutdown of the reactor
to avoid rapid overcooling. The subsequent heat up serves to shut down the nuclear reaction through the
negative temperature coefficient even if rods are not inserted (either by accident or by design).
Two major safety concerns can be considered for P-LOFCs. The first concern is over temperature of the
fuel. However, this should be a relatively straightforward for the NGNP. The power density in the core
and the reactor cavity cooling system (RCCS) are designed so that the heat up of the core with pumps off
is not damaging to the ceramic-coated fuel particles. With full pressure and density of the coolant, natural
convection provides adequate heat removal from the fuel to the reactor vessel walls and the RCCS is
design with adequate capacity to cool the reactor vessel. Thus, following the decrease in flow, the core
temperature stabilizes at a level higher than normal operating temperature but within the thermal limits of
the ceramic coated fuel pellets and moderator. Because of the natural circulation, the maximum core
temperatures occur near the top of the core. Maximum temperatures for P-LOFC are significantly lower
than for depressurized loss of flow events which do not have significant heat removal by natural
recirculation.
The second safety concern is the heat-up of the primary system pressure boundary and critical
components during P-LOFC conditions. Some important metallic structures, such as control rod sleeves,
core barrel and reactor pressure vessel, and eventually their support structures, experience elevated
temperatures as the core heats up and natural circulation with the reactor vessel carries that heat to the top
of the reactor vessel. These temperature excursions and period of time at high temperatures should be
taken into account in determining the structural integrity of these components and code limits. The upper
vessel temperatures are more limiting in the protection strategy than the fuel temperatures. The LWRs are
always more limited by fuel temperatures. The NGNP has different and somewhat lesser vulnerabilities
that require a change of focus in what is important in safety review and licensing.
A variation on the P-LOFC which may lead to severe consequences is an inadvertent restart of helium
circulators which can lead to excessive temperature in metallic structures and components and heat
exchanger surfaces. The potential for damage by hot helium from the post shutdown reactor is a
significant concern. Safety interlocks based on high core temperature are needed in the NGNP to prevent
inadvertent startup of the circulators.
For some designs the high temperatures in the upper vessel are a concern for control rod cladding. For
this reason, the rods may be withheld from the core following a turbine trip. The nuclear reaction is shut
down by the negative reactivity due to the core temperature increase. The reflector and core region rods
can safely be inserted after decay heat decreases and temperature drops. This approach protects the rods
from unnecessary thermal fatigue.
3.1.2.2 Depressurized loss of forced circulation (D-LOFC)
A depressurization accident is an event that results in partial or complete loss of helium inventory.
Depressurization events can be the result of failures of the primary pressure boundary or the opening of
primary system safety valves with failure to reclose. The loss of coolant causes a reduction in density and
mass flow rate for forced convective cooling even if the circulators are not tripped. The D-LOFC is the
NGNP equivalent of a loss of coolant accident in LWRs. (Circulators are usually tripped in D-LOFC to
slow air ingress from reaching the core.)
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The major consequence of D-LOFC accidents is the core heat-up and potential radioactivity release into
the confinement building. Unlike the P-LOFC conditions, natural convection cooling in the core is
negligible because of the reduced coolant density. The D-LOFC must rely on conduction and radiative
cooling to the vessel walls and the reactor vessel cavity cooling system. The maximum core temperature
is considerably higher for the D-LOFC than the P-LOFC. The design limitations on the core and fuel
design ensure that the core can survive a D-LOFC without significant fuel damage even in the event of
failure of the rods to insert. The design objective for heat removal systems (RCCS) for NGNP is to limit
the core design such that the fuel is passively safe in the event of a D-LOFC.
For the long-term D-LOFC, maximum fuel temperatures typically reach peak values in a few days and are
located near the middle or beltline of the core. Temperatures then begin a long, slow decrease as decay
heat diminishes. Because of the reduced coolant density, natural convection cooling does not carry core
heat upward to the upper head. Consequently, upper head temperatures are not usually the limiting factor
as they are for P-LOFC.
Typically, the design power level of a gas reactor is based on a conservative calculation of maximum fuel
temperature in a D-LOFC accident. As in the P-LOFC, the heat-up of metallic structures and subsequent
impact on material integrity must also be taken into account in determining protection. Since the event
includes a loss of coolant, protective measures to limit radioactive release from confinement are necessary
also.
Depending on the location of the depressurization process, the reactor core could experience an initial
cooling due to a rapid discharge of helium and increased coolant flow through the core. The cooling
would have a positive reactivity effect. Typically, the overpower event would be terminated by a scram
on high neutron flux.
The protective actions required for D-LOFC include the reactor scram, circulator trip, confinement
pressure control, confinement filtration control. Investment protection is a major issue. Because of high
temperature in the reactor cavity, significant electrical equipment losses can occur if component cooling
and service water cannot be maintained. Secondary plant shutdown is part of the investment protection
scheme.
3.1.2.3 Anticipated transient without scram (ATWS)
Normally, the initiating event for an ATWS event sequence is an anticipated operational occurrence
followed by a failure of the reactor trip system to shut down the reactor. In ATWS events in conventional
LWR plants, there is a very high probability of core damage. The AOO in combination with a highly
unlikely failure of the rod trip a mechanism is a very low probability event and is thus considered a
beyond design basis event and is not part of the safety analysis of the plant. However, the potential
consequences of the event are so severe that the risk of the event must be considered in the plant
probabilistic risk assessment (PRA) and if necessary mitigation strategies must be put into place. The
PRA of the ATWS events must show that the core damage frequency is less than 10-4 events per reactor
