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ABSTRACT 
The closed-cycle gas turbine high-temperature 

gas-cooled reactor (GT-HTGR) power plant has been 
under design and development in the U.S. by the 
General Atomic Company. This plant represents an 
advanced power generation concept based on present 
day high-temperature gas-cooled reactor technology 
and gas Curline technology backed by over 40 years 
of European operating experience with closed-cycle 
gas turbine fossil fired power plants. 

This paper describes the simulation of the 
800-MW(e) two-loop GT-HTGR plant design with the 
REALY2 transient analysis computer code and addresses 
the modeling of control strategies called for by the 
inherently unique operational requirements of a mul- 
tiple loop GT-HTGR. Plant control of the GT-HTGR is 
constrained by the nature of its power conversion ' . .  
loops (PCLs) in which the core cooling flow and the 
turbine flow are directly related and thus changes in 
flow affect core cooling as well as turbine power. 
Additionally, the high thermal inertia of the reactor 
core precludes rapid changes in the temperature of the 
turbine inlet flow. The multiple loop configuration 
of the plant required modeling of flow reversal in the 
PCLs, which is the result of the pressure drop across 
the common connection of the reactor core when one PCL 
is shutdown while the other continues to operate. 

A description of the configuration analysis and 
adequacy of the plant control and plant protective 
systems design'will be illustrated with various plant 
transients. The results provided by the REALY2 model 
assist in the design of control and instrumentation 
systems, impact plant configuration studies, and aid 
in plant design performance selection and plant com- 
pultrnl: design.  

INTRODUCTION 
The combining of a modern power conversion sys- 

tem such as the closed-cycle gas turbine with an 
advanced HTGR results in a power plant well suited 
to projected utility needs in the late 1990s and 
early decades of the 21st century. Of the many ad- 
vantages of the nuclear closed-cycle gas turbine per- 
haps the most significant are (1) high efficiency, 
hence fuel conservation and minimum environmental 
impact; (2) heat rejection characteristics well suit- 
ed to,either dry cooling, wet-dry cooling, district 
heating, or utilization of a binary cycle; and (3) 

.'high availability, resulting from highly inte- 
' 

grated power conversion loops. At General Atomic 
Company, the 800-MW(e) GT-HTGR is be'ing designed 
for electrical power.generation. 

PLANT DESCRIPTION 
GT-HTGR plant design srudies were initiated 

at General Atomic Company in 1971. A thermodynamic 

*Work supported in part by Department of Energy. 
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cycle and optimized plant configuration have evolved 
from investigations of the best means to satisfy the 
various performance, economic, and safety goals of 
the U. S . commercial marketplace. ' The plant out- 
lined in this paper is a preliminary reference 
design established in 1979.~ It utilizes a 
2000-MW(t) nuclear reactor core and two PCLs, 
.each rated at 400 MW(e). The simplified isometric 
diagram in Fig. 1 shows the reactor turbine system 
(RTS) integrated into the prestressed concrete 
reactor vessel (PCRV). A secondary containment 
building encloses the PCRV. 

VERTICAL COMPRESSOR 
OISCHARGE OUCT CAVlT 

GENERATOR TURBOMACHINERY 

Fig. 1. GT-HTGR integrated plant 

The RTS contains two PCLs symmetrically 
located around the central core cavity (Fig. 2). 
Each loop includes a single-shaft gas turbine 
in a chordal orientation below the recuperative 
gas-to-gas heat exchanger and a precooler (gas- 
to-water heat exchanger for cycle heat rejection). ' 

The heat exchangers are installed in vertical 
cavities within the PCRV side wall, the recuperator 
directly above the turbine exhaust and the precooler 
above the compressor inlet. The turbine, compressor, 
heat exchangers, and reactor core are connected by 
large internal ducts. The internal surfaces of 
all PCRV cavities and ducts are lined with an 

, 

impermeable steel membrane and covered with a 
thermal barrier designed to limit system heat 
losses and control concrete temperatures. Each 
of the six major cavities (four vertical and two 
horizontal) are closed with a removable plug to 
facilitate installation, removal, and maintenance 

, 

of components (Fig. 2). The output shaft from 
the turbomachine penetrates a PCRV closure plug, 
and purified helium buffer seals on the shaft 
assure no leakage of primary helium at the shaft 
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are nearly identical to their counterparts in the 
steam-cycle HTGR. The 2000-MW(t) GT-HTGR reactor 
core consists of spheroidal fuel kernels coated with 
layers of pyrolitic carbon, bonded into rods, and en- 
cased in hexagonal graphite fuel elements. The fuel 
is medium-enriched uranium carbide (fissile material) 
and thorium oxide (fertile material). The core power 
density is 7 w/cm3, and the fuel lifetime is 4 years 
with a yearly refueling cycle. 

Fig. 2. Section through GT-HTGR plant PCRV showing 
major power conversion loop components 

penetration. The helium gas flow path, as well 
as the salient cycle parameters of the 800-MW(e) 
GT-HTGR, can be seen in Fig. 3. While intercooled 
plant designs (a cycle with a gas-to-water heat 
exchanger between two stages of compression) have 
been investigated, the non-intercooled cycle has 
been found to be better suited for dry cooling. 

1 REACTOR CORE 
The reactor core, reflectors, core support, re- 

actor control rods and drives, reactor fuel handling 
and storage system, and helium purification system 

2 HEAT EXCHANGERS 
The recuperator is a helium-to-helium exchanger 

that recovers heat from the low-pressure gas leaving 
the turbine and transfers it directly to the high- 
pressure helium before it enters the core (Fig. 3). 
The magnitude of this internal energy transfer within 
the cycle is on the same order as the reactor thermal 
input. The precooler is a helium-to-water exchanger 
incorporated in the PCL to cool the helium prior to 
compression. The reject heat is transfered via a 
closed water loop to the dry cooling tower where it 
is dissipated into the atmosphere through air-cooled 
exchangers. Both heat exchangers are of tubular-type 
construction. The precooler is a multipass cross 
counterflow finned-tube helical coil and the recuperator 
is a counterflow straight-tube bundle with low-pressure 
helium in the tube side and high-pressure helium in the 
shell side. In the design of the two exchangers, pro- 
vision has been made for removability, in-service in- 
spection, maintenance, and repair. For the case of 
a faulted module, the lead tube pluggixlg operation 
is done from outside of the PCRV. 

