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OPERATIONAL, CONTROL AND PROTECTIVE SYSTEM TRANSIENT ANALYSES OF THE CLOSED-CYCLE GT-HTGR POWER PLANT* 

F. L. OPENSHAW and T. w. CHAN 
General Atomic Company 

San Diego, California 

ABSTRACT 

This paper presents a description of the analy
ses of the control/protective system preliminary de
signs for the gas turbine high-temperature gas-cooled 
reactor (GT-HTGR) power plant. The purpose of these 
systems is the· control and safe operation of the 
plant in accordance with utility practice for· large 
nuclear generation stations, and in the event of an 
abnormal or accident condition to shut the plant down 
in an orderly manner and maintain it in a safe 
shutdown condition. 

The control system is designed to regulate reac
tor power, control electric load and turbine speed, 
control the temperature of the helium delivered to 
the turbines, and control thermal transients experi
enced by the system components. In addition, it pro
vides the required control programming for startup, 
shutdown, load ramp, and other expected operations. 
The control system also handles conditions imposed on 
the system during upset and emergency conditions such 
as loop trip, reactor trip, or electrical load 
rejection. 

Several unique characteristics inherent in the 
operation of the closed-cycle multiple-loop GT-HTGR 
design have presented special modeling and/or control 
design requirements or resulted in unusual condi
tions. The GT-HTGR dynamic modeling, control/ 
protective system design, and transient analyses are 
illustrated in this paper through discussion of a few 
selected transient events and the special modeling 
and control operation for these events. 

*work supported by the Department of Energy, 
Contract DE-AT03-76SF70046. 
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INTRODUCTION 

The closed-cycle GT-HTGR presents several unique 
power plant control requirements. The control and 
protective actions are constrained by the facts that 
the core cooling flow and turbine flow are directly 
related so changes in flow affect core cooling as 
well as turbine power and that the high thermal 
inertia of the core prevents rapid changes in the 
turbine inlet temperature. In addition, the 
multiple-loop configuration of the plant results in 
loop-to-loop interactions, which present unusual 
modeling and control/protective system design 
requirements. 

The direct relationship between the turbine flow 
and core flow is depicted schematically in Fig. 1. 
Each loop, including all equipment exclusive of the 
components in the reactor core cavity (common to all 
loops), is referred to as a power conversion loop 
(PCL). The closed-loop gas turbine cycle and plant 
descriptions are presented in Ref. 1, and a discus
sion of the early control system selection and trade
of f is presented in Ref. 2. Various plant configura
tions, with different numbers of PCLs and different 
PCL ratings and with intercooled and non-intercooled 
systems (Refs. 1 and 3), have been analyzed; the 
REALY2 computer code (Ref. 4) is generalized to for
mulate a dynamic plant model of these variants by 
simple changes of plant design data input. This 
paper, however, will cover only. selected events for a 
reference three-loop non-intercooled configuration 
and their effect on modeling and control/protective 
system design requirements. 

Control of the plant is primarily achieved 
through two means: bypass valves, which alter the 
helium flow path, and control rods, which allow con
trol of reactor thermal power. Other control means 
currently used in a secondary mode include helium in
ventory and precooler water flow control. 

Plant Dynamic Model (REALY2 Code) 
General Atomic Company developed the REALY2 co11;1-

puter code (Refs. 4 and 5) to simulate the dynamic 
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Fig. 1. GT-HTGR flow schematic 

characteris.tics of the GT-HTGR power plant and its 
control/protective systems. REALY2 computes time
dependent helium flows, pressures and temperatures, 
precooler and secondary system water flows and tem
peratures, precooler and recuperator heat transfer 
rates and metal temperatures, turbomachine speed,· 
generator electrica~ output, core conditions, and the 
effects of the automatic plant controls and control 
elements. 

It should be emphasized that REALY2 is an over
all plant dynamic simulation and that certain simpli
fications to the component models have been necessar
ily made in order to achieve a practical ~nalytical 
tool capable of predicting overall plant response for 
a variety of plant conditions. For instance, the 
quasi-dynamic gas flow model neglects fluid inertia 
and is not valid for analyzing the dynamic forces 
exerted by the gas on a specific component or for 
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analyzing regions where sudden pressure changes oc
cur, e.g., turbine deblading event. However, these 
effects are localized to the extent that they have 
little or no influence on the overall plant response. 
Furthermo~e, where fluid inertia effects are signifi
cant, other more detailed and rigorous fluid dynamic 
codes are used to ensure adequate design of plant 
systems and components. 

The GT-HTGR reactor turbine system modeled by 
REALY2 is analogous to the nuclear steam supply and 
balance of plant system used in other power plants. 
The reactor turbine system is composed of a high
temperature graphite reactor core and two or more 
PCLs. 