year. In LWRs, a feedwater trip with failure of the reactor trip mechanism is frequently the highest
probability event in the core damage frequency estimate for the beyond design basis analysis.
In light water reactors, the consequences from loss of feedwater with ATWS are expected to include core
damage and radiation release. In contrast, the same AOO in gas-cooled reactor, (LOFW with ATWS)
presents very low likelihood for core damage. As discussed in the P-LOFC, the HTGR inherently
possesses a large margin between operating temperatures and temperature at which damage occurs, strong
negative reactivity coefficients of temperature, and large thermal capacity of the moderator and reflector.
The inherent thermal feedback for shutdown protects the core under all AOO events. In the analysis of an
ATWS events in an HTGR, all control and safety rod positions are assumed fixed and no rods drop and
no secondary shutdown mechanism operates in response to scram signals. Other protective actions, such
as tripping the primary circulators and core heat removal via the reactor cavity cooling system (RCCS)
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and shutdown cooling, are assumed successful. Unless accompanied by another (low probability accident
such as D-LOFC) ATWS events do not have serious consequences. The I&C provisions for ATWS
events are not decided for the NGNP. Certain nonsafety equipment, such as the shutdown cooling system
and the secondary shutdown system, may have high risk significance and require licensing review as risk
significant nonsafety equipment.24
3.1.2.4 Air ingress
Air ingress into the primary system is a safety concern because of the damage it could cause by oxidizing
graphite structures and components in the vessel and by oxidation damage to the ceramic coated fuel
particles (TRISO particles) leading to the release of fission byproducts from the fuel. At the temperatures
that would be seen in the core following failure of the pressure boundary (D-LOFC), a significant
oxidation would be possible. The extent of the air ingress flow rates and the oxygen content of the
available air are dependent on a wide variety of possible reactor and reactor cavity design features,
initiating event factors, and subsequent accident progression scenarios. These accidents are typically
categorized as very low probability events—special events in the terminology of safety analysis (or
beyond design basis accidents BDBA).
An air ingress event caused by a primary system break starting from nominal operating conditions is
usually assumed to follow complete depressurization in a long-term D-LOFC accident. Depressurization
to atmospheric pressure is a prerequisite for atmospheric air to enter the primary system. Air ingress
during a normal shutdown is not considered since reactor internal temperatures are below the levels where
significant graphite degradation would occur.
During D-LOFC, vessel or other primary system breaches would likely result in blowdown of the helium
inventory into the reactor or power conversion unit (PCU) cavity, resulting in displacement of air therein.
The resulting atmosphere for the duration of the potential ingress event would depend greatly on whether
or not the confinement system is designed to release the initial discharge of the gas to the atmosphere.
Ingress flow rates are usually limited to relatively low values due to the high core flow resistance and
resistances in other parts of the flow paths. There is considerable uncertainty in the mechanisms of
ingress. Many calculations assume purely molecular diffusion which is the slowest ingress. Other studies
have shown that convection-assisted diffusion occurs in vertical pipe breaks (cold flow in at the bottom of
the break, hot flow out at the top of the same opening.)
Actions by a protection system are to promptly insert rods to shut down the reaction and to cool the core
as quickly as possible below the temperature at which the air graphite reaction takes place. Since the
accident is considered beyond design basis, the appropriate analysis is a probabilistic risk assessment for
core damage frequency. In the probabilistic risk assessment, the nonsafety cooling systems can be
considered in to contribute to risk reduction for core damage frequency. So cooling by the shutdown
cooling system and by the steam generator may be considered part of the accident response. The risk
significance of systems affects the level of review given by the license review and subsequent in-plant
inspections.
3.1.2.5 Steam/water ingress
Steam/water ingress into an HTGR core can result from steam generator tube leaks in the steam
generator. The steam generator pressure is much higher pressure than that of the primary helium; thus, at
the initiation of a tube leak, significant water can enter the primary. Once in the primary, water can
propagate to the core by forced convection until circulators are stopped and by diffusion thereafter. Water
ingress events can involve complex interactions between neutronics, thermo-fluids, chemical reactions
that erode fuel and graphite, and radioactivity releases. Metal and graphite surfaces that have operated at
high temperature have all protective oxide coatings removed and are very sensitive to water reaction at
normal operating temperature. Water ingress at Fort St. Vrain led to stuck rod and stuck secondary
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shutdown system due to water effects on the release mechanisms. The safety significance of the safety
system failures resulting from steam/water ingress at Fort St. Vrain should not be underestimated. A
single failure has the potential for inhibiting two independent reactor shutdown mechanisms. (At Fort St.
Vrain, the failures did not occur concurrently.) NGNP has similar rods and secondary shutdown boron
spheres as Fort St. Vrain. The rod and boron sphere release mechanisms however are different. Also, the
ingress mechanism at Fort St. Vrain was the water driven turbine on the helium circulators used for
startup and not a steam generator tube leak.25
The protective functions in the event of steam water ingress are to shut down the reactor promptly, isolate
the steam generator and dump the water and steam to a dump tank, depressurize the secondary, and trip
the helium circulators. Moisture removal from the primary coolant using the helium purification system
may be required to reduce the concentration of steam in the primary and limit the mass available for
reaction. The moisture removal function may need to be a safety related function. Cooling the graphite
and structural metal reduces the reaction rate so the initiation of the shutdown cooling system would be
advantageous to reducing fuel reaction and erosion. Prompt insertion of rods counters the positive
reactivity of water in the core, reduces possibility of stuck rod events due to erosion, and permits rapid
cooling of the core to reduce chemical reaction rates without the potential for re-criticality.
3.2