. 3 HELIUM TURBOMACHINE 
Preliminary design of the turbomachinery for the 

GT-HTGR plant has been done by the Power Systems Di- 
vision and Pratt and Whitney Aircraft Division of 
United Technologies Corporation. The single-shaft 
(compressor, turbine, and generator on the same shaft) 

RECUPERATOR 

WATER 
LOOP 

Fig. 3. Loop cycle diagram for the 800-MW(e) GT-HTGR power plant 
I 
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direct-drive turbomachine configuration chosen offers 
the advantage of design simplicity (less complex ducts), 
higher reliability (only two journal bearings nec- 
essary), easier control (increased inertia beneficial 
with sudden loss of load), easier starting (use of 
main generator possible), and lower cost. 

The 400-MW(e), 60-HZ helium turbomachine (shown 
in Fig..4) has 18 compressor stages and 8 turbine 
stages.',' With a rotor of welded construction sup- 
ported on two journal bearings (state-of-the-art load- 
ing and peripheral speed), the overall length of the 
machine is 11.3 m (37 ft). The overall diameter of 
4.14 m (13.6 ft) is a design'constraint to facilitate 
rail transportation of a contaminated turbomachine 
when installed in a shielded cask. The large enthalpy 
drop in the turbine [395 kcallkg (711 Btu/lb)] and 
the high turbine outlet pressure (Fig. 5) make the 
external dimensions of this machine similar to those 
of an air-breathing, advanced, open-cycle industrial 
gas turbine in the 100-MW(e) range. The overall 
machine weight is 227,000 kg (305 tons). From Fig. 4, 
it can be seen that rotor burst protection is incor- 
porated in the machine design in the form of burst 
shields around the compressor and turbine rotor 
bladed sections. The journal bearings are of the 
multiple, tilting-pad oil-lubricated type. The 
spaces in which the bearings are located are isolated 
from the main cycle working fluid by means of labyrinth 
seals. A buffered helium system prevents the release 
of any lubricating oil into the primary system. The 
drive to the generator is from the compressor end of 
the turbomachine, and the thrust bearing is located 
externally to the PCRV to facilitate inspection and 
maintenance. While the turbine inlet flow temperature 
of 850°C (1562OF), shown in Fig. 5, is modest compared 
to that for most industrial gas turbine practice 
(1100° to 1500°C range), it is below the level where . 
turbine blade cooling is necessary, and it facilitates 
utilization of existing nickel-base alloys such as 
IN 100, which is extensively used in industrial gas 
turbines. 

4 BALANCE OF PLANT 
Since items in the balance of plant (BOP) account 

for a significant percentage of the overall plant cost, 
in-depth studies are currently under way by architect/ 

engineers to further define BOP layouts that will 
satisfy all of the GT-HTGR plant requirements. The 
main features are: a PCRV with a 37.2 m (122 ft) 
diameter enclosed by a reactor containment building 
(RCB) having a diameter of 51.8 m (170 ft) and a height 
of 83.5 m (279 ft), water-cooled generators of the type 
that have been extensively used in Europe for many 
years, fuel storage and handling facilities, a station 
service water system (SSWS), a circulating water system 
(CWS), a demineralized water makeup and storage system 
(DWMSS), a core auxiliary cooling water system (CACWS), 
a helium purification system (HPS), and other process 
auxiliaries. The location of the generator within the 
RCB (Fig. 3) eliminates the concern over a secondary 
containment rotating seal penetration. The RCB and 
the PCRV also incorporate safety features that limit 
loss of primary coolant and minimize damage in the 
event of failures in the turbomachine, shaft seals, 
heat exchangers, generator, and PCRV cavity closures. 

PLANT SIMULATION MODEL 
The dynamic characteristics of the 800-MW(e) 

GT-HTGR plant are simulated with the REALY~~ plant 
transient performance analysis program. This model 
is being successively developed by General Atomic 
Company to match the evolution of the GT-HTGR design. 
REALY2 is a completely digital computer program 
written in FORTRAN V and currently implemented on a 
UNIVAC 1100 Executive 8 Level 33 system. It has a 5 
segment overlay structure with the largest segment 
occupying 64K of computer memory storage, and it uses 
explicit integration for transient computations. 
integration time steps in the 0.01 to 0.2 sec range, 
which are commonly used to maintain model stability, 
permit an average execution time to simulation time 
ratio of 3.2. REALYZ computes time-dependent helium 
flows, pressures, and temperatures; precooler water 
flows and temperatures'; precooler and recuperator heat 
transfer rates and metal temperatures; turbomachine 
speed; generator electrical output; core conditions 
including the effects of control rod movement; valve 
operation; and the performance of automatic and 
manual plant controls. 