The number and type of components modeled by 
REALY2, their position in the plant, their initial 
conditions, and their performance characteristics can 
be set using input data. One typical REALY2 plant 
model is shown in Fig. 2 (arrows indicate the normal 
direction of helium flow). The code is structured in 
a modular form with a number of types of components 
modeled in individual subroutines, which may be call
ed as the component at a given major "node" of a 
model as illustrated in Fig. 2. Each node generally 
may affect the helium fluid by: adding or subtract
ing energy, increasing or decreasing flow (fluid 
storage), diverting flow to another node or in/out of 
the system, converting energy to or from the fluid in 
other forms such as mechan.ica1· work and fission heat, 
or changing pressure. Components that exchange en
ergy to systems external to the PCL,model or call 
subroutines that model the external systems. Exam
ples are the generator/electrical networks modeled in 
the compressor subroutine and the circulating water 
system (transport system, cooling towers, pumps, 
etc.) called by the water-side calculation of the 
precooler subroutine. 
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Fig. 2. REALY2 model of a typical GT-HTGR plant 

·unusual modeling requirements of the GT-HTGR 
system include reversal of flow in a loop, varying 
directions of relative helium and water flow in the 
precooler, and depressurization and bailout of sec
tions of a precooler. 

The reversal of helium flow is the consequence 
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of a loop shutdown with one or more loops still run
ning and creating a pressure drop across the common 
connection at the reactor core. Modeling of reversal 
and reverse flow conditions of the turbomachine are 
based on analyses and testing performed by the Swiss 
Institute of Reactor Technology (EIR) (Ref. 6). 

The various relations of helium and water flow 
in the precooler are schematically illustrated in 
Fig. 3. The figure illustrates some of the counter
flow and parallel-flow conditions in either direction 
that may be encountered. In addition to the simple 
illustration of Fig. 3, shell bypass flows exist that 
must be mixed with the flows illustrated and para
sitic heat losses must be accounted for, which fur
ther complicates the modeling. 
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Fig. 3. GT-HTGR precooler flow schematic 

Rupture of a precooler outlet line results in 
the line flash-flowing to atmosphere with the atten
dant reduction of precooler pressure resulting in 
pr.og:i:e~i;;:i.V!?. boU.ol.\t. of ii &:er..tion( i:) of the pr11i::.ool
er( s) involved. Conditions in the PCL and cooling 
water system are calculated to ensure adequate re-
3pon9e of protective action9 taken following onset 
and detection of the event. 

Certain other special modeling is described 
briefly later in this paper in the discussion of 
selected transient events. 

CONTROL/PROTECTIVE SYSTEM DESCRIPTION 

Plant control and protective systems are com
prised of the safety class plant protection system 
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(PPS) and the non-safety plant control system (PCS). 
The PPS acts, in the event of accidents, to prevent 
release of radioactivity that could be a hazard to 
the health and safety of the public. 

The PCS is designed to regulate reactor power, 
control electric load and turbine speed, control tem
perature of the helium delivered to the turbines, and 
control thermal transients experienced by PCL and re
actor components. The PCS handles conditions imposed 
on the system during loop trip, reactor trip, or 
electrical load rejection that are events beyond the 
scope of normal automatic load controls as described 
below. In addition, the PCS provides detection and 
action to protect plant components from damage and 
protects against incidents that could result in the 
need for PPS action and events that could iead to 
prolonged plant unavailability. These protective 
functions include conditions resulting from failure 
of any components. 

The PCS will operate the plant using automatic 
control within the range of electric load from 25% to 
100% of rated load. The PCS provides automatic load
following control capabilities for various rates of 
electrical load changes as shown below: 

Normal-rate load change: Up to 3% of rated 
load/min 

Maximum-rate load change: 5% of rated load/ 
min 

Maximum step load change: 10% of rated load 

To perform the PCS functions, several plant 
variables are manipulated by closed-loop controllers. 
The major parameters are: 

1. Turbine inlet temperature. 
2. Neutron flux. 
3. Turbomachine-generator shaft speed. 
4. High-pressure recuperator exit (HPRE) 

temperature. 
5. Low-pressure recuperator inlet (LPRI) 

temperature. 

The location of each controlled variable is 
designated in Fig. 1. A block diagram of the load
following part of the PCS, which consists of the 
three controllers described below, is shown in F~g. 
4. The helium inventory control is not discussed 
here. It is manually initiated, but on the basis of 
current studies it may become automatic; 

Load/Speed Controller 
The load/speed controller is designed to keep 

the power delivered to the generator through the 
turbomachine shaft equal to the demanded electrical 
power (minus droop) throughout the normal load range 
of the PCL. To accomplish this function, the load/ 
speed controller modulates. turbine power by adjust
ment of the bypass valve (valve l in Fig. 1) as re
quired to maintain turbomachine speed (N) and elec
tric power (E) at desired values. 

Turbino Inlet Temperature Controller 
The average temperature to the turbines of the 

operating PCLs is controlled throughout the normal 
load range by adjusting reactor power. This is ac
complished by the turbine inlet temperature control
ler, which provides a command signal to the reactor 
neutron flux controller. The neutron flux controller 
adjusts the position of the control rods to vary re
actor power and, thus, the heat transferred to the 
helium. 
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The thermal transients experienced by the PCL 
and reactor components are controlled throughout the 
normal load range by the attemperation controller. 
The controller adjusts the sum of the high-pressure 
recuperator exit temperature (THPRE) and low-pressure 
recuperator inlet temperature (TLPRI) to a demanded 
value that is a programmed function of average tur
bine inlet temperature demand. Control is accom
plished by actuation of the attemperation valve 
(valve 2 in Fig. 1), which diverts helium flow from 
the compressor exit to the turbine exit. 