Plant protection system functions

The instrumentation and controls in the plant protection system consists of the components required to
detect and initiate automatic corrective actions upon onset of an unsafe condition. These actions are
directed toward reducing plant power and shutting down reactor plant equipment and allowing passive
systems to maintain the reactor in a safe configuration that does not result in fuel damage or the release of
radioactive materials to the atmosphere. The major automatic functions of the baseline NGNP plant
protection system (which is based on the MHTGR design26 with modifications for NGNP) are expected to
be:









reactor scram,
secondary isolation
steam generator isolation and dump system
circulator trip,
rod withdrawal prohibit
confinement pressure control,
confinement filtration control, and
moisture removal function of the helium purification system.

The protection system functions are expected to be organized into three categories:




reactor protection system (RPS),
engineered safety features (ESF), and
investment protection systems (IPS).

The reactor protection system (RPS) shuts down the nuclear reaction in response to upsets. Engineered
safety features (ESF) mitigate the consequences of design basis or loss-of-coolant accidents. The RPS and
ESF are traditional subdivisions of the protection system. In modern digital protection systems, I&C for
RPS and ESF may be merely functional divisions within a single digital system rather that two physically
separate systems.
The investment protection category of protection system is a new concept for licensing which was
introduced by the MHTGR preconceptual design report and which was discussed in Task 1 report.1 The
passive cooling of the RCCS is sufficient to protect the fuel in a depressurization event; however, other
equipment important to investment and operation may be vulnerable at the temperatures that may exist in
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the reactor and confinement cavity when only the inherent passive cooling is available. Active
components such as pumps, valves, motors, control rod drives, and instrumentation are in fact likely to be
damaged by the high temperatures reached when the plant is involved in a D-LOFC event unless active
cooling systems are operational. The class of support function which would cool the active components is
called ―investment protection‖ by General Atomics in their pre-conceptual MHTGR design report.30 As
presented by General Atomics, the concept of ―investment protection‖ is an intermediate safety class
between safety-related and nonsafety-related. When the MHTGR pre-conceptual design was reviewed by
the NRC, one of the unresolved issues was the concept of ―investment protection‖ rather than ―safetyrelated‖ as the designation for equipment analogous to LWR systems which are safety related. Because
the issue is unresolved, no distinction is made between the safety related functions (RPS and ESF) and
investment protection in this report.
The plant protection system is utilized upon occurrence of the following.




Equipment failures which require corrective action beyond the capability of the plant control
system.
Failure of the plant control system causing an abnormal condition.
Incorrect operation which result in a potentially unsafe condition.

The protective functions required of the plant protection system are related to conditions which might
lead to:





loss of core cooling,
power increase not matched by core cooling,
confinement/containment pressure rise, and
core or major equipment damage.

By regulation,19 the plant protection system must achieve high reliability and perform its function in the
presence of any single failure and consequential effects. Standard design practice uses redundancy and
coincidence logic to achieve the required operation. The system uses channel independence to guard
against the effects of plausible single events, such as fires, shearing or blocking of process connections,
environmental effects, seismic events, and module removal.
3.2.1

Reactivity control

The NGNP is expected to use rods as the primary reactivity control mechanism. Rod groups may be
segregated by groups by the core region. The outer reflector region is cooler than core region. Outer
control rods located in the reflector are used to control power and to shut down from high power to
protect them from excessive temperature. Rods in the central fuel region would be safety rods which are
inserted in bores in the fuel block for cold shutdown. Both control and safety rods are fabricated from
natural boron in annular graphite compacts. Metal cladding is provided for structural support.
The reserve shutdown system provides a second independent shutdown mechanism if needed. The reserve
shutdown system operates by releasing boronated graphite spheres stored in hoppers above the core into
channels bored in the graphite moderator in the central fuel region of the core.
3.2.2

Engineered safety features

The engineered safety features (ESF) provide cooling to the core when the normal heat removal systems
are unavailable, containment/confinement systems which isolate and/or filter gases from primary, and
steam generator isolation systems.
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3.2.3

Shutdown cooling system (possibly investment protection rather than ESF)

The shutdown cooling system (SCS) in the NGNP design provides normal temperature control and decay
heat removal when the reactor is shutdown. The system consists of a gas-to-water counter-flow heat
exchanger located in the lower plenum region of the reactor vessel to remove heat from the helium
coolant and a water-to-air heat exchanger to dump the heat to the atmosphere. The forced circulation of
the shutdown loop is provided by an electrically driven pump. The helium in the reactor vessel is
circulated by the SCS circulator.
3.2.4

Reactor cavity cooling system (RCCS)

The safety-related reactor cavity cooling system (RCCS) removes heat continuously and passively from
the reactor vessel walls. The vessel wall is uninsulated and transfers heat to the reactor cavity via natural
convection and thermal radiation. The reactor cavity transfers heat to cooling panels and then to the
environs through natural convection of either air or water. The cooling panels separate the outside air
from the air in the reactor cavity to minimize release of radioactive air that has been activated by flow
through the reactor cavity. The cooling panels also serve to protect the cavity walls from overheating
during normal operation.
The RCCS is a completely passive system with the capacity to remove all decay heat from the core,
whether the core remains pressurized or not. The system is redundant but not diverse. Redundant
inlet/outlet flow paths ensure adequate air flow to the heat panels. Heat rejection can also be
accomplished to the ground surrounding the underground concrete reactor building. The RCCS has no
valves or active components. In comparison to conventional light-water reactor emergency cooling
system, the RCCS is a particularly noteworthy system because the safety system is always ―on.‖ It does
not have to detect a loss of cooling and initiate the emergency cooling function. There is just one
alignment and one operating mode. Air or water flow through the RCCS and heat rejection is simply a
function of the reactor vessel temperature and the outside air temperature. The heat transport design of the
cavity ensures that the system can remove the maximum decay heat from the reactor vessel without the
vessel, internal structure or core exceeding thermal limits. The RCCS is the ultimate heat sink in the
reactor designs credited in plant safety analysis. A passive system is only possible because of the
capability of the fuel particles to withstand very high temperature without damage or radiation release in
excess of allowable limits.
3.2.5

Containment/confinement structure

Historically, most HTGRs have a containment vessel that is designed to retain helium released from the
reactor in the event of a primary loss of pressure accident. The containment structure consists of a reactor
containment vessel (CV), service area (SA), and an emergency air purification system, which reduce the
release of fission products to the environment during postulated accidents. The proposals for the NGNP
have included a confinement rather than containment concept. The strategy was originally presented by
Dilling for the MHTGR27 and also proposed for the PBMR design.28 The confinement structure is
designed to retain released gas from the reactor briefly to cool and filter it. Because of the design and
reliability of the fuel particles, the coolant gas in normal operation is not highly contaminated and can
then be released to atmosphere. The argument for release rather than containment is that, after a
depressurization accident, a containment vessel pressurized with the helium is more hazardous than the
release of the gas to atmosphere. Moreover, early release of the gas in the confinement is argued to be
safer than later when accident evolution may have led to fuel damage. The confinement strategy usually
involves filtration. The filtration may require a bypass early in depressurization events because the high
temperature of the exhausted helium may damage the filters rendering them ineffective later when the
release of contamination is more likely.
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The confinement strategy may require active safety-related controls systems for both pressure and
filtration. This is one area in which the I&C for a safety systems for the NGNP may be more complex
than an analogous containment building in an LWR.
3.2.6