REALY2 is a multiloop simulation. Circuit A can 
model the average performance of several PCLs (when the 
plant design has more than two PCLs) or model only one 

TO RECUPERATOR 
(LPSIDE) 

FROM TO RECUPERATOR FROM 

REACTOn ' ~ P S I D F )  PHtCUULER GENERATOR DRIVE 

Fig. 4. 400-MW(e) single-shaft helium turbomachine for GT-HTGR plant 
- - 
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Fig. 5. cycle diagram of two-loop non-intercooled 800-MW(e) GT-HTGR plant 

PCL (as in the model described here). Circuit B gen- 
erally models only a single PCL. The code is struc- 
tured in a modular form to allow specification of 
a plant design by sequentially arranging, component 
by component, plant components simulated in indivi- 
dual subroutines. Each component is called at a 
given model node as illustrated in the plant model 
schematic in Fig. 6 (arrows indicate normal direction 
of hpliilrn flnw). The number (40 maximum) and type 
of components modeled, their position in the plant, 
their initial ronditions, and their performance 
characteristics can be specified using input data 
or a data set in block data format (subroutine 
BLDATA in Fig. 7). Faults can be specified to affect 
only circuit A or circuit B, or both circuits. 

Because of the program ability to simulate 
several loops, data can be input in two basic for- 
mats: either combined data (all loops taken to- 
gether) or separate multiloop data followed by sin- 
gle loop data. When combined data are entered, the 
model (subroutine REFORM in Fig. 7) processes the 
appropriate parts of these data and generates sep- 
arate circuit A and circuit B data. Design point 
plant data are stored in block data format in sub- 
routine BLDATA. When the user chooses not to input 
design point data, the BLDATA plant data are auto- 
matically used. The modular nature of REALYZ per- 
mits simulation of GT-HTGR plant configuration var- 
iants (i.e., intercooled, non-intercooled, and split 
shaft) and plant designs (i.e., power ratings and 
number of loops) with only input changes to the 
design point plant data. 

Each node in the model (Fig. 6) generally can 
affect the helium fluid by adding or subtracting 
energy, increasing or decreasing flow (fluid storage), 
diverting flow to another node, converting energy to 
or from the fluid into other forms (turbine, compressor, 
reactor, etc.) or changing pressure. Components that 
exchange energy to systems external to the PCL call 
algorithms that model the external systems. Examples 
are the generator/electrical network called by the 
compressor and the circulating water system (trans- 
port system, cooling towers, pumps, etc.) called by 

the water-side calculation of the precooler. 
Due to the Limited scope of this paper, only 

a brief description of the major plant component 
models is given. Unusual or special GT-HTGR model- 
ing requirements are included in this description 
or presented later in the discussions of selected 
transient cvcnt;s. 

1 REACTOR CORE MODEL 
Subroutine LUKE (Flg. 7) cal~ulaLcs fuel and 

moderator temperatures, as well as core helium outlet 
temperature and reactor power. It models the thermo- 
dynamic and neutron kinetics necessary to describe 
the lumped parameter characteristics of the core 
during transients. The core model is implemented 
with one longitudinal node for the upper reflector, 
an arbitrary (but even) number of longitudinal nodes 
for the.active core, a node for the lower refector, a 
node for the side reflector, a base support node, and 
a bypass node. Both the upper and lower active core 
nodes may be subdivided into three subnodes. The 
active core neutron flux is assumed sufficiently uni- 
form that the nuclear kinetics for a single lumped 
average fuel-moderator element will apply to the entire 
core. The active core consists of a cylindrical fuel- 
centered model descriptive of radial heat conduction 
from the fuel through the moderator to the coolant 
surface. The general form of the equations used to 
model the passive core elements (upper reflector, 
lower reflector, base support, side reflector, and 
bypass nodes) and the active core are as follows: 

Definitions: 
n is U, L , S ,  and B for upper reflector, lower re- 

flector, side reflector, and base support, 
respectively 

Tsf.4 effective gas temperature 

Cp helium gas specific heat at constant' 
pressure 

& helium gas flow rate 
Y power weighting constant 
Ti inlet gas temperature 
T graphite temperature 

-# 
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NOTE: THE NAME IN PARENTHESES IS THE SUBROUTINE CALLED 
TO CALCULATE THE PERFORMANCE OF THIS COMPONENT. 

Fig. 6 .  REALYZ p lant  model 



Fig. 7 .  REALYZ flow chart 
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K thermal conductivity 
R graphite heat resistance 
A effective heat transfer area to gas 
H coefficient of heat transfer to gas 
V node volume 
C heat capacity. 
Q nodal heat generation 
To outlet gas temperature 
r reference value 
bp bypass node 
m , moderator 
mg moderator to gas 
R,, moderator heat resistance 
f fuel node 

. Qra heat generation rate in the active core 

Cff 
fraction of total heat generated within 
the node 

Cn coupling constant 
ef f effective 
avg average 

p core activity 

Prod 
rod reactivity 

Ctf 
fuel temperature coefficients of reactivity 

Ctm moderator temperature coefficients of 
reactivity 
design point kinetics weighted aver- 

(Tf)ref age rue1 temperature 

(Tm)ref design point kinetics weighted aver- 
age moderator temperature . 

l* neutron effective lifetime 
S source flux density (optional) 

and X .  represent the fractional ahundance and 
Pi the m:an lifetime of the precursor Ci 

Upper; Lower, and side' Ref lectors and 
Base Support Nodes 

' C J  

+ ~ - j  + KnTn 
. n n  . .  T = . . 

sgn c ~ j .  ey+ Kn 

1 
where K ' = 

n R: . + . '  1. - 
n AnH; 

Bypass Node 

Active Core 

where K = . 1 
.% " 1 '  

IJ,s +AH 
0.8 0.1348 

and H = Hr(t) (e) 
Fuel - 

Moderator 

Reactor Kinetics 

E = prod + [(qef - ( ~ f  ) ref ] * . . 
L 

+~tm[(T,)eff - (ao) ref ] 
Total Neutron Concentration 

Precursor Concentration 

.The differential equations determinine material 
( 4 )  and gas temperatures are solved sequentially using 

Euler integration. For the material, interaction 



between axial zones is considered to be nonexistent 
since the distances between the zones are very small 
in terms of the lumped model. Gas thermal coupling 
in the axial direction is simulated. 