Integrated Plant Control 
Desired electrical power is the primary input to 

the control system; from this demand, the scheduled 
turbine inlet temperature is computed. Seth of these 

. quantities are then used to compute reactor power and 
bypass valve system set points. Part load operation 
is nominally scheduled to allow a minimum of 10% of 
full electrical load to be picked up quickly by 
actuating the bypass valve system. 

The reactor neutron flux and the valve set 
points have been obtained from steady-state computa
tions for the full operating range of the plant. The 
inclusion of these set points as feedforward signals 
provides anticipatory control that accelerates the 
response to changes in load demand. The set points 
also allow regulation by the closed-loop temperature 
and load/speed controllers to be limited such that 
no major system transient can be caused by a failure 
of these controllers. 

In addition to accommodating the plant system 
perturbations that result from normal load changes, 
the PCS provides component protection in handling 
conditions imposed on the system during loop trip or 
electrical load rejection. The overspeed protection 
signal received by the PCS during an electrical load 
rejection event will prevent the turbomachine rota
tional speed from increasing to a point that would 
result in PPS overspeed protection. The main loop 
speed controller commands actuation of the primary 
bypass valve to maintain speed at a demanded value. 
The demanded speed in the events to be discussed 
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later is the normal 60 Hz (3600 rpm) to permit rapid 
resynchronization of the generator with the electric 
network. 

The PCS provides proper management of the sys
tems required for plant and loop startup and for loop 
shutdown initiated by automatic or manual commands. 
Commands are issued to the turbine speed, turbine in
let temperature, and attemperation controllers to 
perform the startup and shutdown functions. The PCS 
signals will command motoring of the generator 
through the generator control systems. 

A supplementary control function is provided by 
the PCS for protection of the turbomachine compressor 
in the form of a surge margin controller. This con
troller will limit reduction of surge margin below a 
set point. Control is accomplished with the attem
peration valve. Opening of this valve reduces the 
compressor pressure ratio, causing an increase in the 
compressor surge margin. 

A summary of the preliminary equipment protec
tion functions of the PCS is presented in Table 1 • 
The protective functions (or actions) are: main loop 
trip, circulating water system protection, reactor 
power setback, and turbomachine overspeed protection. 
The initiating conditions for each of these functions 
are also listed in Table 1. Main loop trip inittates 
a rapid shutdown of the affected loop and signals a 
reactor power setback. Circulating water system pro
tection isolates the affected precooler and initiates 
main loop trip. Reactor power setback initiates a 
lowering of reactor power, which terminates on condi
tions dependent on the initiating event. Overspeed 
protection provides a step preset opening demand to 
the bypass valve(s) to rapidly reduce available tur
bine power. 
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The PPS is safety related and independent of the 
non-safety PCS; however, the PCS will normally pro
vide desirable follow-up action to PPS-initiated 
events to minimize the transient impact on plant com
ponents. A summary of the preliminary PPS functions 
is presented in Table 2. Each of the functions list
ed has several PPS and/or PCS actions associated with 
completion of the function. No PCS action is 
required for, nor in fact can PCS failure interfere 
with, satisfactory completion of the safety aspect of 
the PPS function. The PCS and PPS protective func
tions were first published in the GT-HTGR Preliminary 
Safety Information Document (PSID) (Ref. 7) and sub
sequently have been updated (Tables 1 and 2) to re
flect current plant design and safety requirements. 

• 

• 
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Table 3 lists the current set of anticipated 
plant transients according to assigned safety cate
gories. The safety categories are defined by the 
plant condition (PC) requirements currently being in
corporated into ANS Thermal Reactor Standards 51.1 
and 52.1. Actually, the events noted are, in gen
eral, types of events, each of which may have several 
initiating actions and accompanying severity of re
sponse. Each type of event is (or will be) analyzed 
for a number of initiating actions and for different 
plant operating conditions. Probabilistic methods 
(Refs. 8 and 9) are applied to determine the expected 
number of events for each type and number of specific 
events within each type. The transient environment 
and number of expected cycles are then used for 
design requirements for the component parts of the 
GT-HTGR plant. 

The remainder of this paper presents a discus
sion of a few selected transient· events that illus
trate the GT-HTGR control operation, dynamic model
ing, and control/protective system design. 

Single-Loop Loss of Load With Overspeed Trip 
This transient, along with the rapid load recov

ery and main loop aftercooling events to be discussed 
later, illustrates several unique characteristics in
herent in the operation of the multiple-loop GT-HTGR 
that present special modeline and/or control rles1en 
requirements. Even with additive failure of the af
fected loop's speed controller, the single-loop loss 
of load event shows that designed plant control and 
protection system actions will enable continued plant 
operation at reduced power and load. This enhances 
plant availability through the deferment of plant 
shutdown until a more suitable time and reduces the 
number of forced. shutdowns. 