Moisture removal

The helium purification of system is a normal operating process that maintains high purity helium. In
water ingress events, the system may also perform a safety function to remove water before reaction can
take place. In normal operation, small amounts of air and moisture enter the primary system through the
addition of fresh fuel elements, small leaks in the cooling facilities, experimental ports, and through the
course of maintenance and repair work to components of the primary circuit. The helium purification
system continuously extracts a fraction of the flow to remove impurities from the coolant. In accident
conditions, the system, or a portion of the system operates to remove water from water ingress events.
The process requires instrumentation and controls to initiate any special operation due to accident
conditions. It also requires process controls for flow, temperature, and pressure controls for the
purification process.
3.3

Instrumentation and controls for protection system functions

NGNP safety systems are likely to be similar in structure and hierarchy to existing digital safety system
controls because simplicity and reliability require it. Innovation and complexity are not advantages. It is
to be expected that the logic in the safety system consists of an envelope of operating conditions within
which the plant is assured by safety analysis to be protected. Unsafe conditions and equipment failures
will be detected by measured parameters reaching a trip setpoint at the edge of the envelope. The trip
logic will seal in and a safety function or set of safety functions will be initiated to drive the plant to a safe
shutdown state. The safety analysis is used to show that all credible events are detected by the envelope
and comparator logic and that safety functions can safely mitigate the event.
While the envelope concept of a protection system is expected to be the same as a traditional plant, there
may be some new features not present in existing plants. Task 2 reports on resilient control and trip
avoidance measures. These features are intended to improve safety and increase plant availability. The
resilient controls would act inside the traditional safety envelope. For example, the control system may
employ trip avoidance strategies to reduce the demands on the protection system. Using resilient control
techniques, the controls system may automatically diagnose equipment degradation or failures and
reconfigure the operating controls to adapt to the degraded conditions. The ―resilience‖ is to maintain the
reactor in safe operating condition without exercising the protection system, to increase reliability and
availability of the plant, and to minimize thermal transients which stress and age the reactor systems. The
difficulty is the complexity of the resilient control scheme and the potential for adverse, unforeseen
interactions between the resilient control and the protection system. The difficulty is not that unforeseen,
adverse interactions between the resilient control and the safety system are likely. In fact, the strategies
seem to make that unlikely. However, it is difficult to prove that a complex system has no adverse
interactions. This report leaves as an open issue the problems of licensing resilient control and trip
avoidance. Since the proposed use of resilient control has not moved to even conceptual design phase, the
question cannot be very well evaluated.
The following section provides a discussion of the logic functions that seem likely for the protection of
the baseline NGNP. The logic for each safety function is hypothetical but is based on logic presented for
other reactors in Task 1. The purpose of presenting hypothetical logic is for discussion of potential
problems and licensing differences with respect to LWRs since the actual NGNP protection logic has not
yet been designed.
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3.3.1

Reactor scram logic

The following plant states are used by the plant protection system to initiate the automatic reactor scram
logic:
















3.3.2

manual,
low main steam line pressure,
low hot reheat steam pressure,
high wide range channel rate of neutron flux change,
high startup count rate (startup only),
rate of change of startup count rate (startup only),
neutron flux high,
high moisture in the primary coolant,
high reheat steam temperature,
low primary coolant pressure (only at power),
high primary coolant pressure,
plant electrical system power loss,
high reactor building temperature,
high reactor building pressure,
circulator trip, and
auxiliary scram actions (e.g., turbine trip).

RCCS

The reactor cavity cooling system is the only safety related heat removal system. (The steam generator
and the shutdown cooling system are nonsafety heat removal systems.) The RCCS is always on and does
not have any logic for initiating the function. The RCCS only requires monitoring of temperatures to
ensure normal operations are proceeding.
3.3.3

Circulator trip logic

The NGNP circulator is expected to be a variable speed electrically driven blower. Trip functions to
protect against overcooling and against circulating air or moisture in the event of an ingress event.
The plant protection system may use these parameters in circulator trip circuit and provide an input to the
reactor protection system:













manual,
low circulator speed,
high circulator speed,
low feedwater flow,
low circulator magnetic bearing clearance,
reactor trip,
turbine trip,
circulator penetration pressure high,
steam leak detection (turbine building pressure, rate of rise),
steam leak detection (reactor building pressure, rate of rise),
steam leak detection (turbine building pressure, fixed setpoint), and
steam leak detection (reactor building pressure, fixed setpoint).
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3.3.4

Circulator start inhibit logic

The circulator must be inhibited from starting when core temperature is too high for structural materials
downstream of the core.
3.3.5

Rod withdrawal prohibition logic

The rod withdrawal prohibition logic prevents high reactivity insertion in approach to critical during
startup or an overpower event during power operation. The NGNP plant protection system uses these
parameters in rod withdrawal prohibition:
 low count rate,
 high startup range channel rate of neutron flux change,
 high wide range channel rate of neutron flux change,
 high flux level,
 flux to flow interlocks,
 rod control circuit load, and
 power range failure.
3.3.6

Reserve shutdown system and safety shutdown cooling system logic

The NGNP reserve shutdown system and safe shutdown cooling systems are expected to be manually
actuated with no operating bypasses. Instrumentation for operator control information is required. The
shutdown system requires monitors of release mechanism position and detection that absorber balls have
been released. The shutdown cooling system needs monitoring of the shutdown circulator, temperatures
of the helium, temperatures and flows on the shutdown heat removal heat exchanger and pressures.
Isolation of the shutdown cooler is an ESF safety function.
3.3.7

Steam/water dump

The steam dump system isolates and drains the steam generator in the event of a tube leak to limit the
amount water in the steam generator that could enter the primary. Upon detection of moisture in the
primary, the dump system activates of emergency feedwater isolation valves and main steam stop/check
valves. The dump is accomplished by the rapid opening of two parallel redundant valves relieving water
and steam through the feedwater header to the dump tank. To meet redundancy requirements, either valve
must be sufficient to drain the steam generator.
3.3.8

Steam generator isolation

Actuation of steam and feedwater block valves are ESF functions required for preventing water and steam
entry into the steam generator when a tube leak is detected. The isolation is initiated in response to
moisture in the primary.
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3.3.9

Confinement vessel pressure and filtration flow logic

The confinement building is a low pressure sealed building. To protect the building from overpressure,
the building must release helium to atmosphere. The function is triggered by indications that the primary
coolant is entering the confinement.