2 GAS TRANSPORT MODEL 
Subroutine DUCT (Fig. 7) calculates duct pressure 

losses based on the general equation: 

'2 0,- r h v 2  P T' A P ~  -. m 
AP i2 p &2 P'. T 

where AP, rh, P,. and T are taken at their'design point 
values. All pressure drops in REALY2 are considered 
to be resistive pipe losses. Specific calculations 
for geometry-related pressure losses such as bends, 
expansions, contractions, or unusual flow conditions 
with low Reynolds numbers are modeled as additional 
resistive losses. 

3 VALVE MODEL 
Subroutine HIFLO (Fig. 7) contains the algorithms 

that simulate the various valves in a PCL (Fig. 8). 

TURBINE 
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- HPPART OF CIRCUIT APPROXIMATELY 7.8 MPa( l l30RIA)  - - LP PART OF CIRCUIT APPROXIMATELY 3.2 MPa (068 R I A )  

Fig. 8. Simplified control valve diagram for 
GT-HTGR plant 

Essentially, it plodels an inlet plenum connected by 
a duct to an orifice (valve) and then to a duct lead- 
ing to a discharge, plenum (Fig. 9). Typical Mach 
numbers for helium flow in the.GT-HTGR range from 
'0.1 down to zero, which permits treatment of the gas 
throughout the system as incompressible flow. .How- 
ever, flow between high- and low-pressure regions 
can be supersonic through a partially.open valve and 
can achieve Mach numbers in excess of 0.5 downstream 
of:the valve. Therefore, the model takes into account 
compressibility effects for accurate treatment of high- 
velocity flows. . - .  . 

HIFLO also makes the following~modeling assump- 
tions: (1) the analysis is one dimensional, (2) steady 
state is achieved during each time step, (3) the ratio 
of specific heats is constant, (4) there is an isen- 
tropic converging nozzle at the inlet; (5) the valve 
is an orifice, (6) flow in.the ducts is adiabatic, 
(7) viscosity is a function of temperature alone, and 
(8) sonic flow through the orifice is permitted. The 
calculation method is as follows: 

Definitions : 
A cross-sectional area of the ducts and of the 

valve when full open 

5 cross-sectional area of the partially open valve 
D inside diameter of duct and valve 

length of duct from station i to j Lg Mach number at station i 
PIi static pressure at station i 

Poi total or stagnation pressure at station i 
R ideal gas constant for helium 
Re Reynold's number 

T: 
total temperature of tank 1 
flow rate 

C, discharge coefficient of orifice 
fDw Darcy-Weisbach friction factor , 

f~~ = 4f ~ a n n i n ~  of Shapiro 

E, gravitatipnal constant = 32.2 
K ratio of specific heats for helium 
E roughness of pipe' . , 

p absolute viscosity 

Method : 
1 Aasume o Mach number at station I .  
2 Compute the associated flow rate through the isen- 

tropic converging nozzle. 

TANK 1 DUCT 1 .  
LENGTH = LIZ LENGTH = L 3  TANK 2 

I 
I 
I 

TOTAL PRESSURE = pB 
PRESSURE = P, 

Fig. 9. HIFLO model 

.8 - -:, 



3 Compute the sonic length for MI. 

r 'I' 

(curve fit for the turbulent region) 

The discharge coefficient C is a function of 
W 

(14) P131P02' 

(15) L, L - J  

7 Compute the Mach number at station 3. 

(16) Solve the quadratic equation in M 3' 

8 Compute the sonic length for M3. 

If the sonic length is less than L34, then reduce M 1' 

K + l  9 Otherwise, compute the sonic length at station 4 and 
(1 8) iteratively solve for M 

4' 

10 Compute the static pressure at station 4. 

In - 2 K - 1  2 
+ T M 1  

It is required that there be subsonic flow in the 
ducts on physical grounds; therefore, the sonic 11  By assumption 7, set P14 - - Po4. 
length computed must be longer than f (L DW 12 + L34)/D' 

If the sonic length is too small, then MI is too 
12 Iteratively match Po4 to PB as a function of MI. 

large. 
When flow is choked at the orifice, steps 7 through 12 

4 Compute' the sonic length for station 2. cannot be computed without first determining the con- 
ditions of the recompression shock downstream of the 

~&12 
orifice. Because REALY2 is principally concerned with 

( )  = (v), - (16) (19) the bypass flow irrespective of internal conditions, the 
approximation is made that the' choked flow has precisely 
unity Mach number. The error in this approximation is 

Then interativelp solve Eq. 18 for M2. conservative. 

5 Compute the total pressure at station 2. 

-K/ (K- 1 1 
PI1 = Po (1 + y M;) 

6 Compute the orifice discharge static pressure P 13' 

Iteratively solve as a function of Mach number MI, 
through the orifice, for 6' = 6, From the orifice 
Mach number compute 

4 HEAT EXCHANGER MODEL 
Subroutine HTEXCH (Fig. 7) computes the performance ' 

of the two heat exchangers in each PCL. Both the 
recuperator and rhe precooler have been divided'into 30 
axial nodes for transient calculations. The fluid-tube 
interface heat transfer resistances are a function of the 
fluid flow rate alone, while the resistance is considered 
constant. For each axial node there are three radial 
positions: the fluid on the inside of the tube, the tube 
material, and the fluid on the outside of the tube. . 
Because of the relatively high wall thermal conductivity, 
a second radial node in the wall is not necessary; 
simiiarly, because of the fluid turbulence, additional 
fluid radial nodes are unnecessary,. HTEXCH makes the 
following modeling assumptions: (1) metal temperature 
is considered constant during a single integration step, 
(2) axial heat is negligible in the helium and the water 
and usually negligible in the tube metal (axial metal 
conduction is simulated only when a precooler water node 
has completely boiled into steam), (3) water temperature 
is he1.d constant when a precooler water node reaches the 
boiling temperature, aid (4) after a water node has been 
completely converted to steam further energy transfer to 
the steam node is neglected. 