The transient is initiated by the loss of elec
trical load on one of the three loops. Loss of gen
erator load rapidly accelerates the turbomachine out 
of the range normally allowed by the load/speed con
troller. (This controller is postulated to be fail
ed.) Speed reaches the PPS main loop shutdown trip 
set point (110% of nominal speed) in 0.8 s. A peak 
speed of 4165 rpm is attained 1.2 s later. The main 
loop shutdown signal commands open the primary bypass 
valve, via safety actuation (full opening in 1 s), 
an!l is followed by a reactor power setback command to 
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66% of nominal as shown in Fig. 5. It should be not
ed that the primary bypass valve actually has separ
ate control and safety valves which provide for over
speed protection in the event of failure of the nor
mal primary bypass valve control function. 

TABLE 3 
REPRESENTATIVE PLANT TRANSIENTs(a) 

(40-YEAR PLANT LI FEI 

PC-1 Transients (Planned Operation) 

Startup from refueling status 
Startup with normal helium inventory 
Shutdown to refueling status 
Shutdown with normal helium inventory 
Rapid load increase 
Normal load increase 
Rapid load decrease 
Normal load decrease 
10% step load increase 
10% step load decrease 

PC-2 Transients (F ;;. 10-l) lb) 

Single loop load rejection 
l'ian1 ioao l'l!jecuon 
Single loop protective shutdown 
Reactor trip from full load 
Reactor trip from quarter load 
Plant protective shutdown 
Single loop shutdown with overspeed trip 
Partial loss of precooler flow 
Rod withdrawal et full load 
Slow rod withdrawal at full load 
Shutdown with all auxiliary cooling loops 

PC-3 Transients 110-1 > F ;;. 10-2) 

Single loop total loss of precooler flow 
Total loss of PCS functions 
Single loop turbomachine shaft break 
Shutdown with one auxiliary cooling loop failed 
Primary coolant leak into precooling water system 

PC-4 Transients po-2 > F ;;. 10-4) 

Plant total loss of precooler flow 
Precooler tubesheet leak 
Slow primary system depressurization 

PC-5 Transients I 10-4 > F ;;. 10--6) 

Rapid primary system depressuri1ation 

(a) 

(b) 

These transients are classified in accordance with the Nuclear Safety Event 
Classification System which is currently being incorporated into ANS Thermal 
Reactor Standards 51.1 and 52.1. 

F is tha estimated frequency of occurrence in years or probability of occurrence 
in a given year that one of the sources of the event group will occur. 

Equ~librium pressure of 6.41 MPa (929 psia) is 
achieved quickly in the down loop. Pressure at the 
upper cross ducts decreases 1.31 MPa (190 psi) in 
less than 30 s; a maximum rate of depressurization of 
0.43 MPa/s (63 psi/s) for less than 1 s was observed. 
A pressure rise of 3.10 MPa (450 psi) in -18 s [high
est rate of pressure increase was 1.30 MPa/s (189 
psi/ sec) for less than 1 s] is seen at the low
pressure side of the recuperator. As the pressure 
ratio across the turbine in the shutdown loop col
lapses, the turbine outlet temperature increases and 
the attemperation valve opens (Fig. 6). Core outlet 
temperature increases gradually [maximum increase 
-16°C (28°F)) as the loop shutdown continues and the 
heat rejection capacity of the plant diminishes. Low 
pressure drop across the loop closes the primary by~ 
pass valve at -34 s and the attemperation valve 
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gas that had previously been cooled on entry to the 
precooler is suddenly returned from the precooler 
(Fig. 8). 

Gas temperature at the outlet of the low-pres
sure side of the recuperator increases slightly as 
the hot flow in the ducting returns and remains con
stant for -11 s. Then, as the flow changes direction 
within the recuperator, the temperature fluctuates 
until stable reverse flow is established in the loop. 
This temperature will gradually decrease as the metal 
temperatures in the recuperator cool down. 

It should be noted that the gas temperature 
changes seen during flow reversal occur with extreme
ly small flow in the loop. Therefore, thermal impact 
on the loop components due to these gas temperature 
transients should be minimal. 

The transient presented a special modeling 
requirement - the need for low flow, transition, and 
reverse flow capabilities in the REALY2 code. These 
capabilities have been incorporated into the code and 
enable the analysis of events leading to reverse flow 
conditions. While extensive revisions were required 
to incorporate the reverse flow capability, only a 
brief description of the more significant changes is 
presented below. 
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Fig. 6. Single loop loss of load with overspeed trip: 
turbine parameters 

begins to close at -44 s due to the reduced cooling 
required to attemperate the significantly reduced 
turbine flow (Fig. 7). 

In the operating loops, total turbine power de
creases to 82% of nominal loop output due to effects 
induced by the down loop, i.e., relocation of helium 
inventories from the operating loops to collapse the 
pressure ratio in the down loop. Furthermore, the 
relocation of inventories slightly decreases the 
pressure ratio in the operating loops and results in 
higher turbine outlet temperature and actuation of 
the attemperation valve, which also decreases turbine 
performance. 