High confinement pressure or
High cavity wall temperature or
High confinement radioactivity.

Filtration bypass is trigged by


High confinement pressure with high temperature and low radioactivity in reactor cavity.
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4.

NGNP CONTROL STRATEGY

While the protection system for the baseline NGNP is likely to be a conventional digital protection
system with comparator protection logic, major innovations and advancements are expected for control
systems. Highly integrated digital control systems are likely to be used to (1) automate mode changes
such as component startup and shutdowns, (2) apply multiple modes and algorithms for regulation and
tracking control, and (3) detect faults and disturbances and reconfigure the plant and controls to avoid
plant trips without operator action using resilient control. These innovations will make the plants more
reliable but at the same time more complex. The main impact is in ensuring that the plant is safe through
design and review. The greater the number of actions that are taken automatically then the greater number
of opportunities for the action to be unsafe under some unforeseen circumstance. The issue is adequate
assurance of the safety of the plant to accommodate unforeseen unsafe actions.
Many aspects of modular HTGR heat transport system controls are quite different from those of LWRs.
First, the mean temperature rise of the coolant through the core is ~400°C, or about a factor of 10 larger
than for LWRs, so system temperature gradients are much larger. Since the mean coolant outlet
temperature is very high, it is important that it remains constant (high) over the power operating range
both to maintain high efficiency and avoid thermal cycling of the high temperature components. The inlet
coolant temperature should remain nearly constant as well, in the 300-400°C range, since it is used to
maintain moderately low reactor pressure vessel temperatures, cooling the vessel in its path from the
entrance up to the top (inlet) plenum. Thus for variations in power (load) from 100 to 20%, the coolant
mass flow rate must also change from 100 to about 20%. From low flow to high flow, the thermal
response time constants change by about a factor of five as well which complicates a fixed gain control
strategy. Another feature of the core coolant is the large spatial variations in outlet temperatures due to
uneven heating, in the order of ~100°C or more. The resulting mixing problems (including temperature
sensor signal fluctuations) can make it very difficult to get valid mean temperature measurements for this
important control signal. These properties of the HTGR system mean that control strategies are expected
to be considerably different and challenging than LWR controls.
4.1

Normal Operating Conditions

Normal operating conditions are defined as the envelope that covers the reactor power between some
nominal low power range limit (e.g., 20%) to 100% with all reactor and plant systems functioning as
designed. Major transients in this class are (1) load follow of ramp demand and (2) load follow of step
change in demand.
4.1.1

Load follow

The load follow event is an example case of the ability of the reactor and power conversion systems to
respond to disturbance in which the load produced by the reactor and supplied to the power conversion
system must change in response to a change in demand. The limiting cases are taken from the
contractually rated maneuvering capabilities of the plant. The limiting cases are specified in terms of the
ramp rate and size of step changes that can be followed within specified time response.
4.1.2

Maximum ramp

The maximum ramp transient conveys the plant from the lowest automatic level to the highest at the
maximum ramp rate permitted. Plateaus or hold points required by the operation of the plant may be
programmed to occur in the load follow control system. Any system state transitions related to power
change may be controlled off the load setpoint. For example, a signal to automatically load the turbine
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and shutdown steam bypass to the condenser would be triggered by the load setpoint during the rise to
power operation.
4.1.3

Step change

The step change transient involves a step in the demand. Of course the system cannot respond instantly;
the step change transient shows that the system can respond stably and within the time warranted by the
vendor. From a control analysis, the step change transient reveals a great deal about the control and plant
dynamics. Many control tuning procedures are based on the step change test for overshoot damping time
and maximum error. Parametric studies may point to specific combinations of operating conditions that
are most limiting in the system’s ability to respond within the trip envelope.
4.2

Operational Controls

In safety analysis, the operational controls are the first echelon of defense in depth. Because the operating
point is within the envelope of safe conditions for the plant, the regulation of the plant to the operating
point maintains safe conditions. The control system uses deviations of the plant from its setpoint to
restore the plant to the design operating point when disturbances occur. The operational controls use a
combination of feedforward and feedback controls to respond quickly and stably to disturbances.
Control schemes involve different modes and functions depending on the plant state. Most of the major
equipment systems have four distinct control modes: offline, startup, normal operation and shutdown. The
offline and normal operation modes are typically the continuous static states; startup/shutdown modes are
transitional between normal operation and offline. In normal operation, the control systems regulate the
process using feedback control. The normal operation mode encompasses both steady state and power
maneuvering at rated ramp rates for power change. Additional submodes in normal operation may exist
for low power, rapid runback, and special plant configurations (e.g., operation on turbine bypass versus
normal turbine). Each of the equipment modes may have a special servo control made to address any
special requirements of the plant.
The control system of the baseline NGNP is expected to be constructed as a distributed network of
different types of digital devices for signal input and output; processing, computations, and logic;
communications; and operator interface. All the devices communicate with each other over a digital
communications network so that each module on the network has access to all data and commands.
In addition to the regulation of the plant, the same digital control systems perform additional tasks, such
as







providing the operator displays and the operator input interface through touchscreens or
trackball,
diagnostics of the control system and the plant equipment,
sensor and transmitter calibration,
historical plant data logging,
special data logging for accident review, and
maintenance bypass and logout/tagout functions.