The following energy balance equations are used by 
HTEXCH : 



GAS OR WATER GAS 
FLOW METAL FLOW 

A I 1;1 

WHERE ('I DENOTES THE 
(IUANTITY AT THE END 
OF THE STEP 

Po Define E xT 
O i 

2 Calculation of the new plenum pressure. 

Use the perfect gas law to get 

Helium to Metal, 
Po R P1 = - + ArhoAt -T 
To 

v 1 
d MCV- avg = hA 

' 
- T$- &Cp (.in - Tiut) (27) 

dt 
\ 

~ e t a l  to Water 
Because the temperature TI is not known until after 
the integration step is completed, the temperatures 
T-l and T are used instead of T and TI, respectively. 

out - Tin + TAut 

MC Cin At ) .,& - Tin : + 
Tin If temperzture changes slowly with respect to the 

2 integration step, no significant error is introduced 
by this approximation. 

' \ * - I  change in Metal Tem~erature . 

T' - TM 
M 3 Calculation of the new plenum temperature T 

MCv - = 
At 

(4 helium to metal) - (4 metal to (29) IP' 
water or gas) The plenum outlet temperature uses the perfect mixing 

farmula with Illass c u ~ ~ e c t l u ~ i s  to account for tho m a c ~  

5 CONSERVATION OF MASS MODEL not actually at. the plenum node. 
Subroutine PLEN (Fig. 7) is responsible for con- 

servation of primary coolant mass in REALY2. The dia- 
gram below shows the time subscript definitions for the m in T in + (mo - mout) To 
following equations used by PLEN. T = m + m  - m  (35) 1P in op out 

Po p1 (36) 

T-1 
T o  

I At  
m o  I 

I T ~ M E ~  = mass increase in volume V from time t-j to t 
I 1 I 1 I I i 

SUBSCRIPT -2 -1 0 1 2 

At IS A SINGLE INTEGRATION STEP 

~ e f  init ions : 
m mass 
rh m s s  flow .. . 
Ah (h into plenum node) - (i out of plenum node) 
V entire region volume = V 

l i  
The i subscript numbers individual volumes collected 
into the high- or low-pressure plenum. 
The p subscript is used to mark the particu1ar.i 

th 

volume which is the plenum node. P (taSP(t). 
Tp(t) * T(t). p 
Single ~"bscripted pressures and temperatures are the 
mean valucc. , 

Method : 
1 Calculation of the mean plenum temperature T . 

Then min = nb At + fi 
in i upstream 

m = n b  W t -  
out out 

-- 

i downstream 

When an upstream volume has a net increase in 
mass, this appears as more mass into the plenum, while 
a downstream volume sustaining a net increase in mass 
shows that the mass has not yet left the plenum. 

Note that mass increase ?.n an upstream volume 
will mix with the plenum mass at the temperatures of 
the plenum node inlet flow, while mass leaving the 
plenum (due to increases in downstream mass) will leave 



at the plenum node temperature. Also note that the 
quasi-plenums from subroutine DUCT are integrated into 
the temperature and pressure selection process. 

6 OVERALL MODEL CONFIGURATION 
As indicated in the program flow chart (Fig. 7), 

subroutine ROUTER performs the actual node-by-node 
stepping in REALY2 by calling, in the required 
sequence, the appropriate component subroutines. 
Helium flows, temperatures, and pressures through- 
out the PCLs are determined by algebraic manipulation 
after: (1) each component has calculated its helium 
outlet temperature, (2) the turbine (subroutine TURBIN) 
and the compressor (subroutine COMPR) have computed 
their respective flows given their characteristic maps, 
cooling losses, inlet conditions, pressure ratios, and 
speed, (3) the plenums (subroutine PLEN) have calcu- 
lated new plenum pressures, and (4) other components 
have redirected helium flow (subroutine HIFLO) and/or 
have calculated pressure drops (subroutine DUCT). 
Flows are determined by stepping backward from the 
turbine and compressor toward the plenums. A similar 
process is used to establish pressures. Starting at 
the plenums, ROUTER steps backward and forward toward 
the compressor or turbinc adding or subtracting APs to 
establish the component pressures and the pressure 
ratios used by the turbine and compressor during the 
next integration step. Other subroutines shown in 
Fig. 7 support the major routines described above 
and/or perform program input/output features. 

7 REVERSE FLOW MODELING 
Low flow, transition from forward to reverse 

flow, and reverse flow through the PCLs can be simu- 
lated with REALYZ. The essential nlgorithms u1 this 
modeling are distributed volumetric temperature mix- 
ing and enginccring appruxiluations of compressor 
and turbine performance based nn analyses and tcst- 
ing performed by Rammert and Zehner. . - 

The volumetric temperature calculation is com- 
puted for all duct volumes interconnecting the major 
plenum volumes. The mixing calculation carefully 
assesses the direction of each flow and then mixes 
the flows with the previous volume-weighted 
temperature to develop the new volumetric mixed- 
mean temperature and density. These densities, 
appropriately scaled by the fraction of lumped plenum 
volume represented by each DUCT volume, are then 
used by the lumped plenums in their pressure 
calculations. The DUCT volumes are considered 
as quasi-plenums ber.a~~se they mix thormnlly like 
a plenum but do not store mass. 