At SO s the down loop pressure drop is 16.4 kPa 
(2.38 psi), while the loop flow is less than 2.5% of 
nominal. Back flow begins to develop in the high
pressure side of the recuperator and in less than 3 s 
flow reversal is fully established in the entire 
loop. Turbine inlet and outlet temperatures decrease 
rapidly, but precooler inlet gas temperature drops 
-114°C (206°F) as the precooler flow reverses and the 

6 

Fig. 7. Single loop loss of load with overspeed trip: 
temperatures for high-temperature regions 
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Quasi-Plenum Volumetric Temperature Mixing. An 
essential feature was the inclusion of distributed 
volumetric helium temperature mixing. This technique 
improved numerical stability during the reverse flow 
transient and, for moderate transients, yielded close 
agreement with a more detailed flow analysis code. 
Previous flow-weighted mixed-mean temperature calcu
lations led to unusual temperature swings during the 
transition· from foriiard to reverse ·now. This effect· 
not only was a poor physical representation but also 
caused code instability. 

The volumetri.c temperature calculation is com
puted for all duct volumes interconnecting the major 
plenum volumes. The mixing calculation carefully as
sesses the direction of each flow and then mixes the 
flows with the previous volume-weighted temperature 
to develop the new volumetric mixed-mean temperature. 
The lumped plenum calculations are coupled with the 
distributed duct volumes through the use of the volu
metric mixed-mean temperatures in its pressure calcu
lation. 

The duct volumes are considered as quasi-plenums 
in REALY2 because they mix thermally like a plenum 
but do not store mass. The addition of the quasi
plenums to the REALY2 calculation resulted in a major 
improvement in model stability. Consequently it be
came possible to achieve a stable reverse flow calcu
lation. 

Flow Reversal in the Turbine and Compressor. 
The turbine and compressor simulations incorporate 
physical models to analyze reverse flow. The primary 
limit on modeling accuracy is the paucity of applic
able, nonproprietary data on the transition transient 
associated with reverse flow. The modeling condi
tions used in the present REALY2 compressor and tur"- . 
bine subroutines are engineering approximations based 
on analyses and testing performed by Bammert (Ref. 
6). 

The turbine reverse flow transient is modeled 
with a omooth transition region. The equations in 
Table 4 are used to compute the turbine flow. As the 
turbine pressure ratio decreases from the normal 2.33 
to a value slightly less than unity, the turbine com
putation passes through three distinct regions. The 
preferred source of the turbine forward flow calcu
lation is the turbine performance map data. At a 
sufficiently small, and larger than unity, pressure 
ratio, the current turbine map data become invalid. 
Below these conditions, the turbine flow is calcu
lated as proportional to inlet pressure (P), pressure 
drop (6P), and speed (N). (The constant of propor
tionality 16 defined in Table 4.) The turbine pres
sure drop, dP, at the limit of the turbine perfor
mance map is typically under 1% of the design point 
6P. When the turbine pressure ratio is less than 
unity (i.e., flow reversal), the constant of propor
tionality is changed to the correct constant for 
steady-state reverse flow. 

The compressor reverse flow transient is modeled 
with a discrete transition from forward to reverse 
flow. The equations in Table 5 are used to compute 
the compressor flow. As the compressor pressure 
ratio decreases from the normal 2.50 to a value 
slightly less than unity, the compressor computation 
passes through two phases. When the compressor surge 
margin is positive, the normal compressor performance 
map is used. When the compressor surge margin be
comes negative, the compressor rapidly undergoes the 
transition from forward flow to reverse flow. The 
magnitude of the reverse flow is proportional to P, 
6P, N, and inlet temperature (T). The constant of 
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TABLE 4 

TURBINE FLOW CALCULATION(a) 

Flow Region Flow(ml 

Normal I (speed, pressure, temperature, pressure ratio) 

Forward or reverse flow at K1Vp x AP1fT 
high speed and low pressure 

where K1 = ~0 /YP0 x AP/T0 ratio 

AP1 =-{AP+K3xN, N>400rpm 

AP+ K3• N .;;; 400 rpm 

Reverse flow at low speed K2 Vp x AP1fT 

where K2 = constant for steady-state reverse flow 

(alsubscript 'o' denotes values at the last normal flow step 

TABLE 5 
COMPRESSOR FLOW CALCULATION 

Flow Region Flow (ml 

Normal I (speed, pressure, temperature, pressure ratio) 

Reverse flow with non-zero KVP x AP/T11 +Ki x N) 
compressor speed 

where K = constant for steady-state reverse flow 

Reverse flow with zero K If p x AP/T 
compressor speed 

proportionality is set to the correct value for· 
steady-state reverse flow. 

Total Load Rejection and Rapid Load Recovery 
A beneficial feature of the GT-HTGR is the abil

ity to quickly reload from a drop load idle condition 
with full helium inventory and full-load turbine in
let temperature. Recovery to 80% of initial full 
load can- be .. a.ttained in less than 5 s. if so des ired. 
Full-load recovery can be achieved shortly thereafter 
and is limited by the cycle bottom temperature. Pro
longed time (more than 7 min) at idle condition 
results in high heat rejection through the precool
ers, which is reflected by higher circulating water 
return temperature. 