Important functions such as maintaining the ability to control the plant when the control room becomes
uninhabitable are also addressed as part of the normal control system review. These auxiliary functions,
as a group, are not necessarily unique to NGNP designs and are generally similar to other reactor designs.
Only preliminary control system studies have been reported for the NGNP designs. Consequently, only
general and hypothetical comments are made regarding the operational controls.
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4.2.1

Startup and shutdown

Startup and shutdown of equipment involves a transition from an offline or standby condition to an
operational state, or the reverse transition. The transition usually involves discrete logic to monitor the
plant status to detect the point at which transition is required and then the performance of a series of steps
to convey the system from one state to the other. The transition functions which were manually performed
by an operator at the control panel on current generation plants are likely to be controlled automatically
by the NGNP control system. The operator serves to monitor the process. The interface would probably
provide for acknowledging the automatic transitions as needed to maintain operational awareness.
Operator awareness is part of human factors design and is not covered in this report. The previous HTGR
plants constructed in the 1960s, such as Fort St. Vrain and AVR, were largely manually controlled in
startup and shutdown. The more advanced plants including MHTGR were designed with automated
digital startup and shutdown controls. It is expected that NGNP will be fully automated in startup and
shutdown. The startup/shutdown control modes include the operational controls for starting auxiliary
systems, such as cooling and lubrication systems; conditioning the equipment for operation, such as,
warming components to operating temperatures; and valve and power alignments to bring the equipment
online. The startup/shutdown may include a transitional control mode in which one system is started and
balanced with other systems already online.
The safety significance of the startup and shutdown control modes is that each control mode constitutes a
different set of conditions and responses for the system. Each mode has a different response whose safety
must be evaluated for normal conditions, external disturbances, and all types of failures in the plant or the
control system.
4.2.2

Normal operation

4.2.2.1 Heat transport system control
The NGNP plant control involves control of a series of heat transfer and energy conversion processes.
The reactor produces heat. The flow of helium coolant through the core removes the heat by convection
and transports it to a heat steam generator which removes the heat. Steam produced in the steam generator
flows to the turbine/generator that converts the thermal energy to electrical power. At steady state, the
operational control system regulates the heat transport processes to the design point. The feedback
controls adjust for gradual changes in the plant, such as burnup or steam generator fouling, or changes in
the temperature of the absolute heat sink. Feedback control is used to regulate temperatures, pressures,
and flows within the heat transport system to their setpoints despite variations in the plant.
The control system is also responsible for normal maneuvering from one power level to another or for
restoring the plant to equilibrium following major disturbances such as turbine trip or feedwater pump
trip. Disturbances usually involve rapid changes in power level. In some control strategies, the power
maneuvering involves a feedforward in addition to the feedback to improve dynamic response.
The regulation of the plant to an operating point or tracking a changing setpoint are realm of continuous
servo control that is the most familiar problem in control engineering. The main heat transport control
problem is a multivariate control problem that could be solved by modern multivariate control such as
those described in Section 2. However, the servo control strategy could very easily be similar to
conventional LWR and fossil power plants. The conventional control strategy for normal operation and
regulation of the heat transport systems involves decentralized control designs. The decentralized control
algorithms use single loop controls with proportional-integral or proportional-integral-differential action.
In many instances, feedforward inputs for load setpoint are added to the feedback action to improve
coordination between the different parts of the heat transport system and to improve the speed of
response. In most cases, the conventional control system involves a two-level cascade in which a top level
controller computes a setpoint for the lower level controller. The lower level controller in the cascade
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forms a second error using another measured variable in its feedback loop. The output from the lower
level controller is an actuation signal (increase/decrease) or a position demand.
Figures 1 and 2 show typical two-level, cascade control loops for demand output in the upper figure and
increase/decrease output in the lower. The demand output is used by actuators such as valve positioners
which require a position demand. The increase/decrease output is used by systems such as rod controls
which have increase or decrease inputs. The feedback devices are shown as proportional-integral action
but could be any combination of proportional, integral, or differential action.

Fig. 1. Two-level cascade controller with demand output.
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Fig. 2. Two level control with increase/decrease output.

In heat transport systems, the feedforward signal is either a load setpoint from a coordinated load
controller or a measured variable that is related to the load, such as feedwater flow. The load signal acts
as an exogenous input which causes the heat transport processes in the reactor, circulator, steam
generator, and turbine to act in unison in response to the external input. The HTGR’s dynamic response
has a wide range of time constants. The feedforward component of the control signal helps to keep the
different parts of the heat transport system responding together despite the differences in the time
constants.
The first level feedback gives the corrective action for deviations due to variations in the process. If
integral action is included in the first controller, then the cascade setpoint integrates to a value that yields
zero offset in the first level error. Typically, this integral has a low gain for slow, stable approach to
steady state and is tuned on the basis of the time constant of the process connecting output demand to the
first level measured variable.
The second level feedback error takes advantage of a measured variable that is more directly affected by
the actuator to provide rapid positioning. The open loop response from the demand to the second level
measured variable is usually quite fast. The control gains can be much larger, which improves the
tracking of the final demand to the feedforward signal. For example, the first level measured variable for
the rod control could be core outlet helium temperature which has a very slow response. Since it has a
large time delay, the control loop on temperature cannot have high gain. The low gain integral action
applied the temperature error gradually corrects for effects such as burnup, errors in feedforward signal,
and other disturbances so that the reactor stays at the core outlet temperature operating point. The second
level measured variable is neutron flux which responds more rapidly. The rod control at the lower level
causes the neutron flux to track the load demand in unison with feedwater flow and turbine. The lower
level in the cascade provides a fast response to the feedforward input. The combination of slow, stable
calibration on the top level and fast adjustment to load setpoints on the lower level give the best
combination of speed of response to load change and stability.
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Although the cascade structure results in what is actually a multivariate control problem, modern control
methods have not typically been applied to the determine the gains analytically. Undoubtedly, this is
because conventional tuning strategies work very well. The main limitation in operating response is not
due to control algorithm issues; rather, it is the speed of actuators (rod drive, valve actuator, etc.) that
limit the responsiveness. The rate limits and saturation limits of the actuators would impose constraints on
a multivariate controller (or would be considered nonlinearities depending on the method of solution).
The complexity of the resulting control system design has simply not been justified. Based on the survey
of the literature in Task 1, we learned that control schemes for HTGRs have historically been developed
with ad hoc structure and trial and error tuning and were found to be satisfactory. The similarity of the
NGNP control problem to previous HTGRs and to conventional fossil power plants gives historical basis
to assume that this control design approach would prove to be satisfactory again.
4.2.2.1.1