The turbine reverse flow transient is modeled 
with a smooth transition region. As the turbine 
pressure ratio decreases from the normal 2.33 to a 
value slightly less than unity, the turbine compu- 
tation passes through three distinct regions. The 
preferred source of the turbine forward flow calcu- 
lation is the turbine performance map data. At a 
sufticiently small, but larger than unity, pressure 
ratio, the current turbine map data become invalid. 
Below these conditions, the turbine flow is calcu- 
lated as prupurLlona1 t o  inlet pressure (P), pressure 
drop (AP), and speed (N). The turbine AP at the limit 
of the turbine performance map is typically under 1% 
of the design point AP. When the turbine pressure 
ratio is less than unity (i.e., flow reversal), the 
constant of proportionality is changed to the correct 
constant for steady-state reverse flow. 

The compressor reverse flow transient is modeled 
with a discreLa Lransitibn from forward to reverse 
flow. As the compressor pressure ratio decrea~cs 
from the normal 2.50 to a value slightly less than 

unity, the compressor computation passes through 
two phases. While the compressor surge margin is 
positive, the normal compressor performance map is 
used. When the compressor surge margin becomes 
negative, the compressor rapidly undergoes the 
transition from forward to reverse flow. The mag- 
nitude of the reverse flow is proportional to P, 
AP, N, and inlet temperature (T). The constant of 
proportionality is set to the correct value for 
steady-state reverse flow. 

8 PLANT CONTROL SYSTEM MODEL 
The current GT-HTGR plant control system (PCS) 

configuration is the product of early control system 
selection and trade-off studiess and the evaluation 
of functional control requirements of various plant 
configurations analyzed during the evolution of the 
gas turbine plant design. 

The PCS is designed to automatically regulate 
reactor power, control electrical load and turbine 
speed, control temperature of the helium delivered 
to the turbines, and control thermal transients 
experienced by the PCLs and reactor components. 
In addition, the PCS provides detection and nctions 
to protect components of the primary and secondary 
coolant system from damage. It limits system-induced 
transients that can lead to plant protection system 
(PPS) actions and protects against incidents that 
could lead to prolonged plant unavailability. The PPS 
system acts, in the event of accidents, to protect 
the public against the release of unacceptable levels 
of radioactivity that could be a hazard to public 
health and safety and to ensure that the plant can be 
shut down and maintained in a safe shutdown mode. 

The PCS has the capability of continuous 
operation under fully automatic control at any point 
between maximum and minimum load. (The minimum 
load undcr full autuiuatic control will not be less 
than 25% of rated.) It has automatic load-following 
capability (operator-actuated rod reshimming may be 
required) for rates of electrical load change up to 
a maximum of 10% of rated step change and 5% of rated 
per minute ramp change. The protective functions of 
the PCS consist of the main loop trip system, the 
circulating water protection system, the reactor 
power setback function, and the turbomachine overspeed 
protection system. To accomplish these functions the 
PCS manipulates six plant variables by closed-loop 
controllers. Figure 10 shows a block diagram of 
the five major plant controllers in the PCS 
modeled in subroutine CNTROL. 

1 Turbine Inlet Temperature Control 
The average inlet temperature to the turbines 

of the operating PCLs is controlled by adjusting 
reactor power. This is accomplished by the turbine 
inlet temperature controller (Fig. ll), which pro- 
vides a command signal to the reactor neutron 
flux controller. The reactor flux controller 
adjusts the position of the control rods to vary 
reactor power, which alters the amount of heat 
available to the helium. 

The neutron flux couL~uller (Fig. 1 . 1 )  con- 
sists of an u11-off controller with dead band and 
hysteresis. The temperature loop is composed of 
a proportional-plus-integral controller with 
limited output. The limits for this loop are 
chosen to prevent control-system-induced power 
excursions from causing any unintentional reactor 
trip. 

2 Load-Speed Control 
The load-speed controller (Fig. 12) is 

designed to maintain the power delivered to the 
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generator through the turbomachine shaft equiva- 
lent to the demanded electrical power through- 
out the normal load range. To accomplish this func- 
tion, the load-speed controller modulates turbine 
power using the primary bypass valve to maintain 
turbomachine speed and power at desired values. 

Actuation of the primary bypass valve causes 
partial diversion of helium flow from the core inlet 
plenum to the inlet of the low-pressure side of the 
recuperator, thus reducing turbine drive power by ' 

reduction of the turbine pressure ratio and turbine 
flow. The controller will use load and speed errors 
to generate the required valve command signals in a 
standard "5% droop" relation. 

This controller uses proportional-plus-integral 
action to regulate load-speed. The integral action 
of the controller moves the primary bypass valve such 
that load and speed are brought to demanded values. 
A term proportional to speed error is summed with 
the integrated error signal to provide load damping 
and rapid system response. 

3 No-Load Turbomachine Speed Control 
Direct control of turbomachine speed is re- 

quired for plant or loop startup, controlled manual 
or automatic shutdown, synchronization, hot standby, 
and overspeed protection. For these instances the 
turbomachine speed will be controlled by the no-load 
speed controller (Fig. 12). This controller commands 
actuation of the primary bypass valve to maintain 
speed at a demanded value. This demanded value may 
be a fixed setpoint, as for the instance of loss of 
load with return to idle, or it may be a programmed 
ramp profile for pllrposes such as plant startup or 
plant shutdown. 

Thic controller consists of a proportional- 
plus-integral network with' 1imj.ters to prevent inte- 
grator saturation during large transients. 

4 Attemperation Control 
Thermal transients experienced by the PCLs 

and reactor components are controlled throughout the 
normal load range by the attemperation controller 
(Fig. 13). The controller manipulates the sum of 
the low-pressure recuperator inlet and high-pressure 
recuperator exit temperatures to a demanded value 
that will be a programmed function of average turbine 
inlet temperature. Control is accomplished by actua- 
tion of the attemperation valve, which diverts helium 
flow from the compressor exit to the turbine exit. 