Total load rejection initiates trip of all gen
erator breakers, which results in the plant control 
system switching from load/speed regulator control to 
speed control of the turbomachines. Loss of gener
ator load causes the turbomachines to accelerate, 
which is counteracted by the speed controllers, which 
command open the primary bypass valves and quickly 
reduce speed to nominal. The bypass valves are modu
lated, as required, to maintain nominal turbomachine 
speed during the standby idle condition (Fig. 9). 

'I'urb1ne outlet temperature rises quickly (Fig. 
10) as a result of the load rejection and primary 
bypass valve opening. To control this transtent 
effect, the attemperation valve modulates to maintain 
the sum of the low-pressure recuperator inlet and 
high-pressure recuperator outlet temperatures nearly 
constant. 

Upon total load rejection, reactor power is run 
back to -70% of nominal through feedforward action to 
the neutron flux controller. The runback is rate 
limited to 40 MM/s to circumvent the generation of a 
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After completion of the power runback, the plant 
is maintained in a hot standby idle condition on by
pass control alone. Turbine inlet temperatur~ and 
helium inventory remain constant at the full-load 
conditions. Although this mode of operation is quite 
inefficient with high heat r~jection to the precool
ers, it is intended to be maintained only if turbine 
reloading can be initiated within a short period of 
time. Otherwise, the plant is shut down or reduced 
to some intermedi.~te standby conditions suitable for 
later reloading. 

When resynchronization has been accomplished, 
load demand is increased as required (simulated with 
a step change to full load), and the primary bypass 
valves close on command from the load/speed control
lers. As flow through the turbine increases during 
reloading, turbine outlet temperature deer.eases and 
permits reclosure of the attemperation valves. Tur
bine load is recovered quickly to -80% in less than 
5 s. The step increase in load demand is quickly 
transmitted to the neutron flux controller via the 
rate-limited feedforward signal. The turbine inlet 
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temperature controller provides feedback control of 
reactor power and assists in returning the plant to 
100% nominal steady-state conditions. 

If reloading does not occur within about 7 min 
from time of initial load rejection, rapid achieve
ment of 100% power conditions may be limited by the 
cycle bottom temperature due to higher precooler 
inlet water temperature. 

Plant Total Loss of Circulating Water 
This event, combined with failure of the non

safety PCS component protection main loop shutdown on 
low precooler water flow, results in maximum tempera
ture at the core inlet/outlet and at the recuperator 
hot end. PPS action initiates shutdown of all main 
loops due to high recuperator outlet temperature fol
lowed by reactor trip due to shutdown of two or more 
main loops and core auxiliary cooling system (CACS) 
initiation due to shutdown of all main loops (low 

plant helium flow). These PPS actions ensure plant 
safety following the total loss of cooling water 
flow. 

The initiating failures assumed for this event 
are the multiple shear rupture of the header at the 
discharge of the cooling water pumps and the postu
lated failure of the component protection action of 
the PCS (main loop shutdown due to low precooler 
water flow). The transient was simulated by ramping 
water flow to all precoolers down to zero in about 4 
s. The lack of water flow causes the precooler gas 
outlet (compressor inlet) temperature to rise (Fig. 
11). The gas is further heated as it passes through 
the compressors and into the high-pressure 
recuperator. 

· The attemperation controllers detect the 
increase in temperature at the recuperator hot end 
(Fig. 12) and command open the attemperation valves. 
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The attemperation control is able to effectively 
maintain the recuperator hot end temperatures until 
the valve is full open at -47 s. Actuation of the 
attemperation valve reduces the amount of flow avail
able to the high-pressure recuperator/core/turbine 
and increases the turbine backpressure and the mass 
flow to the low-pressure recuperator and precooler. 

The diminished flow through the core combined 
with higher core inlet temperature causes core outlet 
temperature to increase, which causes the temperature 
controller to command a reduction in reactor power. 
Turbine power begins to decrease due to the reduced 
turbine flows and increasing backpressure. 

At -40 s, the water at the precooler hot end 
reaches saturation temperature and boiling commences. 
At 44 s, turbine power drops below 10% and results in 
an automatic PCS trip of all generators. Upon gener
ator trip, the primary bypass valves are opened by 
the no-load/speed controller to prevent turbine uver
speed, and a reactor power setback signal is issued 
tu tl1e 11euLrun flux controller. As turbine speed 
drops below the set point, the primary bypass valves 
close while the attemperation valves continue to open 
in order to control· the recuperator temperatures. At 
-49.5 s, the high-pressure recuperator outlet temper
ature reaches the PPS set point for main loop shut
down. All maln loops are tripped and a PPS reactor 
trip occurs. 