Steam generator-turbine heat transport controls

The baseline NGNP has a single primary loop with steam generator in the primary loop. Four of the five
existing HTGRs surveyed in Task 1 have a steam generator and steam turbine for power conversion. (The
fifth, HTTR, has a water cooled heat exchanger that dumps heat to an air cooler without any power
conversion.) The design experience with the steam generator designs is directly applicable to the NGNP.
The heat transport loop of steam generator plants consists of the reactor, helium circulation system, the
steam generator, and the turbine-generator. The heat transport system’s inputs and outputs are all closely
coupled together so that many different combinations of input-output pairs that give feasible control
systems. This fact is borne out by the range of configurations that are found in the survey of existing
plants.
Three of steam generator-turbine plants in the survey of existing plants have sufficient detail to compare
the overall control scheme for the heat transport plant. The main heat transport loop at normal power
operation involves control variables for four main systems: reactor power, feedwater control, electrical
power, and circulator flow. The control schemes are compared in Table 2. What is interesting is that
substantially the same control problem can be solved in three very different ways for the three reactors
reviewed.
Table 2 from Task 1 gives the input and output pairings of measured and controlled variables for each
loop in terms of the inputs shown in the general cascade controllers in Figs. 1 and 2. For example, the
MHTGR column indicates that the first level process variables are assigned so that the allocated load (for
each reactor module) is controlled by the module feedwater flow valve, steam pressure (for a group of
reactors in the same power block) is controlled by the turbine throttle valve, and steam temperature is
controlled jointly by circulator speed and reactor neutron power. The MHTGR uses the measured
feedwater flow setpoint as a feedforward input to coordinate the reactor power and the circulator speed.
The input/output pairs and actions are based on the operational descriptions of the control systems. Some
uncertainty in the data exists because of vague descriptions in the source documents. Uncertain
information is indicated with (?).
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Table 2. Cascade control schemes for three HTGRs
Controlled
variable
Control rods

Helium circulator
motor frequency

Feedwater valves

Turbine throttle
valve

Controller input
components
Feedforward input
First level
(action)

MHTGR

Fort St. Vrain

FW flow
Steam temperature
(PD or PID)

Second level
(action)
Output
Feedforward input
First level
(action)

Neutron flux
(P)
Increase/decrease
FW Flow
Steam temperature
(PD)

None
Reactor outlet
temperature
(Manual?)
None

Second level
(action)
Output
Feedforward input

None

Steam flow
Reheat steam
temperature
(PI)
Neutron flux
(P)
Increase/decrease
FW flow
Main steam
temperature
(PI)
None

Speed demand

First level error
(action)
Second level error
(action)
Output
Feedforward input
First level error
(action)
Second level error
(action)
Output

FW flow
(PI)
None

Speed demand
Turbine first stage
pressure
Steam Pressure
(PI?)
FW Flow
(PI?)
Valve demand
None
Electrical load

Speed demand
Module load

Valve demand
Total load
Steam pressure
(P)
None
Increase/decrease

AVR

Increase/decrease
None
Electrical load
(Manual?)
None

Steam temperature
(Manual?)
None

None

Valve demand
None
Steam pressure
(P)
None

Increase/decrease

Increase/decrease

Action means the type of feedback applied to the error. P-proportional, D-differential, I-integral

4.2.2.2 Direct cycle gas turbine plants
The other type of power conversion proposed for HTGRs is the direct-cycle, gas turbine.29 The most
common configuration for the plants is a single shaft design in which the compressor, turbine, and
generator are all on the same shaft. The control inputs are considerably different than a steam turbine
plant. In normal operation, when the generator is synchronized to the grid, the helium circulator speed is
fixed by the grid frequency. Also, the gas turbine is not usually throttled like steam turbines. Lacking
circulator speed and turbine throttle valve takes away two degrees of freedom that the steam generator
plants utilize. The control inputs for the gas turbine system are the rod position, helium inventory (mass in
primary), turbine bypass valve, and the intercooler flow control valve. The turbine bypass valve routes the
helium flow around the turbine. It is a fast-acting, but thermodynamically inefficient, means for
controlling electrical load. Helium inventory is slow-acting means for controlling electrical load but
maintains efficiency at reduced load. Changing density of the helium maintains the same gas velocities
and blade versus gas velocity angles so that efficiency is constant with load but involves slow response
and pumping losses in removing and restoring the helium to the primary. The flow to the inventory
storage system is extracted from the high pressure side of the compressor and return flow is to the low
pressure side so that no separate helium pump is needed (except for startup). The rods are used to control
reactor outlet temperature, and the intercooler secondary side flow (water cooled usually) is used to
control reactor inlet temperature.
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4.2.2.3 Helium purification systems
Helium purification systems contain a number of local controls for controlling the flow and temperature
of the helium stream. In addition, the normal operation of these systems typically has two submodes:
purification and regeneration. Regeneration refreshes the chemical extraction mediums for reuse. Helium
purification systems have at least two trains so that one train can be online and processing the helium
coolant and the other in regeneration to remove impurities from adsorption beds and ready them for reuse. Automatic controls for both normal purification and regeneration would involve on/off controls to
redirect flows and transfer systems from one mode to the other and servo controls to regulate
temperatures, flows and chemical concentration in the purification and regeneration modes. Control
schemes for the purification plants have not been found in the literature survey.
Moisture removal from the primary system is one of the safety functions required following a water
ingress event. The safety function might be a special control mode of the purification system.
4.2.2.4 Cooling systems
Controls for support cooling systems such as vessel cooling system, shutdown cooling system, component
cooling system, and various balance of plant heater exchangers require normal controls similar to LWRs.
Descriptions of the controls and instrumentation for these systems is not available however in the NGNP
literature. The systems are decoupled from the heat transport processes such that decentralized singleinput-single-output servo controls can be used to maintain temperatures pressures and flows in the
support cooling systems. The NGNP cooling systems would be expected to be similar to cooling systems
in conventional plants.
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5.
5.1

KEY CONTROL AND PROTECTION DESIGN METHOD ISSUES FOR NGNP

Issues in Protection Systems

The inherent safety properties of HTGRs eliminate or significantly reduce the risk of some of the most
severe accidents that LWRs must address. However, some new types of active safety systems may require
formulation of new requirements and guidance. The most severe accidents for HTGRs involve air and
water ingress. Air ingress may rely on measures to reduce or restrict available air in the vicinity of a leak.
Mitigation measures, such as foam to stop or slow air ingress, may be required to protect the fuel from
erosion by oxygen. Water ingress may require an operable helium purification system to remove moisture
in water ingress events. Confinement systems with active controls on either filtered or released helium
leaked from the primary system in a depressurization event are also a new type of protection system. An
inadvertent restart of a helium circulator following any emergency shutdown when the core is at peak
temperature can produce helium temperatures that would damage heat exchangers. An inhibit function to
prevent the start of the circulator when the core temperature is high may be needed. Acceptance criteria
for these new types systems are not suggested by the existing general design criteria.
5.2
5.2.1