The temperature demand signal is designed to 
hold the attemperation valve closed under normal 
operating conditions. The command signal is nominal- 
ly limited to 1°F/sec to control the rate of change 
of temperature that the components experience. The 
remainder of the loop consists of a proportional- 
plus-integral controller with limiters to prevent 
integrator saturation. 

5 Surge Margin Control 
The surge margin controller (Fig. 13) acts to 

maintain the compressor surge margin. This control- 

safety classified as plant condition (PC)-1, PC-2, 
and PC-4. '* These events may have several initiating 
actions and be accompanied by PCS failures and PPS 
actions that have been selected to demonstrate spe- 
cific GT-HTGR plant performance. The selection of 
these initiating actions and/or additive failures is 
preliminary and does not represent the plant oper- 
ating conditions or the performance of any component 
or system in the final reference design of the 800- 
MW (e) GT-HTGR plant. 

1 RAPID LOAD DECREASE (5%/MIN)(100% TO 25% RANGE) 

Safety classification PC-1 

Initiating event Automatic dispatch signal 
or manual control 

Additive failures None 

PPS actions None 

This transient shows the automatic load-following 
characteristics and plant operability in the 100% to 
25% power range of the GT-HTGR. Plant transient re- 
sponse to a ramp load demand decrease begins with the 
opening of the primary bypass valve (Fig. 14a, curve 
3) commanded by the load-speed controller to produce 
a reduction of 10% electric power. As the valve opens 
reactor power is alniost constant (Fig. 14b) until-90 
sec, when the electric load has been reduced by -7.5%. 
At this point the turbine inlet temperature controller 
reduces the turbine inlet temperature setpoint (tem- 
perature setpoints are programmed as a function o f  
load demand), which changes the flux command. The 
neutron flux controller actuates the rod drivc mech- 
anism to insert the control rod bank. The reactor 
reactivity decreases rapidly as the bank is inserted 
and core power begins to decrease. A large load de- 
mand reduction may require operator manual reshimming 
(Fig. 14b). Under automatic control a preselected 
bank of power rods is moved concurrently to produce 
core power changes. If during a load swing such a 
bank of power rods exceeds the 20% inserted or 20% 
withdrawn position, the operator may select another 
bank which, being positioned within that range, will 
permit further core power change with minimum effect 
on the radial flux profile. Manual shimming of the 
control rod bank occurs twice in this transient to 
permit 75% of nominal load reduction. Figure 14b 
shows the reactor power profile as the plant moves 
toward its equilibrium at the 25% load level. Elec- 
tric output matches load demand (Fig. 14a), while 
core temperatures follow the turbine inlet tempera- 
ture setpoint (Fig. 14c). The core outlet tempera- 
ture reaches setpoint at -1450 sec as both the attem- 
peration and the primary bypass valves show fixed 
positions (Fig. 14a) and the plant reaches equilibrium. 

2 SINGLE LOOP SHUTDOWN WITH OVERSPEED 

Safety classification PC-2 - 
ler comes into action thro~~gh actuation of thc nttem- 

Initiating event peration valve whenever the approximate surge margin Loss of electrical load 

is not above a setpoint. Opening of the valve re- to a single turbomachine 

duces the compressor pressure ratio and, as a result, generator 

inc.reas~s compressor curgc margin. The ~l~rasurement 
of surge margin for the control'is not feasible in 
terms of direct measurement. However, direct mea- 
surements of the compressor inlet pressure, pressure 
rise, and inlet density a r ~  used for control purposes. 

TRANSIENT RESULTS 
The results of the REALY2 model simulations de-. 

scribed below cover plant transient events that are 

Additive failure Failure of the PCS turbo- 
machine speed controller 
and/or failure of the 
primary bypass valve 

*This event classification system is currently 
being incorporated into ANS Thermal Reactor 
Safety Standards 51,l and 52.1. 
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Fig. 14b. Rapid load decrease at 5%/min (100% to 25% range): core parameters 
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PPS action 

(non-safety) opening via 
load drop 

Main loop shutdown due to 
turbomachine overspeed 
(speed >3960 rpm) 

The single loop shutdown event shows that even 
with the additive failure of the affected loop's 
speed controller, the designed plant control and pro- 
tection system actions will prevent turbomachine over- 
speed failure and enable continued plant operation at 
reduced power and load. This transient will also show 
the low flow, transition, and reverse flow modeling 
capabilities of REALY2. 

The transient is initiated by the loss of elec- 
trical load on one of the two loops. Loss of genera- 
tor load accelerates the turbomachine rapidly past the 
10 rpm deviation allowed by the load-speed controller 
(this controller is postulated to be disengaged by 
previous operator action or failed) and reaches the 
PPS main loop shutdown trip setpoint due to turbo- 
machine overspeed in %0.85 sec (Fig. 15a). A peak 
speed of 4150 rpm is attained 1.0 sec later. The main 
loop shutdown signal commands open the primary bypass 
valve, via safety actuation (full opening in 1 sec), 
and is followed by a demand for a reactor power run- 
back to 50% nominal. 

Equilibrium pressure of 865 psia is achieved 
quickly !.n the down loop. Pressure at the upper cross 
duct decreases 200 psi in less than 10 sec. A maximum 
rate of depressurization of 83 psi/sec was observed 
for less than 1 sec. The low-pressure side of the re- 
cuperator in the down loop sees a pressure rise of 350 
psi in -10 sec. The maximum pressurization rate at 
this point was 188 psi/sec for less than 1 sec. 