At -110 s, the main loop shutdown reaches the 
low flow conditions, whereupon the PPS initiates CACS 
cooling of the reactor core. It is at this point 
that the maximum core inlet/outlet and maximum recu
pcra!:or hot enJ teU1peralure11 occur. Subsequent CACS 
cooling, analyzed using the RECA computer program 
(Ref. 10), provides adequate core afterheat removal. 

Plant response differs from the above if the 
initiating event occurs at part load (25% of full 
load) with full helium inventory. In this case, the 
generator trip occurs sooner (29 s) and the PPS .main 
loop trip set point on high recuperator outlet tem
perature is not attained. The full opening of the 
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attemperation valves combined with non-safety PCS re
actor power setback following generator trip continu
ously reduces the amount of energy available to the 
turbomachines, and consequently results in self
shutdown of the reactor and main loops. At -110 s, 
the PPS initiates CACS startup due to low plant 
helium flow, which ensures that the necessary safety
related conditions are satisfied, i.e., main loops 
and reactor are tripped by the PPS. 

In the event that helium inventory control is 
used to accommodate part load plant operation, it is 
anticipated that the behavior of transients from part 
load would resemble that of transients from full 
load. This is due to the fact that part-load opera
tion with reduced helium inventory results in plant 
conditions that are similar to those at full load, 
e.g., temperatures at or near full-load values, 
bypass valves closed, and core power-to-flow ratio 
near unity. 

Rod Runout 
This event, combined with failure of the non

safety PCS component protection reactor power setback 
on high core power-to-flow ratio, results in a rela
tively mild transient without incurring any PPS 
trips. The strong negative reactivity feedback coef
ficients combined with normal plant control system 
actions permit sustained plant operation at reduced 
load with slightly higher system temperatures and 
turbine backpressure. 

The initiating failure for this event is the 
total loss of the flux measurement signal, which com
mands the withdrawal of the control rod bank at the 
maximum speed allowed by the rod drive mechanism 
[(-2.54 cm/s (1 in./s)]. Motion of the setback rods, 
which automatically compensates for large increases 
in core reactivity, is postulated to be inhibited by 
previous reactor operator action or to fail on 
demand. 

At the beginning of the transient the rod bank 
position is postulated to be at the "worst" control 
position of 100% inserted. Full rod length travel 
would cause maximum positive reactivity and maximum 
core power change. Figure 13 shows the small in
crease in reactor power that results from the control 
rod withdrawal. This small increase in reactor power 
is due to the existence of a large negative reactiv
ity feedback caused by (1) medium-enriched uranium 
and thorium fuel, and (2) end-of-cycle initial core 
temperature coefficients. The maximum reactor power 
reached was 107% of nominal at -140 R, whilQ the 
highest power-to-flow ratio attained was -1.09. 

As the core outlet gas temperature climbs [maxi
mum temperature reached was 871°C (1599°F}) due to 
the increase in core power, the attemperation valves 
open to maintain the temperatures in the recuperator. 
As the turbine flow is reduced, the turbine power de
creases (-11.3% of nominal), which increases the tur
bine outlet temperature (Fig. 14) by -24°C (43°F). 
This higher outlet temperature results in a slightly 
higher pre.cooler. heat duty. 

Overall, this event has only a minor effect on 
plant operation with slightly higher system tempera
tures. Attemperation flow, while increasing turbine 
backpressure and decreasing turbine power slightly, 
controls the thermal transient to the recuperators. 

The above event, when postulated to occur· at 25% 
load and full helium inventory conditions, results in 
a PPS reactor trip on high core power-to-flow ratio 
at 133 s (rod bank withdrawn 67% from initial full 
insertion). This is attributed to the fact that the 
negative reactivity coefficients are less effective 
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If helium inventory control is used to achieve 
part-load plant operation, it is anticipated that the 
behavior of the transient will resemble that of the 
transient for rod runout at full-load conditions. 
Pitrt-load reduced helium inven"tory plant conditions 
such as temperatures, core power-to-flow ratio, and 
bypass valve settings are nearly the same as the 
full-load values. 

Long-Term Self-Sustained Main Loop Afterheat Cooling 
The large heat capacity of the GT-HTGR core 

allows for simple control of afterheat removal with a 
response time on the order of minutes as compared to 
seconds for an LWR power plant. Adequate provisions 
have been made to ensure sufficient forced convection 
after cooling using the main loops, or using the CACS 
in the event of main loop unavailability. Natural 
convection cooling is inadequate for the normally 
downward flowing core configuration. 

A highly desirable feature of the GT-HTGR plant 
is the capability of long-term self-sustained main 
loop afterheat cooling following a reactor scram. 
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Although not required for plant safety, self
sustained main loop cooling enhances plant reliabil
ity by reducing the need for auxiliary power and 
CACSs and by reducing thermal stresses to the reactor 
components. Preliminary analysis has shown that a 
single main loop can provide self-sustained decay 
heat removal for more than 2 days (with margin to 
spare) without the need for external power, such as 
motoring the generators, to run the turbomachine. 

The self-sustained mode is accomplished through 
non-safety PCS actions including programmed trip of 
two of the three main loops and control of helium in
ventory, reactor outlet temperature, attemperation 
flow, and turbomachine speed. The following prelimi
nary PCS actions were used to achieve self-sustained 
main loop after cooling: 

l. Generator load reduction at 2%/s followed by 
generator trip at the 10% minimum load point. 