Issues in Control Systems
Advanced control design methods

The NGNP can be expected to make extensive use of digital technology and may employ advanced
control design methods to optimize performance. In addition, it will likely have a much higher level of
automation than existing plants and may employ modern control methods to provide advanced functions
such as trip avoidance strategies to reduce the demands on the protection system. A primary safety-related
concern for advanced, highly integrated control systems is the potential that the plant may operate or fail
in a way that results in transients that are not bounded by the plant safety analysis. Another key concern is
that failure of complex control systems could inhibit the successful execution of required safety functions.
The inherent safety characteristics (e.g., a small operational excess reactivity, large thermal mass of
moderator and fuel for slow heatup rates, a large negative temperature coefficient, inert gas coolant,
ceramic fuel particle coatings that can withstand very high temperature without releasing fission products,
a passive heat removal capability) of the HTGR designs proposed for NGNP may address the first
concern by limiting the potential impact of control system inadequacy or failure as a consequence of the
plant design. This determination depends on the results of the plant accident and transient analyses and
the demonstrated fidelity of those findings.
Regarding the concern about the impact of the control system on the safety system, adherence with the
independence requirements of IEEE 603-1991 generally provides the key basis for ensuring that the
integrity of safety functions is adequately protected. Given the digital capacity to enable greater
interconnection and integration among systems, additional guidance on issues such as communications
independence and command prioritization has been provided by NRC through the interim staff guidance
for digital I&C. If, as is the case for the ALWR designs, the NGNP automated control room maintains
adequate independence between the control and safety systems, then the impact of automation will
primarily involve operational control functions so the necessary assurance of adequate safety can be
established based on the safety system implementation. Consequently, the assessment of the adherence to
safety system requirements, in particular the independence criterion, will be a crucial aspect of any
regulatory review for the highly automated control room of the NGNP.
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Issues associated with automation in highly integrated control rooms are discussed in detail by Wood
et al.2 In addition, the impact of unique concepts of operation, such as multiunit control and coupled
nuclear and industrial process control, are also presented in the Task 2 report.
5.2.2

Support system controls

The discussion in this report focuses on the protection and control design methods for the reactor and
major heat transport systems. Other controls may eventually need to be examined further depending on as
of yet unavailable design details. Some control systems in HGTRs may be new or unique and may have
greater safety implications than control in traditional LWR power plants. Two such control systems which
may need further examination are the magnetic bearing control for the helium circulator and shaft seal
controls.
One potential concern regarding the magnetic bearing controller is that a failure of the control device and
catcher bearings could cause the displacement of the impeller and motor shaft leading to failure of the
pressure boundary in the circulator. The magnetic bearing control design issue has been raised as a part of
this review but no details of the magnetic bearing controls and their safety implications in plants which
employ them have been found in literature. This event, a control system failure leading directly to a loss
of coolant accident is a possible accident with a much higher severity category than other control system
failures in licensing reviews.
A related problem is helium shaft seals. The helium circulator motor and shaft are likely to be externally
sealed. That is, the motor and impeller are sealed within the helium pressure boundary. However, the
main coolant cannot be allowed to circulate freely around the motor and impeller because of dust in the
coolant which could damage the circulator components and radioactive contamination deposits which
would greatly increase the radiation exposure of workers during maintenance. The helium from the main
reactor circuit must be kept out of the internal motor and impeller space by internal seals and a flow of
higher pressure clean helium into the space toward the reactor. Because the consequences of failure are
severe, control of the seal flow and cooling becomes an issue from a regulatory perspective.
5.3

System Classification

In the preliminary licensing proposal on the MHTGR presented by General Atomics to the NRC,30 a
licensing strategy was proposed to take advantage of the inherent safety of the HTGR and reduce the
number of systems considered to perform safety-related functions. In this approach, certain functions that
protect equipment but are not necessary for satisfying regulatory dose limits in accident analyses are
designated as ―investment protection systems‖ rather than ―safety-related systems.‖
The inherent safety function of HTGRs provides only limited protection of equipment other than the fuel
itself. While the fuel is generally protected and radiation release is predicted to be within 10 CFR 100
limits when relying solely on passive response of the reactor system, other equipment important to
investment and operation may be vulnerable at the temperatures that may exist in the reactor and
confinement cavity when only the inherent passive cooling is available. Active components such as
pumps, valves, motors, control rod drives, and instrumentation may in fact be damaged by the high
temperatures reached when the plant is involved in a worst case event unless active cooling systems are
operational. The class of support function that would cool the active components is what would be
designated as investment protection.
The concept of investment protection‖ as an intermediate class between safety-related and nonsafetyrelated is a licensing approach that has not been previously approved by the NRC. When the MHGTR
pre-conceptual design was reviewed by the NRC, one of the unresolved issues was the concept of
―investment protection‖ rather than ―safety-related‖ designation for equipment analogous to LWR
systems which are safety grade.
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As for every reactor design, the determination of whether I&C functions should be considered as control
or protection will depend on the results of transient and accident analyses for NGNP. Clearly, safety
functions and their corresponding protective actions must be treated in accordance to safety system design
requirements. The remaining control functions are designated according to the safety/nonsafety
classification based on the determination of whether, through normal operation, system failure or
inadvertent operation, they can affect the performance of critical safety functions. Thus, the treatment of
the systems that perform these functions is dependent on analysis of the impact of these systems on the
execution of safety functions. If the investment protection system of the NGNP is determined to be a
nonsafety system, it still may be required to demonstrate augmented quality, following the guidance of
Digital I&C ISG-02. This would be the case if it is allocated a role as a diverse means of performing an
equivalent safety function in the event that a CCF disables protection afforded by another echelon of
defense.
Nonsafety systems that are relied on for beyond design basis events to reduce core damage frequency
below 10-4/reactor year are treated under special requirements called ―regulatory treatment of nonsafety
systems‖ or RTNSS.
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