In the operating loop the turbine power decreases 
due to the relocation of inventories between the loops 
(Fig. 15b). With the operating system pressure re- 
duced by %26%, the turbine power decreases to 79% of 
nominal while the reactor core power decreases to Q20% 
of nominal. As the pressure ratio across the turbine 
in the shutdown loop collapses, the turbine outlet 
temperature increases and the attemperation valve 
opens until a new operating point is reached at %55 
sec. The core outlet temperature increases gradually 
(maximum increase of 17°F) as the heat rejecrion ca- 
pacity of the plant diminishes due to the reduction 
of helium flow into the precooler of the shutdown 
loop. Low AP across the loop closes the primary by- 
pass valve at 37 sec (Fig. 15a, curve 3) and the at- 
temperation valve begins to close at Q45 sec due to 
a low pressure drop across the valve (AP < 3 psi 
closes the valve in 5 sec). 

At 63 sec the down loop AP is Q0.90 psi, while 
the loop flow is less than 1.0% of nominal. Back 
flow begins to develop in the high-pressure side of 
the recuperator and in less than 2 sec flow reversal 
has been established in the entire shutdown loop. 
Turbine inlet and outlet gas temperatures decrease 
rapidly (Fig. 15c) and the precooler inlet gas tem- 
perature drops 250°F as the precooler flow reverses 
and the gas that had previously been cooled on entry 
to the precooler is suddenly returned from the pre- 
cooler (Fig. 15d). 

Gas temperature at the outlet of the low-pressure 
side of the recuperator increases slightly as the hot 
flow in the ducting returns. 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 extremely small flow rates through the 
loop. Consequently, thermal impact on the loop com- 

ponents due to these gas temperature transients is 
minimal as illustrated by the heat exchanger metal 
temperatures shown in Fig. 15e. 

3 PLANT TOTAL LOSS OF PRECOOLER now 

Safety classZficatfon PC-4 

Initiating event Multiple shear rupture 
of header at discharge 
of the CWS pumps 

Additive failures Failure of the nonsafety 
component protection 
function of the PCS to 
detect that the precooler 
water flows are below the 
minimum design limit 

PPS actions Both PCLs shut down due 
to high-pressure recu- 
perator outlet tempera- 
ture (>975"F) followed 
by a reactor trip due 
to two main loop shut- 
down signals 

The plant loss of precooler shows how the current 
PCS and PPS designs respond to a total loss of secon- 
dary coolant by the GT-HTGR. This transient begins 
with the postulated multiple shear rupture of the 
header at the discharge of the CWS pumps. Water flow 
to both precoolers ramps down in 3 sec, and no-flow 
conditions are reached at 4 sec. The'component pro- 
tection logic of the PCS is presumed to fail to detect & I  

a decrease in the heat exchanger water flow to below 
the minimum design level (detection of water flow 
level below minimum design level in a heat exchanger 
signals for a PCL shutdown) and the loops continue 
to operate. 

Lack of coolant flow to the precoolers results 
in jncreasing heat exchanger metal temperatures, which 
in turn increase the gas flow resistance and gas out- 
let temperature. This small increase in gas tempera- 
ture slightly decreases the density of the gas into 
the compressors. Flow out of the compressors is 
therefore reduced and has a higher temperature as it 
enters the high-pressvre side of the recuperator (Fig. 
16a). The attemperation controllers detect the in- 
creased temperature of the gas at the high-pressure 
recuperator hot end and start to open the attempera- 
tion valves (Fig. 16b, curve 4). Actuation of the 
attemperation valves reduces the amount of flow avail- 
able to the core/turbines and increases the turbine 
backpressure and mass flow to the low-pressure recu- 
perator. The diminished flow through the core com- 
bined with higher cure inlet temperature causes the 
core outlet temperature to increase (Fig. 16c), which 
causes the turbine inlet temperature controller to 
command a reduction of core power. 

As the turbine backpressure increases and flow 
through the turbine decreases, turbine power is 
reduced. . 

At -42 sec the water inventories at the gas in-. 
let of the precoolers reach saturation temperature 
(417°F). Minimum generator load (10% of nominal) is 
reached at 52 sec by both loops and the PCS trips the 
generator breakers. The primary bypass valves are 
opened by the load-speed controllers to prevent turbo- 
machine overspeed (Fig. 16b, curve 3). Subsequently, 
the primary bypass valves reclose to maintain turbo- 
machine speed as heating of the loops continues. Gas 
temperature at the PCL outlet reaches 975°F at 54.4 
sec, causing the PPS to command the shutdown of both 
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Fig. 15b. Single-loop shutdown with overspeed trip: turbine parameters (circuit A) 
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Fig. 15d. Single-loop shutdown with overspqed trlp: low-temperature region temperatures (circuit B) 
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Fig. 16a. Plant total loss of precocler flow: low-temperature region temperatures (circuit A) 
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loops. This action is immediately followed'6ya PPT 
reactor trip signal due to the detection of two main 
loop shutdown signals. 

The full opening of the primary bypass valves 
causes the pressures at the outlet of the compressors 
to decrease rapidly. Temperatures at the turbine out- 
lets and low-pressure recuperator inlets rise toward 
the core outlet temperature (Fig. 16c). Full opening 
of the attemperation valves (Fig. 16b) cannot prevent 
the low-pressure recuperator inlet temperatures from 
increasing since the flow rates in the loops are de- 
creasing rapidly. The attemperation valve closes in 
5 sec, when the pressure drop between the upstream 
and the discharge lines is less than 3 psi. At 110 
sec the plant conditions are suitable for core auxil- 
iary cooling system (CACS) operation. 

SUMMARY 
' This paper has described the 800-MW(e) GT-HTGR 
power plant design features and the dynamic perfor- 
mance of the plant as simulated by the REALY2 computer 
program. The control strategies implemented in this 
model were shown to achieve satisfactory overall plant 
response during normal plant operating conditions such 
as load swing and in response to plant accidents such 
as electric load rejection, loop shutdown, and total 
loss of secondary coolant. 

The REALYZ model continues to be developed at 
~eneral Atomic Company to assist in the selection of 
plant design performance, design of control and in- ' 

strumentation systems, and licensing activities of 
the GT-HTGR. 
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