2. No-load/speed control of turbomachines (fol
lowing generator trip) to achieve a desirable reactor 
outlet temperature (ROT) cooldown rate [ROT demand is 
reduced at a rate of 0.3°C/s (0.5°F/s)]. 

3. Two of the three main loops tripped after 
speed demand has dropped below 2400 rpm. 

4. Continuous helium inventory removal (10% 
removed in 2 min and 1%/min subsequent removal rate) 
until inventory is reduced to 15% of nominal. 

5. Attemperation temperature demand is held 
constant at design value followed by reconfiguration 
of the attemperation controller to control only the 
high-pressure recuperator outlet temperature. 

The above runback rates and levels were assumed 
to be reasonably attainable. Additional analysis 
will be performed to determine an optimum control 
with regard to shutdown control complexity, cooldown 
rittes, and the achievement of self-sustained 
operation. 

A secondary purpose of the post-scram PCS ac
tions is the prudent control of the reactor cooldown 
in order to minimize thermal stresses to the reactor 
components. Initially, a rapid generator load run
back and subsequent generator trip are effected to 
enable a quick transfer from load/speed control to 
no-load/speed control of the turbomachines. Using 
no-load/speed control, the PCS regulates the machine 
speed, and thereby the amount of coolant flow through 
the core, by adjusting the primary bypass valves and 
effectively controls the ROT. 

The no-load/speed controller commands actuation 
of the primary bypass valves to maintain speed at the 
demanded value. Feedforward signals to the valve ac
tuators provide lead action and permit smooth tran~i
tion to no-load/speed control. The speed demand is 
comprised of a feedforward signal, which is a func
tion of an approximate decay heat level, helium in
ventory, and number of operating loops, combined with 
a feedback signal from the ROT controller. 

The ROT. controller regulates the core cooldown 
rate and maintains ROT suitable for self-sustained 
main loop operation. The ROT demand is run back from 
the initial measured ROT at time of generator trip 
(time at which no-load/speed control is implemented) 
to 593°C (1100°F) at a desirable 0.3°C/s (0.5°F/s) 
(same rate limit applied in normal on-load plant op
eration to minimize thermal stresses). Post runback 
ROT demand is maintained at 593°C (ll00°F) to achieve 
a sufficient turbomachine efficiency. 

In addition to ROT control, the two most signif
icant control actions that are essential to self
sustained main loop operation are helium inventory 

• 



...J 

removal and the shutdown of two of the three main 
loops. These actions enable a single loop to main
tain a reasonably high turbomachine speed and effi
ciency to permit self-sustained operation. The two 
loops are shut down after speed demand initially 
drops below 2400 rpm. Subsequent feedforward action 
permits the remaining loop to increase speed and op
erate more efficiently. Although the helium inven
tory control system is still in the preliminary 
design phase, reasonably attainable helium transfer 
rates were assumed in the analysis (2 min at high 
capacity, 5%/min followed by a slower 1%/min rate 
until inventory is reduced to 15% of nominal). 

The final essential post-trip control action is 
the reconfiguration of the attemperation controller. 
It is significant that the attemperation valve be 
used sparingly in order to improve controllability of 
the turbomachine speed during self-sustained opera
tion. Attemperation demand is minimized by maintain
ing as high a temperature set point as practical. 
Upon reactor scram, the attemperation set point is 
held constant at the nominal design point value, and 
after the reactor outlet temperature has cooled 
sufficiently [-704°C (1300°F)], the controller is 
reconfigured to control only the high-pressure recu
perator outlet temperature. Consequently, the attem
peration valve is actuated only if the outlet tem
perature exceeds the set point of 482°C (900°F), and 
core inlet temperature is controlled to a maximum of 
482°C (900°F). 

At the end of 2 days from scram with 15% helium 
inventory, core inlet and outlet temperatures are 
475°C (887°F) and 590°C (1094°F), respectively. Tur
bomachine speed is -55% of nominal and the primary 
bypass valve is about 14% open. The core cooling._co
efficient (ratio of decay heat rate to heat removal 
rate) is nearly 1.15. Therefore, self-sustained op
eration may be extended for even longer periods of 
time. 

SUMMARY 

A brief discussion has been presented of control 
and protective system transients for the GT-HTGR. 
Examples of selected transients were used to illus
trate some of the unique aspects of the modeling and 
control/protection system design requirements of the 
GT-HTGR. Some unusual condittons are inherent in the 
closed-cycle multiloop system. However, current dy
namic analyses indicate acceptable response to ac
cident and normal transient conditions using the pre
liminary control/protection system design. In fact, 

11 

the plant exhibits particularly good response to cer
tain events in comparison to other types of power 
plants of this size. 

It is believed that the examples presented 
illustrate some of the key aspects of GT-HTGR opera
tion and its dynamic performance. Further informa
tion on the full spectrum of GT-HTGR transient 
events will be issued in 1980. 
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